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By Xiaoli Chen

Degenerative retinal diseases are the leading cause of blindness in developed
countries. Currently, there is no effective therapy available to restore vision. Recent
studies have demonstrated that transplanted photoreceptor precursor cells can form
synhaptic connections with host retina and improve visual function in retinal
degenerative animal models. However, the ability to obtain sufficient suitable cells for
transplantation remains a key challenge. Stem/progenitor cells residing in the corneal
limbus are easily accessible and can be readily expanded in vitro. Adult stem cells also
demonstrate plasticity and have the ability to transdifferentiate which affords the
opportunity to produce heterologous stem cell resources for the generation of retinal
neurons.

The studies presented in this thesis aims to characterize the neural colonies
(neurospheres) derived from adult mouse/human corneal limbus, and subsequently
explore the potential of using these cells as a candidate cell resource for generation of

retinal neurons. Initial investigations characterised the self-renewal, neural potential,

ultrastructure and origin of limbal neurosphere (LNS). Subsequent investigations were
performed using a retinal developing microenvironment to promote the differentiation
of these cells along retinal lineages. The derived LNS cells displayed both
photoreceptor and RPE specific characteristics. Functionally, differentiated cells also
demonstrated electrical excitability. Further investigation was performed on human
LNS derived from aged donor and adult live patients. Transcript retinal markers were
observed when cultured in conducive conditions. Finally, a preliminary investigation
introducing exogenous Crx, the key fate regulation transcription factor, was conducted
and showed upregulation of downstream photoreceptor gene expression.

The results presented here provide detailed information on the characteristics of
LNS cells, and for the first time, demonstrated that limbal stromal originated LNS cells
are a potential valuable cell resource for autologous cell therapy in degenerative retinal

diseases.
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1 Chapter One - Introduction

1.1 Overview

Degenerative retinal conditions, such as Age-related Macular Degeneration (AMD) and
Retinitis Pigmentosa (RP), are characterized by loss of the special photosensory cells in
the retina and subsequent visual loss [1,2]. As part of the central nervous system, the
retina has very limited regeneration capacity after damage. Therefore degenerative

retinal diseases, which affect over 8 million people worldwide, remain untreatable [3].

In the last two decades, cell replacement has demonstrated a potential solution to
restore visual function in degenerative retinal diseases [4,5]. The development of stem
cell technologies provides an opportunity to generate sufficient and appropriate cells
to utilize for cell therapy. Photoreceptor like cells have been generated from various
stem/progenitor cells resources, including embryonic stem cells (ESCs), stem like cells
from the ciliary epithelium, retinal glial cells, induced pluripotent stem cells (iPSCs),
adult iris epithelium cells (IPE), bone marrow stem cells and progenitor cells from the
corneal limbus [6-13]. Besides the ability to generate sufficient functional retinal
neurons, other factors need take into account for a cell resource to be clinically
applicable. These include accessibility, immune response, ethical concerns and risks

such as tumor formation [14].
The literature reviewed here, introduces the relevant basic eye knowledge, candidature

stem cell resources used for photoreceptor generation and the reasons why corneal

limbus stem cells were chosen for this study.
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1.2 The Mammalian eye

The eye, so called “window of the world”, is the most essential and important sensory
organs for a vast array of species. From unicellular organisms to mammals, the “eye” is
capable of detecting light, which affords the ability to anticipate and prepare for
environmental changes. The function and location of the eyes are adapted to different
species’ own environment and lifestyle. Eyes play an even more important role for
humans. Light energy from the environment goes through the cornea, anterior
chamber, pupil, lens, vitreous and is perceived by photoreceptors in the retina. The
latter produces nerve action potentials that are relayed to the optic nerve, and then
along the visual pathway, to the visual cortex of the brain. This is the place where the
electrical signals are interpreted as images [15]. By these processes, eyes provide

information for high precision vision as well as colour and depth perception.
1.3 Structure of the eye

The mammalian eye is a highly sophisticated spherical organ. The longitudinal
diameter of the human eyeball is about 0.9 inches (20-24 mm). It consists of three
layers: the external fibrous layer (sclera and cornea), the intermediate uveal layer (iris,
ciliary body and choroid) and the internal nervous layer (retina) as shown in Figure 1-1
The cornea is the outermost transparent layer of the eye. It accounts for over 70% of
the eye’s total refractive power. The white sclera is continuous with the transparent
cornea and together they form a tough protective fibrous layer. From anterior to
posterior, the middle layer is composed of the densely pigmented iris, ciliary body and
choroid. The iris is a circular diaphragm sited in front of the lens. Muscles in the iris
constrict or dilate the pupil to control the amount of light moving towards the back of
the eye. The ciliary body is the posterior extension of the iris; it is connected to the
lens via suspensory ligaments. Contraction of the ciliary body controls the shape of the
lens, which adjusts the focus of light onto the retina to form a clear image. The
choroid is a thin membrane lying between the retina and sclera. The choroid acts to
avoid confusing visual images by providing a light-tight environment, preventing stray
light entering the eye. In addition, the choroid supplies nutrients and oxygen to the
retina. A semitransparent neural layer, named the retina, is sited at the back of the
inner eye. The vertebrate retina is a distinctly multilayered structure with complex

neural circuitry [15]. The structural details of which will be discussed later.
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Figure 1-1 A diagram illustrating the structure of the human eye
Reprinted from Wikipedia (Http://www.wikipedia.org)

1.3.1 Structure of the cornea and corneal limbus

The cornea and the sclera constitute the outer fibrous layer which encases and
protects the eyeball. Because transparency is of prime importance for the cornea, it
does not have blood vessels and therefore receives nutrients through diffusion from
tear fluid and aqueous humour. The average thickness of adult human cornea is

0.52 mm in the centre to 0.65 mm at the periphery. From anterior to posterior, the
mammalian cornea is composed of five distinct tissue layers namely the corneal
epithelium, Bowman’s layer, stroma, Descemet’s membrane and corneal endothelium
as shown in Figure 1-2. The epithelium layer is the foremost protective layer. It is
composed of 5-6 layers of stratified squamous epithelium which is constantly renewed
throughout life. The stroma, accounting for 90 percent of corneal thickness, is
comprised of intertwining lamellae of collagen fibrils and scattered keratocytes. The
most posterior boundary of the cornea is the endothelium. It is only a single layer of
cells, but is responsible for maintenance of the essential deturgescence of the corneal
stroma. These three major layers are separated by Bowman’s membrane (15um) to the

front and Descemet’s membrane (10-15um) to the back [15].
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Figure 1-2 Structure of the human cornea.
The schematic diagram illustrates the layers and cell phenotype within human
cornea. Reprinted from Secker et al. 2009 , with the creative commons attribution

license.

Mitotic and self-renewal abilities are remarkably distinguished between the three
cellular layers of the cornea [16-18]. The cornea epithelium layer is constantly renewed
throughout life. It plays an essential role in maintaining the integrity of ocular surface
as well as visual function. Between the collagen rich lamellaes of the stromal layer,
there are extremely flattened stellate cells with thin cytoplasmic extension, the
keratocytes. They are responsible for secretion of the unique stromal extracellular
matrix. The number of keratocyte cells usually remains stable after birth; hardly any
mitotic activity is detected throughout a lifetime. However in the presence of
inflammation or following wounding, stromal keratocytes become activated and begin
to divide with a subsequent change in phenotype to fibroblasts and myofibroblasts like
cells. These cells secrete connective tissue matrix, which eventually forms opaque
scars within the corneal stroma. In contrast to the corneal epithelium, the number of
corneal endothelial cells decreases with age from over 3000 cells/mm? at birth to
approximate 2000 cells/mm? by old age [16]. The loss of endothelial cells is
compensated by neighboring cells becoming flattened and enlarged [19]. In vitro,

human corneal endothelial cells show only limited ability to divide after infancy [18].

The “Limbus” is the transitional region where the cornea structurally continues with
the sclera (Figure 1-3). It contains a radially oriented structure known as the “palisades
of Vogt” which may harbor epithelium stem cells. The palisades of Vogt present as an

undulated epithelium basal layer. In 1989, Cotsarelis and colleagues [20], were the
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first to identify slow cycling cells (label-retaining cells) at the limbal epithelial basal
layer, this provided strong evidence that the putative stem cells, which are responsible
for long term renewal of the cornea epithelium, reside in the basal layer of limbus.
Corneal SCs are activated on demand for tissue regeneration and give rise to
transiently amplifying cells (TACs). These are corneal progenitor cells which have the
capacity for rapid division, but only a limited number of cells divisions. TACs then
mature and repopulate the surface of the cornea effectively (Figure 1-3) [1,21,22].
Transplantation of cultivated human corneal limbal stem cell (LSC) has been used
clinically, and has proven to be a safe and effective treatment for reconstructing the
corneal surface [23-27]. Long-term follow-up has demonstrated the stability of the
regenerated corneal epithelium [24]. However, a full understanding of putative corneal
stem cells hasn’t yet been achieved due to the lack of specific and definitive corneal

stem cell markers.

Conjunctiva Limbus Peripheral Cornea Central Cornea

membrane

@  Transient amplfying Cell

@2 Metsnocyre

P ©
r el

? @  Limbal epithelial stem Cell

Figure 1-3 Human corneal limbus
(A) Schematic diagram illustrates the location of putative limbal epithelial stem cell and
the corneal epithelial regeneration pathway (Secker et al. 2008 [28], reprinted with
permission from Springer) (B) shows the structure of human limbus (adapted from
resource http://faculty.une.edu/com/abell/histo/histolab3b.htm). T.M.: trabecular
meshwork.
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The limbal stroma is highly cellular and vascularised. Recent studies have identified
multipotent stem cells in the adult corneal stroma from mice, rabbits and humans [29-
33]. These cells have the ability to divide extensively and generate neurons, adipocytes,
osteoblasts and adult keratocytes in vitro [29-32]. In humans, keratocyte
stem/progenitor cells mainly reside in the anterior corneal stroma close to the limbus.
They express the ocular development marker Pax6 and demonstrate a side population
(SP) phenotype [30]. A SP is characterized by the ability to efflux Hoechst 33342, a
DNA-binding dye. It represents a quiescent, immature and conserved feature of stem
cell populations [34,35]. SP discrimination assay has been used to identify stem cells
from various tissues. Further investigations of these potential stem cells in the corneal
stroma may have important implications for cell based therapies in degenerative eye
disease. Interestingly, corneal endothelium precursors can also be isolated and
expanded in vitro from mammals, including human, though they are rarely detected in
vivo [36,37]. Their proliferation in vitro is achieved through a sphere forming assays.
The sphere colonies express neural stem cell marker nestin. They also produce
neuronal and mesenchymal cell proteins [36,37]. This may imply a new source of cells

for treating corneal endothelium deficiency diseases.

1.3.2 Structure of the retina

The human retina is a highly organized laminated tissue. In the early 1900's, Ramon y
Cajal first identified the structure and individual cell types of the retina based on
morphological Golgi silver staining [38] (Figure 1-4A). Retina is comprised of five types
of neurons: photoreceptors (rods and cones), bipolar cells, ganglion cells, horizontal
cells and amacrine cells. With their processes and synaptic connections, those neurons
form ten layers in tissue which is approximately 0.5 mm in thickness. From innermost
to outermost, the retina is composed of: inner limiting membrane, nerve fiber layer,
ganglion cell layer, inner plexiform layer, inner nuclear layer (bipolar, horizontal and
amacrine cell bodies), outer plexiform layer, outer nuclear layer (rod and cone),
external limiting membrane, photoreceptor layer and retinal pigment epithelium as
shown in Figure 1-4B [39].

Rods and cones are light sensitive photoreceptor cells. Visual pigments in rods and
cones initiate a cascade of phototransduction following light stimulation, which alters
cell membrane potential. Neurotransmitters are subsequently released at the synapses
between photoreceptor terminals and bipolar cells in the outer plexiform layer. The
hext synaptic contacts occur between the processes of the bipolar cells and ganglion
cells in the inner plexiform layer. This three- neuron chain is the major transmission

route from photoreceptors to the optic nerve [39,40]. Other neural cells types such as
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the horizontal and amacrine cell have lateral interactions and regulate the visual
system's sensitivity to luminance contrast. The overall retinal structure layers,

individual cell types and signal transmitted routes are illustrated in Figure 1-4 B.

In humans and primates, cones are found in the central part of the retina termed the
“macula” (Figure 1-5), which is responsible for fine resolution and color vision. The
center of the macula is known as the fovea, which is comprised of only cones. There
are three different types of cones, detecting short- (blue), medium- (green) and long-
wave (yellow-red) light to form trichromatic color vision. Rods, on the other hand, are
adapted for sensing contrast, low light vision and motion. They are mainly distributed
at the periphery of human retina. The ratio of rods to cones in the retina is
approximately 20:1, with a total of 120 million rods and 6 million cones. The type of
photoreceptors and their distribution differ between primates and other mammals.
Most mammal don’t have a macular region, are referred to as dichromats as their
retinas only accept long- wavelength (L-) and Short- wavelength (s-) cone signals.
Interestingly, some mammals have numerous dual cones which are immunopositive for

both S- and L- cone markers [41].

1.3.2.1 Photoreceptors

Rod and cone photoreceptors are highly specialized for light perception. They have the
same basic structure comprised of outer segments, inner segments, cells bodies and
processes. Cones are shorter with conical outer segments and a wider base compared
with that of rods (Figure 1-6). The membranous disks of the outer segments in both
photoreceptor subtypes contain photopigments which are involved in the initiation of

phototransduction and conversion of light to neural impulses.

As shown in Figure 1-7, when a photon of light arrives at the photoreceptors, opsin
molecules which are manufactured at the inner segments, bind a derivative of vitamin
A named “retinol” to form Rhodopsin. Rhodopsin undergoes a conformational change
from the 11-cis form to an all-trans form and subsequently forms activated transducin.
The latter activates cGMP phosphodiesterase which breaks down cGMP into 5'-GMP.
This reduction of cGMP allows cGMP-gated cation channels to be closed, preventing the
influx of positive ions, which hyperpolarize the cell membrane, thereby stopping the
release of neurotransmitters. Phototransduction is also characterized by its
amplification a process. A single photon of light leads to isomerisation of rhodopsin
molecules in the rod cells, which subsequently activates numerous transducin and
phosphodiesterase molecules in the cascade. Thus, only a few photons of light are

required to hyperpolarise a rod cell [42].
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Figure 1-4 Structure and connections in the mammalian retinas
(A) The structure and individual cell types of the mammalian retina identified by

Ramén y Cajal using Golgi silver staining (Cajal S. 1900); (B) A schematic diagram
illustrates the retinal connection (Purves et al. 2001 [43]. Diagram was reproduced with

permission from Sinauer Associates)
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,//
/

Figure 1-5 Normal human retina
Normal human retina viewed through an ophthalmoscope. The macula (M) is the oval

avascular area at the center of the optic axis. Optic disc (OD, white area), where
ganglion cell axons exit the eyeball to form the optic nerve, radiate the major blood
vessels (BV) of the retina. Image was adapted from resource

http://webvision.med.utah.edu/
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1.3.2.2 The Retinal Pigment Epithelium

The retinal pigment epithelium (RPE), which develops from the outer layer of the optic
cup during embryogenesis, is a monolayer of cuboidal cells that are densely packed
with pigment granules. The RPE is tightly attached to Bruch’s membrane (BM) on top of
the choroid, with it apical surface connected to photoreceptors. The RPE layer plays an
essential role in supporting and maintaining general visual processes [44].
Photoreceptor excitability and the visual cycle rely on reisomerization of all-trans-
retinal to 11-cis-retinal by the RPE. Without cis-trans isomerases, photoreceptors are
not able to conduct this conformational change following phototransduction. Several
proteins found in RPE cells are involved in this important process, including RDH5
(Retinol DeHydrogenase 5), CRALBP (Cellular Retinylaldehyde-Binding Protein) and RPE-
65 (Retinal Pigment Epithelium-specific 65 kDa protein). In addition, RPE cells are
continuously phagocytosing shed-membrane discs from the outer segments (OS) of
photoreceptors. OS are constantly renewing, and replaced every 12 days. Phagocytosis
functions not only to recycle and return essential substances such as retinal to
photoreceptors to rebuild new photoreceptor OS, but also to eliminate potential toxic
debris. Failure of or defect in phagocytosis leads to degenerative retinal diseases, such
as RP, Usher type 1B Syndrome and AMD. Other important functions of the RPE include
maintenance of the immune privilege of the eye, nutrition supply, homeostasis and
neuronal protection. The latter is accomplished through secretion of neuroprotective
factors including pigment epithelium-derived factor (PEDF), which act to decrease
glutamate-induced or hypoxia-induced retinal ganglion cell apoptosis and also
inhibition of endothelial cell proliferation [44]. Thus, RPE cell transplantation can in
principle be used to treat degenerative retinal diseases, through support of retinal cell

function and homeostasis [45].
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Figure 1-6 Structure of rod and cone photoreceptors.

A schematic diagram illustrating the structural comparison of rod and cone
photoreceptors (Young, 1970 [46], the diagram was reprinted from Wikipedia
Http://www.wikipedia.org)
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Figure 1-7 The phototransduction cascade.

A schematic diagram illustrates activation of Rhodopsin by light and the subsequent
phototransduction cascade (From the source http://webvision.med.utah.edu/.
Image was reproduced under Attribution, Noncommercial, No Derivative Works

Creative Commons license)
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1.4 Degenerative Retinal Diseases

There are a wide spectrum of degenerative retinal diseases, including Macular
Degeneration, Retinitis Pigmentosa, Usher Syndrome, Stargardt Disease, Best Disease,
Cone-Rod Dystrophy and Leber’s Amaurosis. They are characterized by apoptosis of
photoreceptor and/or RPE cells with subsequent visual loss. Currently, there is no
effective therapy available to restore the cellular loss which accompanies these diverse

diseases [1,2].
1.4.1 Age Related Macular Degeneration (AMD)

AMD is the primary cause of visual disabilities in industrialized societies, especially in
patients over 50 years of age. Its prevalence increases with age, and affects up to 25%
of the population aged 75 and over [2,47]. AMD not only leads to considerable loss of

quality of life, but also represents a formidable clinical and socio-economic burden [48].

AMD is characterized by loss of photoreceptor cells in the macula, due to progressive
deterioration of the RPE, bruch's membrane (BM), and the choriocapillary-choroid
complex [45,49,50]. This deterioration ultimately leads to loss of central vision. AMD
presents as two distinct clinic phenotypes: “wet” and “dry”. The wet form, referred to as
exudative-neovascular AMD, accounts for approximately 10% of all cases. The growth
of new abnormal blood vessels under the macula, choroidal neo-vascularisation (CNV),
leads to accumulation of exudative fluid and hemorrhages on the retina, thereby
causing damage to the photoreceptor cells. Wet AMD progresses rapidly and can cause
severe damage, with the loss of central vision which may occur within a few months.
The remaining approximately 90% of AMD cases are of the “dry” form, known as non-
exudative AMD. It is characterized by geographic atrophy of the RPE and accumulation
of drusen, the metabolic debris from dysfunctional RPE cells at BM in the macular area.
Loss of RPE cells also leads to apoptosis of photoreceptors, with subsequent loss of
central vision. The pathogenesis of AMD has yet to be fully understood. The disease
progression is associated with environmental as well as genetic factors. Age and
smoking are the proven main epigenetic risk factors [51]. Genetic risks include variants
in complement genes including CFH, C3, CFB and C1 inhibitor, as well as HTRA1 [52-
55].
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1.4.2 Retinitis Pigmentosa (RP)

Many degenerative retinal diseases are inherited. The most common of which, Retinitis
Pigmentosa (RP) leads to progressive loss of photoreceptors and RPE by apoptosis. The
prevalence of RP is approximately 1 in 5000, affecting over a million people worldwide
[56]. Affected individuals may first suffer from night blindness, which progresses to

loss of the peripheral visual field, leading in turn to tunnel vision. Patients with RP may

eventually become blind in later life.

RP has been associated with molecular defects in more than 100 different genes which
are related to the structure, function, survival and maintenance of photoreceptors and
RPE. Among those, rhodopsin gene defects are the most common, accounting for
approximately 30% of autosomal dominant forms of PR. RP has extraordinary genetic
heterogeneity, and can be inherited as an autosomal dominant, autosomal recessive
or X-linked trait [56]. Meanwhile, the phenotypes of diseases can be diverse and
discordant with their genotypes. Currently, there is no effective treatment available to

prevent loss of rod photoreceptors or restore their visual function.

1.4.3 Current treatments

Current therapies are focused on the treatment of CNV (wet AMD). For the majority of
cases of AMD (dry AMD) and other inherited degenerative retinal diseases; there is no
effective treatment available. Cell replacement and gene therapy may provide an

opportunity for restoration of visual function.

1.4.3.1 Generation of thrombosis within CNV

Laser (photocoagulation), thermo-energy (transpupillary thermotherapy TTT) and
photochemical reaction (photodynamic therapy, PDT) generate thrombosis within CNV,
which may cause the CNV to perish. The first two methods are destructive as they also
damage normal retinal tissue; thereby, they cannot be used for sub-foveal CNV. PDT
has the advantage of not affecting normal retinal vasculature, and offering a potential
treatment for sub-foveal CNV. However, a two-year randomized PDT clinical trial
showed disappointing results. PDT was only effective for a minority subtype of CNV
patients that would account for less than 25 percent of the total cases of CNV, while
the majority of sub-foveal CNV patients did not show a better result compared to the
untreated group [57]. Moreover, 4.4% of eyes treated with PDT had a severe decrease
in vision (over 20 letters compared with visual acuity prior to PDT). Another similar trial

also confirmed this lack of efficacy in the same subtypes of CNV [58]. Thus a large
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proportion of patients with neovascular AMD have very limited treatment options and

the underlying pathophysiology of CNV still remains, which may lead to re-occurrence.

1.4.3.2 Anti-VEGF

More recently treatment which targets the central signaling molecule in ocular
neovascularisation, vascular endothelial growth factor (VEGF), has been investigated.
VEGF is highly selective for endothelial cells, affecting their proliferation, survival and
migration, which eventually leads to angiogenesis. The synthesis of VEGF can be
upregulated by many pathologic states such as hypoxia, ischemia or inflammation,
with subsequent diffusion of VEGF to its target tissue [57]. VEGF exists in 4 different
isoforms. Among them, VEGF __is found to be largely responsible for pathological
ocular neovascularization. It consists of a receptor-binding domain, which binds to the
VEGF receptor. The formed binding complex induces signal transduction and vascular
endothelium migration and proliferation. VEGF,__also has a heparin-binding site, which
assists the association of VEGF __ with the cell membrane and enhances the effect of
VEGF]65 [59]. Blocking of VEGF can be achieved through VEGF inhibitors such as
pegaptanib or VEGF antibodies including ranibizumab. Pegaptanib is a pegylated
aptamer produced by chemical synthesized of oligonucleotide sequences. It targets the
heparin-binding site of VEGF , to inhibit the amplification of VEGF receptor signaling.
The advantages of pegaptanib include lack of immunogenicity, stability together with
high affinity and specificity [57]. Ranibizumab is a monoclonal anti-VEGF antibody
fragment which can bind all isoforms of VEGF in humans. It directly targets the
receptor-binding domain of VEGF to inhibit VEGF receptor signaling itself. Intravitreal
injection of pegaptanib or ranibizumab both demonstrate effectiveness in reducing the

risk of visual acuity loss, however visual gain was much higher using ranibizumab [57].

Although great progress has been made with anti-VEGF treatments, certain issues
remain which have yet to be addressed. Firstly, the visual acuity improvements
demonstrated are very limited. Improvement for most cases is 1-2 line in the standard
visual acuity test chart (ERDRs) [57]. Secondly, frequent intravitreal injection are

required, with the potential risk of endophthalmitis [58].

1.4.3.3 Gene therapy

The pathophysiology of AMD is yet to be fully understood. Certain complement genes
have been shown to be associated with AMD, but the role of specific genes and their
mechanism in the development of AMD is largely under discovered. It is more likely
that genetic susceptibility is multifactorial and a combination of environmental factors
including smoking, contribute to the development of AMD. Therefore, direct gene

therapy to repair defective genes will not be sufficient to eliminate development of
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AMD. One form of gene therapy targets prolonging the survival of the RPE and retinal
photoreceptors by the introduction of growth factors into RPE cells [58]. These include
transfer of basic fibroblast growth factor (FGF2) and pigment epithelium derived factor
(PEDF) to RPE cells to enhance their function or inhibitor angiogenesis. There are also
reports on using genetically modified iris pigment epithelium cell, which are able to
secret PEDF [60]. In addition, anti-angiogenic gene therapy potentially could be a good
solution to overcome the disadvantages of current anti-VEGF treatments such as short
term effectiveness, frequent intravitreal injection and subsequent risk of

endophthalmitis.

However, sufficient consideration need be given to gene therapy in terms of safety, In
particular use of retroviral vectors in vivo, may lead to integration of new sequence
into the genome or replication of competent virus. Other adverse effects include
inflammation due to administration of vectors. Overall, gene therapy can only be used
to delay the progress of AMD, and as yet cannot be used to prevent the occurrence of
AMD. Also gene therapy will not restore visual acuity in patients who have severe pre-

existing cell loss for instance in patients with advanced “dry” AMD.

1.4.3.4 Subretinal surgery

CNV may be removed through submacular surgery, which is based on the three port
pars plana vitrectomy. To determine the effectiveness of submacular surgery, a
number of randomized multicenter clinical trials, were carried out at the end of the last
century. The results showed no benefit or limited effect for subfoveal CNV removal,
with a high rate of reoccurrence [61]. Some retrospective studies have also
demonstrated minimal improvements in visual acuity, together with up to 50 percent
recurrence of CNV [58]. Considering the high recurrence, and risks of intraocular
surgery such as hemorrhage and endophthalmitis, CNV excision should not be

considered as the first choice for treatment of neovascular AMD.

1.4.3.5 Cell therapy

Cell therapy is one of the most promising treatments for degenerative diseases of the
retina, as cellular replacement may lead to long term restoration of visual acuity. An
important phenotypic abnormality of degenerative retinal diseases is the loss of
functional photoreceptors, however the inner most layers of the retina remain intact
and functional for a comparatively long time. Cell therapy appears promising in this
instance [5,62], as transplanted photoreceptors need only make a single short synaptic
connection with the inner retinal circuitry for light signal transduction to be reinstated
[62]. When sufficient functional photoreceptors successfully integrate into the retina,

and build functional synaptic connections with the inner retina, vision loss may be
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effectively delayed or reversed [63]. In addition, modern intraocular micro surgical
techniques and the anatomical existence of the subretinal space allow photoreceptor

transplantation to be a realistic prospect.

Encouraging outcomes following transplantation have been observed in various
wildtype [62,64] and degenerative animal models including rds mice (retinal
degeneration slow) [62], rd mice (retinal degeneration fast) [62], rho2/2 mice
(rhodopsin knockout) [62], mnd mice (retinal/CNS degeneration) [65] and Royal
College of Surgeons rats (RCS) [65,66]. Photoreceptor precursors derived from the
retina of postnatal (PN) mice have been shown to successfully integrate into the outer
nuclear layer (ONL) of host mice and can differentiate into mature photoreceptors as
illustrated in Figure 1-8 [62]. Moreover, functional synaptic connections which
contribute to visual function were formed in rds, rd and rho2/2 mice. Neuralized ESCs
were also found to migrate into the host retinal tissue and prevent retinal degeneration
in RCS rats and mnd mice [65,66] Preliminary clinical studies have shown that in
patients with RP and dry AMD, visual acuity (VA) and light sensitivity improved
following transplantation of human neural retinal progenitor cell layers (sheets) with
RPE [67] or fetal retinal sheets with RPE [67].
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Figure 1-8 Integration of photoreceptor precursor into wild-type recipient retinas.

The image demonstrates that allograft retinal cells from P1 mice can integrate into
ONL of the wild-type recipient retinas (MacLaren et al. 2006, Image was reprinted with

permission from Nature publishing Group).
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1.5 Development of the eye

Eye formation commences approximately 22 days after fertilization. As shown in
Figure 1-9, the optic sulci of the neural plate gradually change shape from a shallow
groove to a hollow cavity to form the optic vesicle. The apex of the vesicle remains
closed to the surface ectoderm and connects to the forebrain by a stalk, termed the
optic stalk. The optic vesicle then invaginates forming a two layer optic cup, with the
top layer forming the future neural retina and bottom layer the RPE. Together with
formation of the optic cup, the surface ectoderm (lens placode) also folds into the
optic cup and forms the lens vesicle. The latter then separates from the rest of the
surface ectoderm for mature lens development. The margin of optic cup goes on to
form the pigmented epithelium layer of the ciliary body and iris. The rest of the surface

ectoderm including migrated neural-crest mesenchyme forms the cornea.
The specification of eye in the anterior neural plate is synchronized with the

coordinated expression of a group of eye field transcription factors, which will be

explained in detail in the following section.
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Figure 1-9 Summary of embryonic ocular development

A schematic diagram illustrating development of the human embryonic eye from day
22 to 44. Various germ layers were colour coded. Red: Mesoderm; Black: Neural
Ectoderm; Green Neural Crest; Blue: Surface Ectoderm. Images were adapted from
Forrester et al. 2002 [15].

1.5.1 Transcription factors for eye development

Several homeobox transcription factors have been reported to play a critical role in eye
formation in both vertebrate and invertebrate. Co-ordinated expression of transcription
factors including: Pax6 (paired box gene 6), Rx (retinal homeobox), Six3 (homeobox
protein SIX3) and Otx2 (orthodenticle homeobox 2) have been observed in the early

optic vesicle [15].

Pax6 is regarded as a universal “master control gene” for eye development [68]. The
evidence for Pax6 being a “master control gene” includes expression in the developing

eye of a broad range of species from insects to mammals. Pax6 is also a highly
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conserved protein sequence in most species[69]. Mutations or silence in Pax6
homologs can lead to anophthalmia causing absence of eye in flies, mice and humans,
while ectopic eyes can be created by targeted expression of Pax6 [68,70]. Halder et al.
induced the formation of ectopic eyes on the antennae, wings and legs of flies, which
showed functional photoreceptor activity when tested by electroretinography (ERG) [68].
Pax6 is also indispensable for the formation of almost all vertebrate retinal cell types
[71].

The retinal homeobox (Rx) gene plays a critical role in regulating initial specification of
retinal cells as well as eye formation [72]. The presence of Rx protein correlates with
the location of retinal stem cells during the development process. Consistently, over
expression of Rx mRNA induces formation of ectopic retinal tissue and hyper-
proliferation of the neural retina in lower vertebrates [72]. In mammals, targeted
knockout of Rx prevents formation of the optic vesicle and optic cup. Rx serves as a
top level regulator for optic vesicle formation, as silence of Rx leads to inactivation of

other homeobox transcription factors such as Pax6, Six3 and Otx2 [72,73].

The Orthodenticle homeobox 2 (Otx2) [74] is widely involved in optic vesicle formation
and subsequent neural retina and RPE differentiation. It also regulates photoreceptor
specification through regulation of the Cone-rod homeobox (Crx) gene. The last
important eye development transcription factor is Sine oculis homeobox homolog 3
(Six3), which is specific to the whole region of the anterior brain, including the eye. It is

also important for proliferation of retinal precursor cells [75].

1.5.2 Development of cornea

The cornea develops mainly from both the surface ectoderm and neural crest. At
approximately 5 to 6 weeks after fertilization, corneal development begins. The
corneal epithelium layer forms first when the lens placode separates from the surface
ectoderm. The rest of which forms a layer of cuboidal epithelium (future corneal
epithelium). After one week, neural-crest derived mesenchymal cells sited at the
margin of the optic cup migrate into the space between the lens placode and
epithelium, and form the corneal endothelium layer. On day 49, there is secondary
migration of neural-crest derived mesenchymal cells, from the optic cup margin to the
space between the epithelium and endothelium commences. In this final stage, the

corneal stroma forms [15].

The neural crest is a discrete structure that exists transiently in the vertebrate embryo.

Its component cells yield an extraordinary variety of cell types, from peripheral
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neurons and satellite cells to bones, tendons, connective and adipose tissues, dermis,
melanocytes and endocrine cells [76]. Neural crest cells become specified in a
rostrocaudal fashion along the body axis. Subsequently, they are released from the
neuroepithelium as mesenchymal cells that follow definite migratory routes, finally
reaching target embryonic sites where they settle and differentiate. The whole process,
including ontogeny, specification, delamination as well as later differentiation
processes are regulated by Bone Morphogenetic protein 4 (BMP4) and it inhibitor
Noggin [77].

1.5.3 Development of neural retina and retinal pigment epithelium

During embryonic development, the retina is derived from optic vesicles sited from two
sides of the developing neural tube. Initially, the optic vesicles invaginate to form the
optic cup, with the inner layer forming the future neural retina and the outer layer
developing into the RPE layer. With further neuroblastic layer division and migration,
the sensory retina forms a distinct lamellae structure. Differentiation of seven retinal
cell types can be divided into two stages as shown in Figure 1-10. The first stage leads
to the development of ganglion cells, cone photoreceptors, horizontal cells and
amacrine cells; whilst the second wave includes rod photoreceptors, bipolar cells and
finally the Miller glia [78].

Development of the retina relies on precise regulation of transcription factors on both
temporal and spatial ranges. A combination of homeobox genes and basic helix-loop-
helix (bHLH) genes are required for retinal neuron fate determination. The network of
transcription factors which direct cell differentiation, and any self-regulatory systems,
are yet to be fully understood. Through targeted knockout and misexpression
functional studies, genes which are essential for each type of retinal cell specification
have been summarized as illustrated in Figure 1-10 B. Besides these intrinsic factors,
extrinsic factors such as Ciliary Neurotrophic Factor (CNTF), Fibroblast Growth Factor
(FGF) and Bone Morphogenetic Protein (BMP) may also play roles in the regulation of

retinal cell differentiation as well as proliferation [79].
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Figure 1-10 Development of mammalian retinal cells
(A) illustrates the temporal order of generation of mammalian (mouse) retinal cell
types; (B) demonstrates the transcription factors for retinal cell fate specification

(Ohsawa, 2008 [80], the images were reprinted with permission from Elsevier).
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Compared to the neural retina, regulation of RPE cell specification involves significantly
less transcription factors. A network composed of Mitf, Otx2 and Pax6 is crucial for
RPE cell specification [81]. Otx2 is essential for initial eye development in vertebrates.
When eye development is specified, expression of Otx2 is only maintained in
presumptive RPE cells to adulthood. In the adult retina, loss of Otx2 protein causes
disruption of photoreceptor-RPE cell adhesion and in impaired melanogenesis in RPE
cells and subsequent slow degeneration of photoreceptor cells [82]. Over expression
Otx2 can also be detrimental leading to induction of pigmentation in vertebrate neural
retina cells in vitro [83]. Similarly, loss of Mitf function cause impairs the development
of the RPE in mice, and generation of a laminated second neural retina [84]. OTX2 and
Mitf have been found co-localized in the nuclei of RPE cells. They can physically interact
with each other. Their co-expression results in a cooperative activation of downstream

regulator such as tyrosinase [83,85].

1.5.4 Development of Photoreceptors

The rods and cones are the cells within the mammalian retina which are responsible
for light perception. The regulation of photoreceptor development and maintenance is
controlled by a network of transcription factors from four classes: Homeodomain, bZIP,
bHLH and Nuclear Receptors as illustrated in Table 1-1 [73].

Homeodomain factors Otx2 and Crx (cone rod homeobox) play crucial roles in
specifying the photoreceptor lineage. Otx2 acts at the highest level, through direct
regulation of Crx and its target genes. The function of Crx is crucial as it acts as a
trans-activator directly regulating the expression of many photoreceptor genes.
Photoreceptor-like cells have been produced by introduction of either or both Otx2 and
Crx into IPE and CE derived cells [8,13,86-88]. Neural retina leucine zipper protein (Nrl)
and the orphan nuclear receptor (NR2E3) are found to determine rod fate. The former
is also important for maintaining rod function and homeostasis; and the latter may act
as cone fate suppressor. Mutation in human NR2E3 cause enhanced S-cone syndrome,
an autosomal recessive inherited disease with hyperfunction of blue cones and
dysfunction of rods. Cone fate determination is largely regulated by nuclear receptor
family members, including thyroid hormone receptor B2 (Trp2), retinoid related orphan
receptor Rorp2, and retinoid X receptor Rxry. Subtypes of cones are negatively or
positively regulated by each and are also influenced by extrinsic factors such as thyroid
hormone [73]. This comprehensive regulatory network, with interaction and regulation
between transcription factors as well as other signaling pathways, is essential for
specialized photoreceptor development and functional maintenance (Review see
Hennig et al.) [73].
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Table 1-1 Transcription regulators for photoreceptor gene expression,

development and/or maintenance

Transcription Transcription Expression Function
classes factors Targets
Homeodomain Otx2 development photoreceptor  Activator
precursors Crx, Rbp3, etc.
Homeodomain Crx development/adult Activator & Regulator
rods/cones Opsins
Homeodomain Rax development/adult Activator
photoreceptor Rho, Arr, Rbp3
Homeodomain Qrx/RaxL development/adult Activator
photoreceptor Rho
bZIP Nrl development/adult rods Activator
Rho, Nr2e3, Pde6b, etc.
bHLH NeuroD1 development rods Survival
Photoreceptors
bHLH Mash1 development rods Activator
Rho
bHLH Math5 development precursors Repressor
NeuroD1, Neurog?2
bHLH Neurog2 development precursors Activator?
NeuroD1
Nuclear TrR2 development cones Activator & Repressor
Receptors S-, M-opsin
Nuclear Rxry development cones Repressor
Receptors S-opsin
Nuclear RorpB development cones Activator
Receptors S-opsin
Nuclear Nr1d1 development photoreceptor  Activator & Repressor?
Receptors circadian genes
Nuclear Nr2e1(TIx) development cones Activator & Repressor
Receptors S-opsin, Pax2, Rar
Nuclear Nr2e3 development/adult rods Activator & repressor
Receptors All opsins

Abbreviations: Arr-rod arrestin; Neurog2-neurogenin 2. Rho- Rhodopsin; RBP3-Retinol-binding

protein 3 (also known as IRBP); Pde6b- Rod cGMP-specific 3', 5’-cyclic phosphodiesterase subunit

beta; Crx , cone rod homeobox; Rax(Rx), retinal homeobox; S/M-opsin, Short/middle Wavelength

Sensitive opsin; Nrl, Neural retina-specific leucine zipper; Qrx/RaxL: Rx like homobox; MASH,

Mammalian achaete-scute homolog; TrB2, Transient expression of thyroid hormone nuclear

receptor; Nr2e3/ Nr2el, retinoic X receptor-like nuclear receptor3/1; Nr1d1, nuclear receptor

subfamily 1, group D; Rxry, Retinoid X receptor-y. Adapted from Hennig et al. 2008 [73].
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1.6 Stem cell therapy

1.6.1 Stem cells

Stem cells possess two unique properties: 1) Self-renewal: the ability to undergo
unlimited proliferation and maintain the undifferentiated state and 2) potency: the

capability to differentiate into specialized cells [14,18].

Because of these unique characteristics, stem cells provide an opportunity for
producing numerous specialized cells for transplantation. Pluripotent stem cells, such
as ESCs and reprogrammed iPSCs can differentiate into almost all specific cell types
from the three germ layers- mesoderm, ectoderm and endoderm. Adult stem cells have
been identified in the tissue of adult mammals. They were previously considered to be
multipotent, with limited specialization potential to a cell lineage or specific tissue in
which they reside. However, recent studies show that certain adult stem cell types
have “plasticity”, the ability to generate a variety of cell types, even across the
boundary of germ layer [89-91]. For example, bone marrow mesenchymal stromal cells
can differentiate into a variety of different cell types including hepatocytes,
endothelium, myocardial, neuronal and glial cells as well as different types of
epithelium [92]. The adult stem cells derived from corneal stroma can give rise to
adipocytes, neurons and chondrocytes [30,93]. These “multipotent” adult stem cells

would therefore be advantageous for autologous cell replacement [6,89,91].
1.6.2 Immune response in the subretinal space (SRS)

The RPE layer and photoreceptors are derived from the outer and inner layers of the
optic cup respectively during embryonic development; thereby producing a potential
space for transplantation and surgical intervention, referred to as the SRS. Advanced
intraocular surgical techniques have also been developed and established over the last
century. These include comprehensive SRS surgeries such as CNV incision and

cell/tissue transplantation [61,94,95].

The SRS is considered as one of the immune privileged sites in the human body [96].
Immune privilege was first discovered by Sir Peter Medawar, describing the lack of an
immune response when allografts were placed into one of the ocular
microenvironments, the anterior chamber [96]. Immune privileged sites generally
display prolonged acceptance of foreign tissue, including solid tissue or tumor,
whereas conventional sites readily prompt rejection to similar grafts. Mechanisms

involved include the unique blood ocular barrier, a lack of direct lymphatic drainage,
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and the presence of various immunosuppressive molecules, as well as
immunomodulators [97]. The blood-retinal barrier forms part of the blood ocular
barrier, and contributes to the SRS immune privilege. It is composed of non-fenestrated
retinal vascular structure and tight-junctions between retinal pigment epithelial cells,
preventing passage of large molecules or pathogens from choriocapillaris into the

retina.

However, immune responses have been detected in animal models and humans
following cell transplantation into the SRS. Following xenogeneic transplantation of
mouse RPCs into pigs [98], large numbers of mononuclear inflammatory cells were
observed in the choroid near the transplantation site within a few weeks. Allografts
appeared to manifest a mild cell-mediated chronic immune response in the absence of
typical histological inflammation [4,96,99,100]. Mild rejection in the RCS rats was
observed following RPE allograft to the SRS, presenting as an increased loss of
photoreceptor cells [100]. In human studies of wet AMD, RPE cell transplantation
following CNV excision led to obvious rejection after three months. Most of the
patients (4 of 5) lost graft fixation and showed macular edema and fluorescein leakage
[94]. It was also found that RPE cells lead to more rejection compared to
photoreceptors/ retinal progenitor cells. The extent of immune response was related
to the amount of RPE cell grafted, the integrity of the blood retinal barrier and the time

following transplantation [58,101].

The mechanism of the immune response in the SRS is unclear. It seems different from
the mechanism of immune response which occurs in the brain, where local microglia
could serve as potent antigen present cells to prime T cells [102]. Gregerson and Yang
collected fresh adult retinal microglia and demonstrated that retinal microglia were
neither efficient in priming naive T cells nor responsive to treatment with interferon-r
or anti-CD40 [103]. This suggests that retinal microglia possess different immune

properties.

Nevertheless, the immune-privileged status of the SRS is not absolute. It may merely
help to prolong survival of allografts [104]. If the recipient and donor do not have
matched histocompatibility loci, rejection will eventually occur [96]. A functional, intact
RPE monolayer plays an important role in maintaining the blood retinal barrier as well
as the SRS immune privilege [99]. In both AMD and RP, RPE cells suffer either
deterioration or complete loss. Therefore, autologous cell sources have significant
advantage as they can avoid immune responses between the host and donor, and

maintain long-term functionality of grafted cells or tissues [45].
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1.6.3 Strategy of stem cells therapy

Generation of sufficient photoreceptors or photoreceptor precursor cells remains the
goal for the treatment of various degenerative retinal diseases. Cell replacement may
not only delay disease progression but may actually lead to an improvement in visual
function. Currently the key challenge is to identify and obtain a suitable/plentiful
source of progenitor or stem cells (SCs) which could be utilized for photoreceptor

repair.

Stem cells provide hope for an unlimited cell source for photoreceptor and/or RPE cell
generation, based on their two main characteristics of self-renewal and multipotency.
True stem cells, including totipotent and pluripotent stem cells, fulfill the above
criteria. They are capable of unlimited cell divisions and can differentiate into cells of
all three germ layers. There is controversy over whether multipotent and unipotent
cells can be defined as stem cells since they are more restricted to their related germ
layer or cell lineage. However, recent studies have proven the plasticity of these cell
types. By various inducing and regulating means, cells have been transdifferentiated

toward lineages other than that of their origin [91,105,106].

To generate photoreceptor or RPE cells for cell transplantation strategies, a number of
candidate stem cell resources have been investigated as described below. Based on
whether immune response can be avoided following transplantation, they were

classified as allogeneic or autologous stem cells in this chapter.

1.7 Allogeneic cell resources

1.7.1 Embryonic stem cells

Derived from the inner cell mass (ICM) of the blastocysts (4 to 5 days post fertilization),
embryonic stem cells (ESCs) can be maintained undifferentiated in vitro and have the
potential to provide an unlimited source for cell therapy. ESCs have the most infinite

proliferative capacity to generate sufficient cells of all three germ layers.

For mammalian ESC differentiation, the following approaches may be used: feeder
cells, growth factors, chemical compounds and genetic modification [107]. The
differentiation of ESCs into neural progenitors has been well established. The
differentiation is based on a feeder free and serum free sphere-forming culture system

in the presence of epidermal growth factor (EGF) and basic fibroblast growth factor
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(FGF2) [108]. In addition, direct differentiation towards specific mature neural types
has also been achieved based on this system. Although this highlights the possibility
that specific retinal cell types may be achievable, this process has turned out to be
more difficult for the generation of photoreceptor cells. Through co-culture with PN or
embryonic (E6) cells, a subset of ESCs can differentiate into both retinal progenitors
and mature neurons. However, the use of animal tissue in directing cell differentiation
is not appropriate for clinical application. In the last decade, a few groups have made
progress towards identifying safe and defined factors for differentiation of ESCs into

retinal progenitor cells and/or subsequently into mature photoreceptors [7,10,109].

Based on the classic sphere forming neuronal differentiation assay, in combination
with several regulatory signaling pathways including BMP and Wnt together with
defined extrinsic factors, highly efficient differentiation of ESCs towards RPCs has been
achieved [7,109,110]. The progenitor cells produced had a genetic profile similar to
progenitors derived from human fetal retina, including expression of Pax6, Chx10,
Sox2, Crx, Nrl, recoverin, S-opsin, and rhodopsin. These progenitor cells however
rarely spontaneously differentiate into photoreceptor cells [109,110]. A further
comprehensive stepwise defined condition has been developed to obtain
photoreceptors from mouse, monkey and human ESCs [109]. Rod specific markers
were found in 17% and 8% of cells derived from mouse and human ESCs respectively.
Approximately 10% of the cells expressed S-cone marker, which was equivalent to the
number of M/L cones after differentiation from both mouse and human ESCs. Although
photoreceptor specific opsins and phototransduction components were detected at
both a protein and transcription levels, the function of these cells requires further

confirmation.

Generation of RPE cells from ESCs is much less complicated when compared to
production of photoreceptor cells. Using feeder layers such as mouse embryonic
fibroblasts or PA6 stromal cells and in the presence of animal serum, ESCs from mice
and primates will differentiate towards RPE cells. The derived RPE cells display a similar
transcription profile in terms of RPE specification. These cells also demonstrated
phagocytic activity [111,112]. Osakada et al. also identified defined conditions for RPE

cell differentiation to avoid the use of animal derived materials [109].

Despite this success in the generation of photoreceptors/RPE cells from ESCs, several
barriers remain to limit their application in cell therapy. Firstly, in vitro proliferation
and maintenance of undifferentiated human embryonic stem cells (hESCs) largely relies
on feeder layers which are derived from animal embryonic fibroblasts. Other reagents

such as serum and supplements derived from an animal origin are also required.
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Thereby, the risk of diseases and immune reaction caused by nonhuman sialic acid
(Neu5Gc) cannot be eliminated [113]. Secondly, tumor formation is a major risk which
should be emphasized. Teratomas which contain cells from all three germ layers can
be developed in vivo following ESC implantation. Arnhold et al. [114] investigated
transplantation of mouse ESC derived precursors to the SRS. They found no tumor
formation up to 4 weeks post transplantation. However, at 8 weeks post grafting, half
of the animals exhibited neoplasias, composed of cells from different germ layers
[114]. It should be noted that the embryoid body (EB) cells used in this study had
underwent a selection procedure to obtain a highly purified population of neural
precursor cells. Therefore, for future clinical application, more stringent selection is
essential. However, currently there is no suitable surface marker for neural precursor
cell sorting, and pure cell selection has yet to be achieved. Thirdly, hESC lines are
allogenic. Immune response following transplantation would be a major issue. To limit
the risk of rejection, it would require matching the donor and recipient’s genetic make-
up and the use of immunosuppressive treatments following transplantation. Finally,
the use of ESCs also raises significant challenges for clinical application due to ethical

concerns with the use of cells derived from embryonic tissue.

1.7.2 Retinal progenitor cells from developing retinas

Developing retinal cells/tissues have been extensively investigated in the prospective
treatment for retinal diseases [62,115,116]. Early studies on transplantation of
mammalian retina showed survival of grafted tissues/cells in the SRS [116]. However
cellular rosettes, a morphological barrier preventing retinal repair, were present at
the engrafting site following transplantation into adult rodent retina [116]. Further
studies using in vitro expanded embryonic (E17) rat retinal stem cells generated
sufficient progenitor cells for transplantation. The grafted cells were viable in the SRS
without forming rosette barriers [115]. These studies showed limited levels of graft-
host integration and photoreceptor differentiation. By optimizing the isolation,
expansion, and transplantation procedures, Qiu et al. engrafted E17 rat retinal stem
cells into the SRS of PN 17 S334ter-3 and S334ter-5 transgenic rats, which possess
mutations in the rhodopsin gene. Over 80% of the grafted RPCs demonstrated
rhodopsin expression and the presence of synapsinl processes at the interface of the
graft and host retina [117]. Despite the extensive rhodopsin expression in the grafted
cells, morphological incorporation was not convincing. Synapsin1 staining was mainly
localised to the ganglion layer, inner nuclear layer or horizontal cells in the outer
plexiform layer, while photoreceptor cells never exhibited synapsin | mRNA or synapsin

| protein throughout development [118].
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The developing retina contains a mix of RPCs including photoreceptor precursor cells.
These precursor cells are an ideal cell resource for transplantation in terms of
appropriate developmental stage and definite commitment to the photoreceptor
lineage. Nrl is an early rod photoreceptor lineage-specific marker [62]. By using Nrl-GFP
transgenic mouse model, a comprehensive study was conducted to investigate the
integration ability and functional incorporation of mouse retinal cells from embryonic
day (E) 11.5 to adulthood [62]. This study showed that retinal cells from the peak of
photoreceptor genesis stage (PN1-3 mouse retinas) are the optimal donor cell resource
for integration and synaptic connection following transplantation [62]. The selected
postmitotic photoreceptor precursor cells displayed synaptic integration into various
types of retina in vivo, including wildtype and mouse models of retinal degeneration.
Promisingly, the visual function of receipt animals improved following cell replacement.
On the contrary, proliferating RPCs from earlier stages of development were unable to
integrate into the retina despite differentiation into rhodopsin positive cells and
survival in the SRS [62].

For practical clinical application, a safer and more convenient cell selection process is
necessary compared to genetic Nrl-GFP labeling. By using fluorochrome-conjugated
antibodies which recognize cell surface antigens CD24 and CD73 for sorting donor
cells, integration was 18 times more efficient than unsorted RPCs and 2.3-fold higher
than transgenic marker, Nrl-GFP sorted cells. The cells displayed the ability to migrate
into the outer nuclear layer of the retina and presented the morphology of mature
photoreceptors following transplantation into wildtype and degenerative mouse
models [119].

Despite the success of using developing retinal cells in mouse model, the use of the
same congenic stage human cells would not be practicable. In humans, rod genesis
begins at foetal week 10 and continues into the first 8 months of life. Although
progenitor cells derived from developing retina do not have the risks such as tumor
formation, ethical implications and limited resources remain the barriers to practical
application. Again, the transplantation of allogenic resource into the SRS would
potentially lead to severe cell loss due to rejection [120]. Therefore, alternative

sources of autologous cells have been investigated.
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1.8 Autologous cell resources

1.8.1 Induced pluripotent cells

Induced pluripotent stem cells (iPSCs) can be generated from adult human somatic
cells (fibroblasts) through ectopic expression of a combination of embryonic
transcription factors including: Oct3/4, Sox2, KlIf4, c-Myc / LIN28 and NANOG
[121,122]. iPSCs have demonstrable similarities to ESCs in most respects, and can
differentiate into a variety of cell lineages. Thereby, they provide hope for an unlimited
autologous cell source for both cell therapy and disease modeling for a wide range of
diseases [121,122]. Recently there have been a number of reports detailing direction of
iPSCs along a retinal lineage with the production of photoreceptors and RPE cells.
These iPSCs derived cells have been transplanted into animal models of retinal

degeneration and have shown promising results [123,124].

However, barriers for further clinical applications remain. The use of viral-transduction
may cause multiple random incorporations of transgene into the recipients genomic
DNA; thereby posing a high risk of oncogenesis [125]. Recent studies have discovered
non-viral vectors which can be used to generate iPS cells from adult stem cells [126].
However, risk of tumor formation due to contamination with undifferentiated cells
remains unresolved. Buchholz et al. found that at least 0.6% of mouse iPSCs remained
undifferentiated in their culture system up to 15 days after differentiation [127]. These

potential adverse effects need be carefully controlled prior to clinical application.

Therefore, adult stem cells/progenitor cells still remain attractive. Various adult stem-
like cell resources have been extensively investigated in respects of generation new

photoreceptor cells and retinal repair.
1.8.2 Stem-like cells from the ciliary epithelium

Development of the retina demonstrates a central to peripheral gradient in mammals
and lower vertebrates. In lower vertebrates, a special region named the ciliary marginal
zone (CM2Z), which is capable of regenerating the retina, is located at the peripheral
margin of the retina. Evidence of slow cycling cells in the human ciliary epithelium (CE)
leads to the assumption that human retinal stem cells may reside within this region
[128,129]. These cells show extensive proliferation and are capable of neurosphere
(NS) generation when cultured in a serum free culture system, in the presence of
mitogens such as EGF and FGF2. Besides clonal growth, these cells exhibit neural stem

cell and retinal progenitor specific markers. They can also be differentiated along
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neuronal and glial lineages [130]. Exposure to a retinal induction environment or
transfection with retinal homeobox and bHLH genes can lead cells to differentiate

towards photoreceptors [87,131-133].

However, it remains controversial as to whether these stem like cells derived from the
CE are true adult retinal stem cells. Although these “stem like cells” express stem cell
markers such as Nestin and display clonogenic characteristics, they still retain
similarities with differentiated CE cells in a number of respects including molecular
profile, cellular components, and morphological features as well as the presence of
melanosomes [3]. Some studies have demonstrated a limited capacity for self-renewal
using CE cells [134]. In differentiation culture medium, spontaneous production of
retinal cells was rarely detected [3]. A recent comprehensive study used Nrl.gfp
transgenic mice to investigate definitively the ability of CE cells to produce
photoreceptor cells. Despite expression of a subset of eye field and RPC markers when
cultured in vitro, these cells remained characteristic of differentiated CE. Various
previously reported conditions to promote photoreceptor differentiation did not
effectively activate Nrl-regulated photoreceptor differentiation program [135]. To date,
there is lack of in situ evidence that CB cells can migrate into retinal tissue and
generate photoreceptors for retinal repair in mammals [136]. In addition, the CB area is
also too high risk for a surgical approach. Thereby, CE cells are not a practical

autologous cell resource for transplantation.
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1.8.3 Adult iris epithelium cells (IPE)

Iris pigment epithelium cells (IPE) are an excellent source of autologous cells for
transplantation as this iris is relatively accessible surgically. IPE cells have the same
embryonic origin as the retina and RPE cells. Like the stem like cells derived from the
adult CE, in a conducive in vitro environment, IPE cells express the neural stem cell
marker nestin, and can be expanded readily [88,137]. IPE cells also possess the ability
to transdifferentiate [138]. Following transfection with Crx and/or Otx2 [86], most cells
express photoreceptor specific markers such as rhodopsin. Freshly isolated and
cultured IPE cells have been successfully used for clinical transplantation to replace
damaged RPE cells [139]. However, it has yet to be proven that IPE have the capacity to
generate sufficient cells from small amounts of tissue. There is also a lack of evidence

that IPE constitute a true population of SCs [140].

1.8.4 Retinal Miiller glial cells

In lower vertebrates, such as teleost fish, Miller glial (MG) cells can actively repair
damaged retina by re-entering the cell cycle, proliferation, and migration into the
photoreceptor layer [136,141]. In mammals, this process is absent. Evidence shows
that PAX6-positive MG cells were unable to proliferate following photoreceptor injury in
mammals [141]. Further study demonstrated that Notch and Wnt signaling can
stimulate in vivo MG cell proliferation and regeneration of photoreceptors[142].
However, there is still a lack of convincing evidence of functional integration of newly

generated cells [136].

In vitro expanded MG cells showed promising results for generation of photoreceptor
like cells. MG cells from adult mammals, including humans, displayed stem cells like
properties [12,143]. They can form neurospheres, and be induced to express protein
markers of various mature retinal neurons via cultured in sphere aggregates. Recently,
Giannelli et al. demonstrated in vitro culture conditions that can induce over 50% of
adult human MG cells to adopt a rod photoreceptor like phenotype [12]. MG derived
photoreceptor-like cells also possessed membrane potential and other
electrophysiological characteristics similar to adult rod photoreceptor cells. Following
subretinal transplantation, a small population of cells migrated into the retina
including the ONL. Nevertheless, in vitro expanded and differentiated MG cells are not

a desirable autologous cells resource due to the surgical challenge to harvest them.
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1.8.5 Adult bone marrow stem cells

Adult bone marrow stem cells include hematopoietic stem cells (HSCs) and the marrow
mesenchymal stromal cells (MSCs) [92]. The former can give rise to all blood cell types,
while the latter have demonstrated a remarkable plasticity for differentiation towards
various tissue specific cells including hepatocytes, endothelium, myocardial, neuronal
and glial cells as well as different types of epithelium as shown in Figure 1-11 [92]. In
addition, MSCs of the bone marrow can generate functional neuronal cells in vitro
through regulation by extrinsic factors [89]. This transdifferentiation is not limited
within the same germ layer of origin, but can cross the boundary to mesoderm and
ectoderm. This plasticity has also been seen from other sources of adult stem cells, for
instance adult mouse skeletal muscle cells and adult neural stem cells can give rise to
blood cells [91].

The mechanisms that may be involved in adult stem cell plasticity include
transdifferentiation (direct lineage conversion), dedifferentiation (indirect lineage
conversion through the recapitulation of developmental stages) and cell fusion. Adult
stem cell plasticity often occurs after local tissue injury [89,91], indicating that

microenvironmental exposure (extrinsic factors) plays a crucial role.

Given the advantages of plasticity, self-renewal, accessibility and the potential for
autologous transplantation to avoid immune-rejection, bone marrow cells have also
been considered as a candidate stem cell resource for the treatment of degenerative
retinal diseases. Kicic et al. have investigated the potential of MSCs for differentiate
along retinal lineages [144]. By the use of extrinsic factors including activin A, taurine,
EGF and CD90+ MSCs were differentiated in vitro into cells expressing photoreceptor
specific markers (20-32%), including rhodopsin, opsin, and recoverin. Results were
confirmed with immuno-blotting and reverse transcription-polymerase chain reaction
(RT-PCR). Induced cells also demonstrated integration into the SRS [144]. Bone marrow
stem cells have also been considered as a resource for the production of RPE cells.
Arnhold et al. reported a promising result [145], by forced expression of pigment
epithelial-derived factor (PEDF), MSCs were transduced into RPE like cells. These cells
showed close contact with photoreceptor outer segments, with phagocytosis of rod
outer segments following transplantation into the SRS of RCS rats. Functional

improvement as determined by electroretinography was also detected.

Further studies have compared MSCs derived cells and retinal progenitor cells on both
neural differentiation and potential of retinal integration. Both cell types integrated

into retinal explants from rhodopsin knockout mice, and expressed neuronal and
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retinal specific markers such as neurofilament, protein kinase C-alpha and recoverin in
vitro. However, majority MSCs cells which integrated into retina expressed microglial
cell markers. Compared to retinal progenitor cells which integrated, no rhodopsin
expression was detected in MSCs derived cells [146]. Due to limited studies of MSCs
differentiation towards RPE cells, further investigation is necessary in terms of
functional visual rescue. Bone marrow stem cells are an attractive autologous source of
stem cell for therapeutic application, however manipulation towards a photoreceptors

lineage may be challenging as their origins are from different germ layers.

——s Fusion

= ===+ True transdifferentiation

Hematopoietic Mesenchymal

'~

stem cells @. 7 stromal cells

IGFKW

Skeletal Cardiomyocytes  Pancreatic p-cells Hepatocytes  Neural & glial cells
myocytes

Figure 1-11 Plasticity of bone marrow derived cells
A diagram illustrating various cell types that can be derived from bone marrow stem
cells via transdifferentiation or fusion (Hombach-Klonisch, 2008 [92], reproduced with

permission from Springer).

1.8.6 Adult stem cells from the corneal limbus

There are two stem/progenitor cell populations which reside within the superficial
layers of the corneal limbus namely corneal epithelium stem cells and neural-crest
derived stromal stem cells [1,20,22,30,90,147,148]. The former, which reside in the
basal layer of the limbal epithelium, are responsible for the long term renewal of

corneal epithelium [1,20,22,147]. The number of cells in the stromal layer usually
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remains stable after birth. However, recent studies showed the derivation and
expansion of multipotential stem/progenitor cells from corneal/limbal stroma in vitro
[30,90,148]. They also can be generated from 2-3 mm of the superficial layers of
human limbus [149]. These two populations of stem/progenitor cells are an ideal
autologous cell resource for a number of reasons. Firstly, these cells are accessible.
Unlike CE, RPE and IPE cells, intraocular surgery is not required; thereby avoiding risks
such as endophthalmitis. Secondly, they are capable of generation of large number of
cells for transplantation purposes. Thirdly, expression of Pax6, the master gene for
oculogenesis, has been detected both from progenitors in the epithelium basal layer
and the corneal stroma in vivo [17,33], which is indicative of an intrinsic ability for eye
field generation. Therefore, limbal cells may require less manipulation to generate

retinal neurons compared to other heterologous sources.

Plasticity and the ability to transdifferentiation are broadly present in adult stem cells
and even the boundaries of germ layers can be crossed [89,91,105,145,150], which
also provide the possibility for generation of retinal neurons from corneal limbal stem
cells. In addition, the cornea and the retina both develop from the ectoderm.
Ectodermal cells have a ‘default’ neural fate in the early embryo [151,152]. If they do
not receive other inducing signals directing them to form epidermis, mesoderm, or
endoderm, they will automatically differentiate towards neurons. In normal
development, bone morphogenetic proteins (BMPs) inhibit this fate and specify
epidermal specific development [151]. The absence of BMP signaling [153],
accomplished by BMP antagonists leads to the formation of neural tissue in vertebrates
[154,155]. Therefore, corneal limbal stem cells should be more suitable for generation
of neurons compared to stem cells derived from other germ layers. The evidence for

the neural potential of corneal limbal cells is summarized below.

1.8.6.1 Corneal epithelium stem cells (CES)

The epithelium layer of the cornea is regenerated throughout life. Autologous CESC
therapy for corneal diseases has been successfully used clinically [156]. In vitro
cultured CES cells have been proven to be a safe cell resource. Also a healthy eye can
tolerate a partial limbal excision of 1-2 mm which is enough to provide sufficient SCs
[157].

Seigel et al. demonstrated that in a small proportion of cultured human corneal stem

cells, there was co-localization of the epithelium stem cell marker (P63) and the neural

stem cell marker (nestin) [21]. Certain neurotransmitter receptors (GABA, glycine and

serotonin receptors) were also detected in P63 positive cells. Furthermore, the

neurotransmitter (GABA) and the non-NMDA glutamate receptor agonist (Kainic acid)
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induced a current change, indicating that these cells are capable of functional
neurophysiological responses [21]. A further study by Zhao et al. demonstrated the
comprehensive neural properties of neurons derived from adult rodent CES cells
[6,158]. Using a neural stem cell culture system together with a BMP4 inhibitor, neural
stem/ progenitor like cells which were nestin positive were harvested from CES cells.
These cells had the ability to differentiate into both neuronal and glia cells. The
differentiated neurons demonstrated voltage- and ligand-gated currents by
electrophysiology. Other functional aspects including the presence of functional
ionotropic glutamate receptors, specific synaptic vesicle protein (synaptophysin) and
axo-somatic synapse-like structure as shown by a Ca* imaging study,
immunocytochemistry and transmission electron microscopy respectively, were also
demonstrable. When exposed to retinal development environments, CES derived stem
like cells differentiated along a rod photoreceptor lineage both in vitro and in vivo,
with expression of photoreceptor regulation genes Crx, Nrl as well as rod specific
markers such as opsin, rhodopsin kinase, arrestin and interphotoreceptor retinoid-
binding protein (IRBP) [6,6,158]. Although the functionality of these photoreceptors
needs further investigation, this result highlights the possibility that limbal cells may

become a candidate resource for cell therapy for retinal disease.

1.8.6.2 Neural-crest derived cornea stroma cells (NC-CS)

Corneal stroma stem/progenitor like cells are neural-crest derived mesenchymal cells,
which migrate from the neuroepithelial layer at early stages of development. They are
rich in the peripheral cornea and are located just under the basal layer of the
epithelium in humans [30,149]. In mammals and humans, NC-CS cells form NS-like
clusters in serum free suspension culture conditions in the presence of EGF and FGF2.
Besides demonstration of a SP phenotype, NC-CS cells express neural stem cell
markers such as Nestin, Musashil, Sox2 and Vimentin and can differentiate toward
neurons, adipocytes and chondrocytes both in vitro and in vivo, demonstrating

evidence of their multipotency [29-33].

NC-CS cells may even be pluripotent. Dravida et al. found that cells derived from adult
human corneal-limbal stroma cells not only possess the capacity to self-renew, but also
express specific markers for ectoderm, mesoderm and endoderm lineages as well as
some ESC markers in vitro [149]. A variety of cell types including corneal cells, neurons,
osteoblasts, chondrocytes, adipocytes, hepatocytes , cardiomyocytes and pancreatic

islet cells can be derived from these NC-CS cells [149]. Also from a 2-3 mm? limbal
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biopsy, up to 60 doubling expansions can be induced, which would produce more than

sufficient cells for clinical transplantation [149].
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1.9 Methods for retinal lineage direction

1.9.1 Retinal developing environment

A proven differentiation method towards retinal lineage specification is provided by
co-culture with embryonic or PN retinal tissue/cells [159-161]. This method is reliant
on short distance diffusible signals which are released by developing retinal cells. It
can efficiently direct ESC differentiation towards retinal and photoreceptor lineages,
with approximately 20% of cells expressing rhodopsin, a rod photoreceptor specific
photopigment [161]. This rod promoting activity is temporally correlated with the
timing of rod generation in vivo in different species [159]. The ideal development stage
when using murine tissue is between PN day 1 and day 3 (PN1-PN3). At this stage rod
differentiation is effectively promoted, without induction of an amacrine cell phenotype
[159,160]. The promoting effect varies between ESCs and retinal progenitor cells, this
method can also direct heterologous stem cells to a photoreceptor lineage. Zhao et al.
found the rod specific markers opsin and rhodopsin kinase were expressed in cells
derived from rodent corneal limbus following co-culture with PN1 retinal cells [6].
Other developmental and functional transcription factors associated with the retina
including Otx2, Crx, NeuroD, Arrestin and Opsin were confirmed through RT-PCR [6].
Although the functionality of these differentiated cells is unknown, the approach used
is considered as an effective way to investigate the potential for differentiation of
heterologous stem/ progenitor cells. This method however has an obvious limitation
for any clinical application as this approach involves using animal tissue. Thereby,
significant research has been devoted to the development of safe and defined

conditions for retinal lineage development which do not rely on animal based products.
1.9.2 Stepwise defined condition

It was not until recently that stepwise differentiation of ESCs into photoreceptors,
using defined culture conditions, has been achieved [162]. The whole process can be
divided into two steps. The first is the generation of multipotent retinal progenitor
cells from ESCs. A number of groups have confirmed the veracity of this method.
Lamba et al. cultured human ESCs as embryoid body-like aggregates in a serum-free
culture system (SFEB culture) combined with extrinsic factors including Noggin/
Dkk1/LeftyA/ IGF-1 which regulate BMP, Wnt or Nodal pathway signaling [7]. An
efficiency of 80% was achieved for the generation of retinal progenitor cells, with a
similar gene expression profile to human fetal retina. Ikeda et al. also generated

lineage restricted mouse neural retinal precursor cells which expressed both Rx and
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Pax6, but not Nestin, following sequentially treated ESCs with SFEB/Dkk1/LeftyA/

serum/activin [10].

The second step, which involves generation of photoreceptors from derived retinal
progenitors, has proven to be difficult unless the cells were cultured with embryonic
retinal tissues [7,10,109]. More recently, Osakada et al. further identified stepwise
defined conditions which promoted ESC derived retinal progenitor cell differentiation
into mature photoreceptors and RPE cells [109]. Figure 1-12 shows the detailed factors
and steps required. For generation of photoreceptors, a combination of retinoic acid
and taurine was required for human cells. Notch signaling inhibition combined with
FGF2, Shh, taurine and retinoic acid were needed for murine cells following retinal
progenitor cell (Rx+ or Mitf+) derivation. These finding highlight the use of ESCs for
the treatment of degenerative retinal diseases and for further application in clinical

transplantation.

However, it should be noted that the function of these induced photoreceptor cells,
their capacity to integrate into host retina and ability to form synaptic connections
following transplantation remain to be investigated. To eliminate the risk of tumor
formation from highly undifferentiated ESC resources, purification of post-mitotic

specialized cells is essential, but remains challenging.
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Figure 1-12 Multi-stepwise photoreceptor induction from mouse and primate ES cells

This schematic diagram illustrates extrinsic factors and the stepwise induction for
mouse and primate ES cells differentiation into photoreceptors in vitro. EB, embryoid
body; FACS, fluorescence-activated cell sorting; GFP, green fluorescent protein; RA,
retinoic acid; Rx, retinal homeobox; FGFs: fibroblast factors; Shh, sonic hedgehog; Wnt,

Wnt Pathway; Nodal, nodal pathway (Klassen, 2008 [163], with permission from Nature
Publishing Group.)
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1.9.3 Genetic transformation

Genetic modification of cells using transcription factors which are specific for
photoreceptor generation have been investigated using adult stem / progenitor like
cells derived from iris [13,60,86,88], CB [86,87] and hippocampus [13,86].
Development and maintenance of photoreceptors requires precise and comprehensive
regulation of gene expression, which is mediated via a network of photoreceptor
transcription factors. Crx and Otx-like homeodomain transcription factors play a
central and essential role in this specification and maintenance [73]. Thereby, most

gene transformations have used Crx, Otx2 and bHLH transcription factors.

1.9.3.1 Cone-rod homeobox (Crx)

Crx is one of the homeobox genes specifically expressed in photoreceptors. Evidence
from loss-of-function studies and direct target studies (based on protein-DNA binding
assays) support the hypothesis that Crx is the central transcription factor in the
network for photoreceptor determination and regulation [73]. The effect of Crx
induction on stem cells or progenitor cell derived from the iris, CB and adult
hippocampus was investigated by several groups [13,87,88]. This research
demonstrated the effectiveness of photoreceptor generation from iris and CB derived
cells, but not from adult hippocampus neural stem cells following induction [13].
Photoreceptor specific markers and light stimulation tests indicate that reprogrammed
cells not only have a photoreceptor specific antigen profile, but similar
electrophysiological responses, however very limited integration to the host retina was
detected [88]. Crx gene induction is sufficient to drive murine iris cells [13,88] and CB
stem-like cells [87] to a photoreceptor phenotype in vitro; however additional induction

with another transcription factor (NeuroD) was also required for human iris cells [88].

1.9.3.2 Orthodenticle homeobox 2 (Otx2)

Although expression of Otx2 is not limited to photoreceptors, it is a homeobox gene
which plays a key role in photoreceptor cell fate determination. In the Otx2 selective
knockout mouse model, in which the Otx2 gene is inactivated under control of a Crx
promoter, differentiating photoreceptor cells were converted to amacrine-like neurons
[74]. Other evidence for the importance of Otx2 in photoreceptor cell determination
includes the fact that over expression of Otx2 directs retinal progenitor cells towards
photoreceptors [74,164]. Otx2 transfection can induce photoreceptor-specific
phenotypes from rodent iris and CB derived cells in a similar manner to Crx. Ectopic
expression of Otx2 was also effective in hippocampal stem cells, however only a small

proportion (7.0% + 4.76%) of cells were found to be rhodopsin positive [86].
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1.9.3.3 NeuroD

Basic helix-loop-helix (bHLH) transcription factors including Mash1, Math3, Math5,
Ngn2, and NeuroD are expressed in retinal precursor cells in the mammalian eye. They
play an essential role in neuronal/glial cell fate determination as well as in the
neuronal subtype [165]. However, the mechanism of bHLH gene specification for
photoreceptor cells fate determination is poorly understood. NeuroD presents one of
the central steps for two transcriptional pathways: ngn2-->neuroD-->raxL and ath5--
>neuroD-->raxL in photoreceptor cell specification [166]. In certain vertebrates the
retina has the ability to regenerate. NeuroD plays an important role in proliferation of
photoreceptor progenitors [167]. In a Mash1/Ngn2/Math3 triple compound mutant
mouse model where the NeuroD gene is active, photoreceptors generation is
equivalent to wildtype, indicating that NeuroD is the most important bHLH factor for
the survival of photoreceptors [165]. NeuroD alone can transform bird (chick)
embryonic RPE cells to a photoreceptor phenotype with light responsive functionality
[168]. In mammals however, NeuroD alone is not sufficient for acquisition of a
photoreceptor phenotype. A combination of homeobox transcription factors such as

Crx and/or Otx2 are also required [88].

1.9.3.4 Combination of transcription factors

As described above combined photoreceptor transcription factor delivery can improve
the effectiveness of reprogramming, especially in primates, more precise regulation of
both temporal and spatial aspects is required. For example, Crx alone is sufficient for
generation of photoreceptors from rodent iris cells, but not for human iris cells.
Combination with NeuroD is required in this case. Inoue et al. [169] used combined
transduction with Otx2 and Crx together with Chx10 in human CB derived cells and
obtained robust output of photoreceptors. Although directing of heterologous stem
cells towards a photoreceptor lineage has not yet been highly successful, a small
proportion (7%) of adult neural stem cells do express photoreceptor specific antigens
following induction with Otx2. Therefore, a combination of photoreceptor lineage
transcription factors may be the most efficient method to maximize the induction

effect.
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1.10  Aims and Objectives

The overall aim of stem cell therapy for degenerative retinal diseases is to harvest
sufficient retinal/photoreceptor progenitor cells from a practical and accessible source.
The derived photoreceptor precursor cells could then be transplanted to repair and
rescue the degenerating retina, leading to a subsequent improvement in visual
function. The accessibility and persistent self-renewal capacity of limbal
stem/progenitor cells are qualities which are ideal for autologous cell resources, to
resolve the problem of shortage of cell resources. Additionally, using a patient’s own
cells will avoid any detrimental immune responses and improve graft survival long-
term. The key challenge is the feasibility of directing stem /progenitor cells derived
from adult limbus towards retinal like cells. Based on their plasticity and neuronal
potential, it is hoped that limbal cells will be a practical new candidate resource for

photoreceptor and/or RPE generation and subsequent transplantation.

Within the corneal limbus there are two populations of stem-like cells. These are
putative epithelial stem cells [1,20,147] and multipotent stromal stem cells [30,90].
Neural potential has been reported in both populations of stem/progenitor cells in
vitro [6] [30,90]. Dravida reported a cell population derived from the human limbal
region, showing robust cell proliferation, with multilineage differentiation potential.
The cells could also differentiate into neuronal cells in vitro [149]. However, these cells
were cultured on Matrigel, a solubilised basement membrane derived from mouse
sarcomas, which contains undefined xenogenic growth factors. The neurosphere assay
(NSA), a well-defined suspension culture system, is more appropriate for the derivation
of cells for clinical application. Several groups have reported generation of neural
colonies (neurospheres) from cornea/ limbus by NSA [30,90]. Zhao et al. recently
showed the potential of using adult rat LNS to generate photoreceptor-like cells. Under
the influence of co-culture with neonatal retinal cells, rat LNS cells expressed
photoreceptor specific markers [6]. However, a comprehensive characterization of LNS,
including their self-renewal capacity, origin and ultrastructure, is still lacking. It
remains unknown whether LNS from other species, particularly from humans and mice,
can give rise to retinal like cells. In addition, the functionality of LNS derived
photoreceptor-like cells is yet to be proven. Here, | investigate limbal cells from mice
and humans to extend the knowledge of limbal cells to other species. Mice were
chosen as there are a wide range of retinal degeneration models available, providing
researchers with an opportunity to assess cell functionality in vivo in the future.
Human limbal cells were also investigated here to provide an experimental basis for

their potential clinical application.
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Therefore, the purpose of this study can be divided into two main aims. The first is to
generate neurospheres from the adult murine corneal limbus, and subsequently
characterize them in respect of self-renewal, neural potential, ultrastructure and origin.
This will enable us to define which cells are suitable for further transdifferentiation and
generation of sufficient cells for transplantation studies.

The second aim is to determine whether adult limbal NS (LNS) cells have the potential
to transdifferentiate along retinal lineages. In order to do this, various means will be
investigated, including stimulation in an in vitro environment with developing retina
(co-culture), defined culture conditions and finally genetic modification with
transcription factors. For characterization of retinal lineage, transcription factors and
photoreceptor specific proteins will be examined in differentiated cells. Through
investigation of the response of differentiated cells to voltage stimulus and/or light
induced signals, it is hoped that the functionality of derived photoreceptors will be
determined. In addition, to assess the cell integration capability, LNS cells will be co-

culture with developing retinal explants in vitro.

Furthermore, preliminary experiments will be conducted to determine whether human
LNS can be derived from aged donor eyes or tissue from live patients. By further co-
culture with developing retinal cells, we hope to explore whether human LNS’s have

the potential for differentiation towards retinal like cells.
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2 Chapter Two- Materials and Methods

This section details the methods and techniques used for cell dissociation, culture,
characterisation and functional assessment throughout this work. This chapter
describes the standard techniques used in multiple experiments. Details of the specific
conditions and protocols for each experiment can be found in the relevant subsequent

chapters.

2.1 Limbal Cell Isolation and Culture

2.1.1 Animals

Male C57BL/6 mice were maintained in the animal facility of the University of
Southampton. Mice were housed individually in an air-conditioned room at 21 + 2°C
with a lighting schedule of 12 hours (hrs) light (08:00-20:00) and 12hrs dark. Animals
had free access to a standard rodent maintenance pellet diet and tap water. All animal
studies were performed in accordance with the regulations set down by the UK Animals
(Scientific Procedures) Act 1986. PN (PN) day 7-11 mice were used for initial
optimization of limbal cell culture conditions. Subsequently adult mice (8 weeks old)
were used for corneal limbal cell culture, characterization, and differentiation studies.
PN day 1 mice were used for isolation of retina to provide a conditioned retinal

development environment in vitro.
2.1.2 Cell dissociation

Following cervical dislocation, eyes were immediately enucleated and kept in cold
tissue culture medium comprising a 1:1 (vol/vol) mixture of Dulbecco's Modified
Eagle's Medium with F12 media supplement (DMEM:F12) (Gibco-Invitrogen, Paisley, UK).
Ophthalmological (toothed) forceps were used to hold the central cornea following
puncture of the eyeball with a 30 Gauge needle (BD Plastipak, Oxford, UK).
Approximately 1Tmm? of central cornea was removed using straight microsurgical
scissors. A circular incision was made below the limbus, using curved microsurgical
scissors, in order to isolate the corneal limbal region (Figure 2-1). Any pigmented
tissue from the iris and ciliary body was carefully dissected away under microscopy.
This dissection method ensured that the limbal tissue obtained was not contaminated
with stem/ progenitor cells from the ciliary epithelium or peripheral retina. To ensure
that cells isolated were not derived from the iris pigment epithelium, which can also be
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expanded in vitro, the same tissue dissociation process and culture conditions were

tested using adult mouse IPE cells.

1 @m&m

Figure 2-1 Corneal limbus dissection overview

8 weeks old C57
black mouse

Adult mice (8 weeks) were used in this study. Following enucleation of the eyes and
removal of the central cornea, a circular incision was made below the limbus to isolate the
corneal limbal region, as shown in step 1-4 under microscopy. Cells were then dissociated

by enzymatic means and cultured. Scale bar: 1.0 mm

The dissociation process was carried out by a modified version of a previously
described method [137,170]. The enzymatic digestion protocol was optimized
according to preliminary results using PN11 mice. After washing with Ca*", Mg* free
Hanks Buffered Salt solutions (HBSS, Invitrogen), isolated limbal tissue was cut into
small pieces and then incubated in 0.025% (w/v) trypsin/EDTA (Sigma-Aldrich, Ayrshire,
UK) at 37°C for 10-12 minutes (min). To stop digestion, one volume of DMEM: F12 with
10% Fetal Bovine Serum (FBS, PAA, Somerset, UK) was added. Cells and tissues were
then washed with HBSS. The secondary enzyme mixture was prepared by addition of
78 U/ml of collagenase (Sigma-Aldrich) and 38 U/ml of hyaluronidase (Sigma-Aldrich)
to M2 medium (Sigma-Aldrich). Cells and tissues were incubated at 37°C for 30 min
until most of the tissue had been digested. Cell strainers (70 nm, BD Falcon™) were

used to remove undigested tissue; any remaining cell clumps were then triturated to a
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single cell suspension using a 1 ml pipette. Following centrifugation at 100G for 5 min,
cell pellets were re-suspended in a known volume of tissue culture media, either
DMEM:F12GlutaMAX™ (Invitrogen) or Neurobasal™- A (Invitrogen). For cell enumeration
50ul of cell suspension was mixed with an equal volume of 0.25% Trypan blue (Sigma-

Aldrich) and counted using a Neubauer haemocytometer (Scientific Supplies Co., UK).
2.1.3 Culture condition optimization

Dissociated cells were plated at a density of 1x10* cells per ml and cultured at 37°C in
a humidified atmosphere containing 5% CO,. A number of different culture medium
recipes were investigated. Half of the tissue culture medium was replaced every 2-3
days. Fresh epidermal growth factor (EGF, Sigma-Aldrich) and basic fibroblast growth
factor (FGF2, Sigma-Aldrich) were added every other day. The basal culture media and

supplements used are listed below Table 2-1.

2.1.4 Culture medium optimization

DMEM:F12GlutaMAX™and Neurobasal™-A were chosen as basal culture mediums as the
former is a classic base medium for various tissue specific SC culture
techniques[6,158], and the latter is a defined and optimized neuronal/neuronal SC
selective medium [6,170-172]. To find the optimal culture system for limbal

stem/progenitor cell growth a number of different recipes of culture media were tested.

Neuronal Differentiation medium:
NB + B27 + 0.5mM L-Glut + 0-1% FBS + antibiotics

Serum Free medium:

Medium 1: DMEM:F12GlutaMAX™+ N2 + EGF + FGF2 + antibiotics
Medium 2: DMEM:F12GlutaMAX™ + B27- + EGF + FGF2 + antibiotics
Medium 3: DMEM:F12GlutaMAX™ + B27 + EGF + FGF2 + antibiotics
Medium 4: Neurobasal™-A + N2 + EGF + FGF2 + antibiotics

Medium 5: Neurobasal™-A + B27- +L-Glut + EGF + FGF2 + antibiotics
Medium 6: Neurobasal™-A + B27 + L-Glut + EGF + FGF2 + antibiotics
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Table 2-1 Basal culture medium supplements and growth factors
Abbreviation Name Company Conc.
DMEM:F12-GlutaMAX™ Invitrogen
Neurobasal™-A Invitrogen
N2 N2 Supplement Invitrogen 1%
B27 B27 Supplement (standard) Invitrogen 2%
B27- B27 Supplement Invitrogen 2%
(minus Vitamin A)
L-Glu L-Glutamine Sigma-Aldrich 0.5-2 mM
RA Retinoic Acid TuM
Antibiotics Antibiotic Antimycotic Solution Sigma-Aldrich 1%
(10,000 units penicillin, 10 mg
streptomycin, 25 yg amphotericin B
per ml)
FBS Fetal Bovine Serum PAA 0-1%
EGF Epidermal Growth Factor Sigma-Aldrich 20 ng/ml
FGF2 Basic Fibroblast Growth factor Sigma-Aldrich 20 ng/ml
Nog Noggin R&D systems 100 ng/ml
BDNF Brain-Derived Neurotrophic Factor R&D systems 1 ng/ml
Heparin Sigma-Aldrich 5 ug/mi
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2.1.5 Sphere generation efficiency

Single dissociated cells can clump together to form aggregates that resemble
neurospheres. High cell density increases the likelihood of forming no-clonal spheres.
Cell suspensions from dissociated adult mouse corneal limbus were plated in a 24-well
culture plate (Nunc™ Brand, Denmark) at a density of 1x10*/ml in culture medium
recipes 1 to 4. At this low density, sphere generation is considered mainly due to cell
clonal growth rather than cell aggregation [3,173]. After 7 days in culture, the numbers
of spheres with a diameter of greater than 50um were counted. Sphere generation

efficiency was repeated four times with four replicates each time.

2.1.6 Effect of growth factors on sphere formation

Culture Medium 4 (DMEM:F12-GlutaMAX™ + B27- + EGF + FGF2) produced the optimal
sphere generation efficiency and was therefore chosen for further study. In the
presence of different extrinsic growth factors including EGF, FGF2, Noggin and their
combination in DMEM +B27-, cell suspensions from dissociated adult mouse corneal
limbus were plated into 24-well culture plates at a density of 1 x 10* /ml. The numbers
of sphere with a diameter over 50um were counted for analysis. Experiments were

repeated at least three times with 4 replicates each time.

2.1.7 Secondary sphere formation

After 7 DIV primary spheres which were over 100pum in diameter were manually picked
under a dissection microscope (Wild Heerbrugg, Micro instruments LTD, Oxford, UK).
Spheres were then subjected to redissociation by enzymatic digestion with 200ul of
Accutase® solution (Sigma-Aldrich) at 37°C for 5 min, any remaining cell clumps were
then triturated to a single cell suspension. Following centrifugation at 100x G for 5
min, the cell pellets obtained were resuspended in DMEM:F12-GlutaMAX™ or
Neurobasal™-A. Cell suspensions were diluted in a known volume of tissue culture
medium at an extremely low density of less than 100 cells per ml and plated in to 96
well plates (Nunc™ Brand, Denmark). Each well contained 5-10 cells in 100ul of
medium. At this low density, the possibility of cell aggregation can be eliminated and
spheres generation can be considered from single cells. The number of spheres
formed was enumerated after 14 DIV to calculate secondary sphere formation

efficiency.

For cell enumeration and passaging, primary spheres generated at DIV 7 were collected

into 15ml sterile tubes. Following centrifugation at 100x G for 5 min, the cell pellets
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obtained were resuspended into 500-1000ul of Accutase® solution (Sigma-Aldrich), and
incubated at 37°C for 5 min. By gentle trituration, spheres were dissociated into single
cells. After centrifugation at 100x G for 5 min, the cell pellets were resuspended in a
known volume of tissue culture medium. For cell enumeration 50ul of cell suspension
was mixed with an equal volume of 0.25% Trypan blue (Sigma-Aldrich) and counted
using a Neubauer haemocytometer (Scientific Supplies). Cells were then plated at the

same density (10* or 5X10*/ml) as primary cultures for subculture.

2.1.8 Viability of sphere cells

Propidium iodide (PI, Sigma-Aldrich) staining was used to evaluate the viability of cells
within the spheres. Pl is generally excluded from viable cells; however it can penetrate
the cell membrane of dying or dead cells [37]. Pl buffer was prepared by adding 2pul of
stock Pl solution (1mg/ml) (Sigma-Aldrich) to 2ml of sterile 0.1 M Phosphate buffered
saline pH7.4 (PBS, Sigma-Aldrich) to obtain the final concentration of 1ug/ml. NS were
washed with PBS and then incubated in Pl buffer for 15-20 min at 37°C; sphere viability
was then analysed by fluorescence microscopy. Samples were imaged using a Leica DM
IRB microscope (Leica Microsystems UK Ltd, Milton Keynes, UK). PI positive cell
numbers were evaluated using Improvision Volocity software (Improvision, Coventry

Lexington, UK).
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2.2 Immunocytochemistry

Immunocytochemical labeling experiments were performed using intact limbal tissue,

whole NS, NS derived monolayer cells and cells co-cultured with retinal tissue.
2.2.1 Mouse corneal limbus staining

Following cervical dislocation, eyes were immediately enucleated and washed with
HBSS (Invitrogen). Whole eyeballs or dissected anterior eye portions which contained
whole cornea, iris and ciliary body, were fixed in 4% paraformaldehyde (PFA, Sigma-
Aldrich) for 2 hrs at 4°C. After which, tissues were washed 3 times with cold PBS, 5 min
per wash. Tissues were then sequentially infiltrated with sucrose (Sigma-Aldrich) (10%,
20%) for 30 min at rt, followed by 30% sucrose overnight at 4°C. Whole eye balls/
anterior eye segments were then embedded in OCT embedding matrix (RA Lamb,
Eastbourne, UK), prior to being sectioned at 10-20 um thickness using a cryostat (OTF
5030, Bright Instrument Company, Cambridge, UK). Tissue sections were transferred
on to Poly-L-Lysine (P-L-L) coated glass slides (Thermo Scientific, Loughborough, UK)
and subsequently air dried at rt before immediate staining or storage at -80°C. To view
the cell distribution, sections of corneal limbus and peripheral cornea were stained
with 4'-6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). After being rinsed with PBS,
sections were incubated with 10ng/ml DAPI in H,O for 6 min at rt in the absence of
light. Slides were then washed with PBS twice, followed by a final wash with H,0.
Images were captured and analyzed using a Leica DM IRB microscope (Leica
Microsystems UK Ltd, Milton Keynes, UK).

2.2.2 Neurosphere and monolayer cell analysis

Neurospheres were either directly subject to immunocytochemistry or dissociated by
enzymatic digestion and seeded onto Poly-D/L-Lysine (P-L-L or P-D-L, Sigma-Aldrich)
and laminin (Sigma-Aldrich) coated plates, chamber slides or coverslips (see section

2.6.1) for 24 hrs prior to immunocytochemical analysis.

Cells were fixed with 4% PFA (pH 7.4) for 15-20 min at 4°C. After 3x5 min washes with
PBS, PFA fixed cells were permeabilized and blocked with 0.1mM PBS supplemented
with 0.1% Triton X-100 (Sigma-Aldrich) and 5% donkey block serum (Sigma-Aldrich)

for 0.5-1 hrs at rt, prior to addition of primary antibodies. For ABCG2 (Abcam,
Cambridge, UK) staining, cells were seeded on to coated glass chamber slides (VWR,
Leicestershire, UK) for 24 hrs, and subsequently fixed with cold acetone for 10-15 min,

and then blocked with PBS supplemented with 5% donkey blocking serum for 0.5-1 hr
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at rt. The primary antibodies listed in Table 2-2 were diluted in blocking serum and
incubate for either 2 hrs at rt or overnight at 4°C. Following gentle washing, specific
IgG secondary antibodies, conjugated to an Alexa Fluor 488 or Alexa Fluor 555
(Invitrogen) at a concentration of 1:500 in PBS, were incubated at rt for 1-2 hrs.
Negative controls omitted the primary antibody. Nuclei were counterstained with
10ng/ml DAPI. Images were captured by a CCD cameral under fluorescence
microscope (Leica DM IRB), and analysed using Improvision Volocity software. For
confocal imaging, nuclei were stained with Sytox Orange (1:20,000 Invitrogen).
Samples were imaged using a Leica SP5 confocal laser scanning microscope (Leica
Microsystems (UK) Ltd, Milton Keynes, UK).
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Table 2-2 Primary antibodies used for immunocytochemical analysis.

Antibody Species Specificity Company Conc.
Nestin Mouse (M)*  Neural stem cells Chemicon 1:100
ABCG?2°® Rat (M) Side population Abcam 1:50
SOX2 Mouse (M) Embryonic germ cells Millipore 1:100
Neurogenesis stem
cells
SOX2 Donkey (M) Embryonic germ cells Santa Cluz 1:250
Neurogenesis stem
cells
Pax6 Rabbit (P) Eye field stem cells Covance 1:100
beta-lll tubulin  Rabbit (M) Early differentiated Covance 1:500
neurons
beta-lll tubulin  Mouse (M) Early differentiated Covance 1:500
neurons
Opsin, Blue Rabbit (P) S-Cone Abcam 1:200
PKC-alpha Rabbit (P) Bipolar cells Abcam 1:250
GFAP Rabbit (P) Glia cells DAKO 1:500
NF 200 Rabbit (P) Neurons Sigma-Aldrich  1:250
PCNA Mouse (M) Proliferating cells Sigma-Aldrich  1:1000
P63 Mouse (M) Epithelial stem cells Millipore 1:100

*Monoclonal antibody

® Fixation in acetone for 10 min at -20°C, air dry for 1 hr at rt , without

permeabilization.

¢ Polyclonal antibody
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2.3 Flow Cytometry

Flow cytometry uses the principle of light scattering, fluorescent probe excitation and
emission to generate specific multi-parameter data for individual cells that are
suspended in a fluid stream flowing through the laser beam [172]. Cell profiles
regarding the size, granularity and specific fluorochrome probe can be easily detected
and quantified in real time. Side-scattered light (SSC) is proportional to cell granularity
or internal complexity, which is collected at approximately 90 degrees to the laser
beam. Another parameter forward-scattered light (FSC) reflects theo cell-surface area or
size. This parameter is good for detection of size independent fluorescence, and so is

often used in immunophenotyping.

Neurosphere cells were dissociated to single cells by enzymatic digestion. ABCG2
antibody staining for flow cytometric analysis was performed as per manufacturer’s
instructions (Abcam protocol). Briefly, 50,000 cells were fixed in 4% PFA at 4°C for

30 min, followed by permeabilization with 70% ethanol for 30 min at -20 °C and
blocking with 10% normal mouse serum (Sigma-Aldrich) for 30 min at rt. Cells were
subsequently washed with PBS and then incubated with ABCG2 antibody at rt for

30 min. Serial dilution of primary antibody (1:2, 1:5, 1:10 and 1:20 in blocking serum)
was used to investigate the optimal assay concentration. Following incubation with an
Alexa Fluor 488 conjugated anti-rat IgG secondary antibody (1:500, Invitrogen) at rt for
30 min, cells were washed with PBS and analyzed by FACSAria flow cytometry (Becton,
Dickinson USA). Blue laser (488nm) was selected for fluorophore excitation and a
505nm for detection. Cells which had not been incubated with primary and secondary
antibodies and cells in the presence of secondary antibody alone were used as negative

controls.
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2.4 Reverse Transcription- Polymerase Chain Reaction
(RT-PCR)

2.4.1 RNA extraction

Cell cultures were prepared for RNA extraction using an RNeasy Plus Micro Kit (Qiagen,
West Sussex, UK) as shown in Figure 2-2. Cells grown in suspension or as monolayer
cultures were dissociated by enzymatic digestion to single cells and the cell number

determined.

Less than 5 x 10° cells were used for each RNA extraction. After centrifugation for 5
min at 300 x G, all of the supernatant was carefully aspirated. Samples were then
stored at -80°C until required or subjected to further steps immediately. Further stages
of RNA extraction and processing were performed in a specifically designated desktop
RNA hood (PCR work station, Bigneat, Farmborough, UK) within the Gift of Sight
research laboratory. The RNA work bench was irradiated by UV light for 10 min prior to
use and subsequently cleaned with ‘RNAseAWAY’ (Invitrogen) in order to prevent RNA
degradation and DNA contamination. To prevent contamination from pipettes filtered

tips (Fisher Scientific) were used for all experiments.

Fresh or thawed cell pellets were flicked to loosen and resuspended in 350ul RLT
Buffer Plus was added. After vortexing and pipetting for 1 min to allow for complete
cell lysis, homogenized lysates were transferred to gDNA Eliminator spin columns and
placed in 2 ml collection tubes. This allowed genomic DNA from the lysate to bind to
the spin column, thereby eliminating genomic DNA contamination. After centrifugation
for 30 sec at 210,000 rpm, the flow through which contained RNA was collected and
mixed with 70% ethanol by pipetting. Samples were then transferred to RNeasy
MinElute spin columns and placed in 2 ml collection tubes. These columns contain a
specially designed membrane which binds RNA. The columns together with collection
tubes were subjected to centrifugation for 15sec at 210,000 rpm. The flow-through
was then discarded. Further RNA clean up steps were carried out by addition of 700ul
Buffer RW1, 500ul Buffer RPE and 500ul of 80% ethanol with associated centrifugation
steps between. Centrifugation at 210,000 rpm for 2 min was carried out following
addition of 80% ethanol. The MinElute spin columns were then placed into new
collection tubes and centrifuged for a further 5 min with the lids opened to allow
complete evaporation of the ethanol. Columns were then placed into clean 1.5 ml

tubes, 14ul of RNase-free water was then pipetted directly into the centre of each spin
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column membrane, and columns were then centrifuged for 1 min at full speed to elute
the RNA.

RNeasy Plus Procedure

Cells or tissue
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Figure 2-2 RNA extraction procedure using an RNeasy Plus Micro Kit (Qiagen)

2.4.2 DNase treatment

The gDNA Eliminator spin columns contained within the RNeasy Plus Micro Kits were

used to remove most of the genomic DNA. However to ensure there was no trace

contamination by genomic DNA, samples were subjected to DNase treatment using
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DNA-free™ (AM1906, Ambion, UK). 10ul of RNA was mixed with 10ul of DNAse
digestion reagents which contained 2ul 10x DNase | buffer (100mM Tris-HCI pH 7.5,
25mM MgCl, 5mM CaCl)) and Tul ml of recombinant DNase | (2 Units/ul) and 8ul of
H,O.

The samples were incubated at 37°C for 60 min, after which the DNase was inactivated
by addition of 5ul ml of DNase Inactivation Reagent. Samples were then incubated for a
further 2 min at rt with occasional mixing, following which samples were spun at
12,000rpm for 2 min at 4°C. The RNA was kept on ice and used immediately for

quantification and subsequent reverse transcription.
2.4.3 Quality assessment and quantitation of RNA

RNA quantity was measured by spectrophotometry using a Nanodrop ND 1000
(Nanodrop Technologies, Wilmington, DE, USA). Briefly, 1.2ul of sample was placed on
to the pedestal of the machine, which forms a column by surface tension when the
apparatus is closed. Absorbance was measured at 260nm and 280nm by a 10mm light
path equivalent. When compared to the blank, the concentration of RNA was
determined (Pure RNA: A260/A280 ratio: 1.8 to 2.1). Samples with A260/A280 ratio of

approximately 2.0 were considered good quality.
2.4.4 cDNA synthesis

Following quantitation of RNA, cDNA synthesis was performed using a High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Warrington, UK). The reverse
transcription (RT) master mix was prepared on ice, the mix contained 2ul 10xRT buffer,
0.8ul of 25xd NTP mix, 2.0ul of RT random primers, 1ul of multiScribe ™ reverse
transcriptase and 3.2ul of nuclease-free H,O for each sample. After gentle mixing, the
RT final reaction mix was made by pipetting 10ul of prepared master mix and 10ul of
RNA sample (100-500ng) into a 200ul thin wall tube. For future quantitative PCR (qPCR),
RNA samples were normalised to 100ng in each reaction to ensure the equivalent
reverse transcription efficiency. For non-qPCR, variation of DNA quantity was allowed.
Following brief centrifugation of the reaction tube to spin down the contents and
eliminate any air bubbles, samples were incubated on a thermocycler at 25°C for 10
min, then subsequently at 37°C for 120 min, finally samples were incubated at 85°C for
5 min. Samples were then routinely diluted 1:20 with RNA/DNase free water and stored
at -20°C or 4°C prior to use. Negative controls were performed by replacement of

transcriptase in the reaction mix with H,O.
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2.4.5 Primer design and specificity checking

Mouse specific primers were chosen from published literature or designed using web-
based software Primer 3, which is provided by the Whitehead/ MIT centre for genome

research (http://frodo.wi.mit.edu/primer3/). Mouse specific cDNA sequences were

obtained from the online database of the National Centre for Biotechnology

Information (ncbi.nlm.nih.gov). Following importation of the target cDNA sequence,

several candidate primers pairs were chosen, and subjected to further specificity
checking using In-Silico PCR. This is a virtual PCR tool provided by UCSC Bioinformatics

(http://genome.ucsc.edu) to help eliminate the possibility of unspecific amplification

due to similar fragments between different genes. The primer pairs which produced
single sequences were chosen for RT-PCR. Primers which spanned exon-exon junction
were preferentially chosen as any amplification products detected could only be from
cDNA, thereby eliminating the effects of possible traces of genomic DNA. All primers
were checked for specificity and location, and purchased from Invitrogen Custom
Primers at desalted purity 25nm: 10-100, 50nm+: 5-100) with 25-50 nmole scale
(https://www.invitrogen.com). The primers sequences and PCR amplicon sizes are
shown Table 2-3.

Table 2-3 Primer sequences used for phenotypic analysis and expected product

sizes
Primers Name Sequence Amplicon Size (bp)®
Mouse_ABCG2_F GCCTTGGAGTACTTTGCATCA 62
Mouse_ABCG2_R AAATCCGCAGGGTTGTTGTA
Mouse_Nestin_F AACTGGCACACCTCAAGATGT 235
Mouse_Nestin_R TCAAGGGTATTAGGCAAGGGG
Mouse_Musashil_F GGCTTCGTCACTTTCATGGACC 542
Mouse_Musashil_R GGGAACTGGTAGGTGTAACCAG
Mouse_Sox2_F* ATGGGCTCTGTGGTCAAGTC 300
Mouse_Sox2_R* CCCTCCCAATTCCCTTGTAT
Mouse_ beta-lll tubulin _.F TGAGGCCTCCTCTCACAAGT 207
Mouse_ beta-lll tubulin _R CGCACGACATCTAGGACTGA
Mouse_Oct4_F CCAATCAGCTTGGGCTAGAG 129
Mouse_Oct4_R CTGGGAAAGGTGTCCCTGTA
Mouse_Pax6_F AACAACCTGCCTATGCAACC 206
Mouse_Pax6_R ACTTGGACGGGAACTGACAC
Mouse_P63_F GTCAGCCACCTGGACGTATT 321
Mouse_P63_R ACCTGTGGTGGCTCATAAGG
Mouse_K12_F* CTGTGGAGGCCTCTTTTCTG 153
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Mouse_K12_R*
Mouse_Slug_F
Mouse_Slug_R
Mouse_Twist_F°*
Mouse_Twist_R°*
Mouse_CD34_F"*
Mouse_CD34_R"*
Mouse_CD45_F°
Mouse_CD45_R®
Mouse_CD133_F°
Mouse_CD133_R°

Mouse_Vimentin_F°
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2.4.6 Polymerase chain reaction (PCR)

PCRs were performed using synthesized cDNA as a template followed by a
standard PCR protocol (Invitrogen). Each reaction mix contained 1pul of cDNA per
sample, Tul of 10X buffer, mixed nucleotides (dATP, dCTP, dGTP, dTTP), forward
and reverse gene specific primers, MgCl,, 0.4ul of Tag DNA polymerase
(Invitrogen) and made up to a final volume of 10ul. The steps of the PCR cycles

carried out are shown in Figure 2-3.
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Figure 2-3 DNA amplification by PCR
Schematic diagram illustrates the DNA amplification by PCR. Cycles contain denature,
annealing and extension. P1: Forward primer; P2, reverse primer. (Adopted from

http://www.flmnh.ufl.edu/cowries/amplify.html)

1) Denaturing for 30 sec at 94°C. This produced single strands of DNA by
disrupting the hydrogen bonds between complementary bases of double
stranded DNA.

2) Annealing for 30 sec at primer-specific annealing temperature. During this
process, stable DNA-DNA hydrogen bonds were formed between gene specific
primers and templates. The DNA polymerase then bonded primer-template

hybrid for further synthesis.
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3) Extension for 30 sec at 72°C for 30 cycles. By adding dNTPs which were
complementary to the template in 5' to 3' direction, the DNA polymerase

synthesized a new DNA strand complementary to the DNA template strand.

All PCRs were performed at 30 repeated cycles, with each step doubling the amount of
DNA and causing exponential amplification of the specific DNA fragments. Final
extension was carried after 30 cycles at 72°C for 2 min to ensure any remaining single-

stranded DNA was fully extended.

2.4.7 Detection of PCR products by electrophoresis

Agarose gels (1.5%) were used to check for the presence of DNA fragments. In brief,
7.5g of Agarose powder (Fisher Scientific) was mixed with 500ml of 1x TBE buffer
(Fisher-Scientific) and melted by heating in a microwave oven. After cooling the

solution to approximately 60°C, it was poured into a casting tray containing sample
combs and allowed to solidify at rt. After the gels were set, the sealers at the end of
tray and the combs were removed carefully. The whole tray with the solidified gel was
then placed horizontally into an electrophoresis tank (Scie-Plas, Cambridge, UK) and
submerged in 2 L of 1x TBE buffer containing 30ul of ethidium bromide (Sigma Aldrich)
for at least 2 hrs in the dark. Ethidium bromide is a fluorescent dye which incorporates
into the agarose gel readily. It intercalates between bases of DNA, thereby allowing

DNA to visualized following electrophoresis.

For electrophoresis, PCR products were mixed with loading buffer containing
bromophenol blue (Sigma Aldrich), and xylene cyanol dyes (Sigma Aldrich), and then
loaded into the sample wells of the agarose gels. A 1000 base pair (bp) DNA ladder
(Axtgene, Biosciences, Cambridge, UK) was used as the molecular weight control.
Electrophoresis apparatus (Bio-rad Power Pac, Hemel Hempstead, UK) was run at 180
volts for 50-60 min. To visualize DNA, gels were placed on an ultraviolet
transilluminator (UVP High Performance, Cambridge, UK). Photos were captured by a

CCD camera, using Doc-I1t®LS Image software (UVP High Performance, Cambridge, UK).
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2.5 Transmission Electron Microscopy (TEM)

TEM is a microscopy technique involving a beam of electrons transmitting and
interacting with an ultra-thin specimen to produce a higher resolution imagine.
Spheres (DIV 10) derived from adult mouse corneal limbus and their culture medium
were transferred into a 15 ml tube and left at 37°C for 10-15min to allow spheres to
settle to the bottom of the tube and form a loose cell pellet. Culture medium was
aspirated carefully. Spheres were fixed in 100 pl of primary fixative containing 0.1 M
sodium cacodylate buffer, 3% glutaraldehyde, 4% PFA and 0.1 M PIPES buffer, pH 7.4
for 15 min at rt. Following fixation, spheres settled to the bottom of the tube and no
further centrifugation was required during the subsequent TEM processing. Further
processing was performed in the Biomedical Image Unit, University of Southampton. In
brief, following initial fixation specimens were rinsed in 0.1M PIPES buffer, post- fixed
in 1% buffered osmium tetroxide (1 hr), rinsed in PIPES buffer, block stained in 2%
aqueous uranyl acetate (20 min), followed by dehydration in a graded series of
ethanols up to 100% and embedded in TAAB resin (TAAB Laboratories, Aldermaston,
UK). Gold sections were cut on a Leica OMU 3 ultramicrotome (Leica UK) Ltd, Milton
Keynes, Bucks, UK), stained with Reynolds lead stain and viewed on a Hitachi H7000
transmission electron microscope equipped with a SIS megaview lll digital camera

(Hitachi High-Technologies Corporation, Maidenhead, Berkshire, UK).
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2.6 Retinal cell co-culture assay

2.6.1 Plate coating

Plates were coated with P-D-L and laminin for monolayer culture. To reconstitute P-D-L,
100 ml of sterile tissue culture grade H,0 were added to 5 mg P-D-L (Sigma-Aldrich) to
obtain a final concentration of 50ug/ml. Laminin (Sigma-Aldrich) was diluted with
sterile PBS to a final concentration of 10ug/ml. For plate coating, sufficient P-D-L
solution was added to cover the surface of culture area and incubated at 37°C
incubator for 2 hrs. Following rinsing with sterile H,0 for 5 min x 3 times, plates were
dried at rt. An equal volume of laminin solution was then added to the culture area and
incubated at 37°C overnight. Plates were ready for use following 3 washes with sterile
H,O.

2.6.2 Preparation PN1 retinal cells

Whole mouse retinas were dissected from 4 PN1 mice. To dissect retinal tissues,
eyeballs were enucleated immediately following sacrifice. The sclera was punctured
along the ora serrata using a 30G needle (BD Plastipak), and the anterior portion of the
eye was removed using microsurgical scissors. The retina was then detached from the
optic nerve following removal of the lens. A drop of DMEM:F12 medium was used to
assist removal of the retina from the eye cup. Retinas were then collected with a 100pl
pipette. Enzymatic digestion, using a commercially available papain dissociation kit
(Worthington-Biochemical, Berkshire, UK), was used for retinal cell dissociation as per
manufacturer’s instructions. In brief, minced retinal tissue was incubated with a
mixture of papain (20 units/ml) and DNase (0.005%) for approximately 40 min at 37°C.
After gentle trituration, an equal volume of papain inhibitor containing 10% ovomucoid
and 0.005% DNase in Earle’s balanced saline solution was added. Cell suspensions
were then filtered using 100um cell strainers (BD Falcon) to eliminate large cell clumps.
Following centrifugation at 150G for 5 min, cell pellets were resuspended and gently
triturated in inhibitor solution. After a second centrifugation at 150G for 5 min, cell

pellets were resuspended into 3ml of neural differentiation medium for co-culture.
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2.6.3 Co-culture with PN1 retinal cells

To promote cell differentiation towards photoreceptors, sphere cells derived from adult
corneal limbus were co-cultured with dissociated PN1 mouse retinal cells [174]. Retinal
cells were cultured on Millicel CM inserts (pore size, 0.4 pym; Millipore UK Ltd, Watford,
Hertfordshire, UK) for 1 to 2 weeks in differentiation medium (NB, 2% B27, 0.5mM
L-Glut, 0.5-1% FBS, 1uM retinoic acid (RA, Sigma-Aldrich) and 1ng/ml brain-derived
neurotrophic factor (BDNF, R&D system). Spheres generated from adult mouse corneal
limbus were collected and transferred into a sterile 15 ml tube (Corning Lifesciences,
London, UK). Following centrifugation at 1000rpm for 5 min, the supernatant was
removed and spheres were resuspended in neural differentiation medium and plated
onto P-D-L and laminin coated wells. Millicell inserts were then carefully placed into
wells containing sphere cells. The retinal cell suspensions from four PNT mice were
divided into three equal portions and carefully transferred onto Millicell inserts as
demonstrated in Figure 2-4. Half of the differentiation medium was changed every
other day. To test whether cell contamination occurred in the co-culture system, PN1
retinal cells were cultured on Millicell inserts in identical condition, but with the
omission of LNS in the bottom of wells. No cells were detected to have crossed the
Millicell inserts during 2 weeks of culture. This confirms that the Millicell insert

membranes used in this study can prevent retinal cell contamination.

@@ 0 PN1 retina cells
»

@ @ "V (Retinal development environment)

Extrinsic

Factors

Figure 2-4 Limbal neurospheres co-cultured with PN1 retinal cells
After 7-14 DIV co-cultured, limbal cells were collected for RT-PCR analysis or fixed with
4% PFA for immunocytochemical analysis. Control cells were plated in identical

conditions with the omission of retinal cells.
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2.7 Calcium influx imaging for functional assessment

2.7.1 Calcium indicator: Fluo-4 AM

Fluo-4 calcium Indicator (Invitrogen) was used for calcium influx imaging in this study.
It is in the form of a non-fluorescent format, Fluo-4 acetoxymethyl ester (AM). However,
when fluo-4 AM is cleaved inside the cell, it produces free fluorescent Fluo-4. The

latter can be readily excited by a 488 nm Argon-ion laser, and exhibits a strong
fluorescence intensity which increases upon binding to Ca*. Unlike other ultra-violet
light excited indicators, there is no accompanying spectral shift with Fluo-4. The
chemical structure of fluo-4 (C5TH50F2N2023) and its excitation and emission

spectrum are depicted below (Figure 2-5)
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Figure 2-5 Character of calcium indicator Fluo-4.
Images show the molecular form (left) and excitation and emission spectra (right)

of Fluo-4. (http://products.invitrogen.com/ivgn/product/F14201)

2.7.2 Cell preparation

Following differentiation for 7-14 days in P-D-L and Laminin coated 6 well plates or
petri dishes in the presence or absence of co-culture conditions, adult mouse limbus
derived cells were subjected to functionality assessment using calcium influx imaging.
Neonatal mouse retinal cells were used as a positive control. The dissociated mouse

retinal cells were cultured as a monolayer for 2-4 days in differentiation medium.

2.7.3 Calcium indicator loading

The calcium indicator Fluo-4 AM (Invitrogen, Paisley, UK) was loaded as previously
described [6]. Fluo-4 AM was freshly reconstituted in Dimethyl sulfoxide (DMSO, Sigma-
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Aldrich) and vortex thoroughly before each experiment. Pluronic® F-127 (Invitrogen,
Paisley, UK), a facilitator for cell loading was reconstructed in DMSO at a concentration
of 20% (w/v). Working loading solution consisted of 4uM fluo-4 AM and 0.1% Pluronic®
F-127 in Hanks’ Balanced Salt Solution (HBSS, with Ca** Mg?**, without phenol red,
Invitrogen, Paisley, UK) with 5mM HEPES (Invitrogen, Paisley, UK). Working loading

solution composition:

Fluo-4AM 50 ug
DMSO 22yl
Pluronic® F-127 (20%) 9 ul
HBSS 10 ml
1 M HEPES 50

Following removal of culture media from each well, cells were washed with HBSS (37°C)
twice for 3 min. Tml of working loading solution was then applied per well of a 6 well
plate, or 250 ul if coverslips were used. The cells were then incubated in the dark at
37°C for 30-45min. Prior to imaging, excess dye was removed by washing and
equilibrated in HBSS to allow the AM to be cleaved by cytoplasmic esterase. Plates or
petri dish were maintained at rt in the dark for approximate 10 min prior to data

acquisition.

2.7.4 Data Acquisition

An inverted Leica fluorescence microscope was utilized for visualisation and imaging of
the fluo-4 AM loaded cells. Images were captured using Volocity software. Cells were
checked under the microscope, and most cells displayed a typical neuronal
morphology with dendritic and axonal processes. A random region of cells was chosen
for imaging. Cells were excited with 488 nm light source and collected at 520nm
emission. Images were acquired every 10-30 sec, with 500ms acquisition times by a
cooled camera and analysed using Volocity software. Intracellular calcium
concentration was presented as fluorescence intensity (raw pixel intensities). Five
random background areas were chosen to obtain the average background florescence
intensity. Mean background intensity was subtracted from each cellular region to
minimise the noise and vibration due to staining or fluorescence fading (F = cellular
average-background average). All cells were then normalized by their initial intensity

respectively F/FO, then plotted against time [175].
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2.7.5 Cell excitation

KCI excitation buffer was prepared as follows using HBSS and Hepes buffered saline

solution.
KClI 0.745 g
HBSS 10 ml
HEPES (1M) 50 ul

After being vortexed thoroughly, the KCI solution was sterilised through a 0.22um
filter prior to use. For a typical calcium influx imaging experiment, images were
acquired every 30 sec for 5 min without any stimulation. Stimulation and control were
applied under microscopy without moving the imaging plate. KCl solution (120ul, 1M)
was added into each well containing 1ml HBSS-HEPES; and a final concentration of
100mM KCI stimulation was achieved. Imaging continued for approximately 30 min.
Equivalent volume of HBSS-HEPES (120pul) was added to non-stimulation control
conditions. Cells cultured in different conditions were used, including: 1) Co-cultured
adult limbal cells (test cells); 2) Non co-cultured adult limbal cells (control cells); 3) P1

mouse retinal cells (positive control cells)
2.7.6 Cell viability assessment after calcium influx imaging

A Trypan blue exclusion assay was used to determine the cell viability following
calcium influx imaging [168,175]. It is based on the principle that live cells possess an
intact cell membrane which Trypan blue cannot penetrate, whereas dead cells do not.
0.5ml of Trypan blue PBS solution (0.4 %, Sigma Aldrich) was added into each well
following washing the cells with HBSS-Hepes twice for 5 min. Viable cells showed a
clear cytoplasm when viewed under an inverted light microscope, whereas the
cytoplasm of non-viable cells was stained blue. The imaging area and another 5

random fields were chosen. The percentage of viable cells was calculated as follows:

Viable cells (%) = total number of viable cells per field % 100

total number of cells per field
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2.8 Cell integration assessment in vitro

2.8.1 Qdot® nanocrystals

Qdot® nanocrystals (Qtracker 655) were used for cell tracking in the cell integration
experiments. They are nanometre-scale atom clusters, coated with zinc sulphide
(Figure 2-6). Both core and shell are semiconductor materials. Due to the optical
features of Qdots’, very bright fluorescence can be generated upon absorption of a
photon of light. The intrinsic brightness and photostability of Qdot® fluoresce more
strongly than traditional organic fluorophores. Qdots don’t have cell-type specificity on
labelling. The distribution of Qdot® nanocrystals in cytoplasmic vesicles is shown in

Figure 2-6.
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Figure 2-6 Structure and their intracellular distribution of Qdot nanocrystals
(A) represents the structural elements of Qdot® nanocrystal in scale.
(B) demonstrates Qdot® nanocrystals distribution in vesicles throughout the

cytoplasm (black arrow). (Adapted from http://www.invitrogen.com)
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To track cells which are double or triple labelled using DAPI (excitation, emission) and
Alexa 488 secondary antibody (excitation, emission), Qdot®655 were used in this
study (Figure 2-7). Qdot labelled cells were visualised under a Leica DM IRB microscope
(Leica Microsystems UK Ltd, Milton Keynes, UK) with Improvision Volocity software,

with an excitation filter at 535 +/- 20 nm and an emission filter at 565nm long pass.

Absorption
Fluorescence emission

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2-7 The excitation and emission spectra of Qdot®655.
Diagram shows that Qdot®655 has broad excitation spectra.

(From http://www.invitrogen.com)

2.8.2 Cell labelling with Qdots

Cells labelling was conducted as per manufacturer’s instructions (Invitrogen). Adult
limbal cells and media were transferred into a fresh 15ml falcon tube. Cells were
collected following centrifugation for 5 min at 100G. Cells were then incubated with
1 ml Accutase at 37°C for 10-15 min. After trituration using al ml pipette, LNS were
dissociated into single cells. Cells were resuspended into 1ml of fresh serum free

media for counting and adjusted to a concentration of 1 x 107 cells/ml.

The preparation of 10nM Qdot loading solution was conducted as per manufacture
protocol. 1ul of Qdot Component A and Component B were mixed in a sterile 1.5 ml
microcentrifuge tube. Following incubation for 5 min at rt, 0.2 ml of fresh complete
growth medium was added to the tube and vortexed for 30 sec. 1 x 10° cells (100ul
cell suspension from 1 x 107 cells/ml in growth medium) were added to the tube
containing the labelling solution. After incubation at 37°C for 60 min, cells were

washed with full media twice and visualised under a fluorescence microscope to

87



Xiaoli Chen Chapter Two

estimate the labelling efficiency. Qdot labelled cells were visualised using a by-pass
excitation filter at 535 +/- 20 nm and emission filter at 565nm long pass (Leica).
Approximately 40-60 % cells were labelled with Qdots. Cells were the subjected to

further culturing or integration experiments.

2.8.3 Direct co-culture system for integration assessment

In vitro cell integration was assessed using direct co-culture of Qdot labelled cells with
neonatal mouse retinal explants. Dissociated Qdot labelled cells were collected into a
15ml of sterile falcon tubes. Cells (1 x107 cells/ml) were centrifuged at 120G for 5 min
and re-suspended in DMEM:F12-GlutaMAX™ /B27 media containing 1% FBS. 200-200uyl
of cell solution was added to each Transwell® membrane (pore size 0.4 um, Corning?®,
New York, USA), with 500ul of the same medium below the membrane prior to co-
culture with retinal explants. Retinal tissues were dissected from PN Day 1 to Day 3
mouse eyes (Section 2.6.2). Before transferring retinal tissues to the top of Cell insert
or Transwell membranes, the orientation of retina needed to be confirmed. The
attachment of small numbers of RPE cells was used as an indicator of the outer retinal
layer. Retinal tissues were then transferred to the cell seeded membranes with the
outer retinal layer adjacent to Qdot labelled cells, as demonstrated in Figure 2-8. An
additional 500ul of differentiation medium was added underneath the membrane to

provide nutrition for tissues and cells.

P1 retinal ganglion cell layer

P1 photoreceptor layer
Qdot labelled cells
Cell insert membrane
Differentiation media

Figure 2-8 Direct co-culture System

A schematic diagram illustrates the direct co-culture system for cell integration study
in vitro. Retinal explants were placed on top of Qdot labeled LNS cell (red) on Cell
insert membrane. The photoreceptor layers of the retinal explants were adjacent to the
Qdot labeled cells.
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2.8.4 Fixation and sectioning for integration assessment

To prepare frozen tissue sections, the co-cultured tissues and cells were fixed on the
cells Insert /Transwell membranes with 4% PFA fixative for 30-60 min. After removal of
the fixative, samples were washed in 0.1M PBS and equilibrated in 30% Sucrose in 0.1M
PBS overnight at 4°C. The cell insert membranes together with tissues/ cells were then
excised and embedded with OCT in a cryo-mold block. All air bubbles were removed
by lifting them to the surface of the OCT and moving them to the corners using micro
pipette tips. The frozen tissue blocks were stored at -20°C or -80°C if long term storage

was required prior to sectioning.

Before sectioning samples were equilibrated for a minimum of two hrs if stored at
-80°C. Samples were sectioned using a cryostat (Leica CM1850 Cryostat, Leica
Microsystems, Milton Keynes, UK). Sample were cut at a thickness of 15um, and affixed
to poly-L-lysine coated glass microscope slides. Following drying at 37°C for 2 hrs or rt
for 24 hrs, slides were subjected to immunostaining or stored at -80°C until ready for

use.
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2.9 Statistical analysis

2.9.1 Sphere generation analysis

For quantification of the number of NS-like cell aggregates, total number of spheres
with a diameter of 50 pm and over was quantified using a 10 x10 glass grid which was
inserted into the eye piece of an inverted light microscope (Laborert FS Leitz, Wetzlar,
Germany). Each culture condition was repeated at least three times with four replicates

per experiment.
2.9.2 Measurement of Sphere Diameter

For quantification of the size of NS-like cell aggregates, images of spheres were taken
at 7" days of culture at 4-6 random fields per culture plate. The diameters of spheres
were subsequently measured at the longest and shortest dimensions using Improvision
Volocity software (Improvision, Coventry Lexington, UK). A total number of 50-100

spheres were measured at each condition.
2.9.3 Cell enumeration for phenotype analysis

To quantify the percentage of cells expressing a particular phenotypic marker, the
number of positive cells was determined relative to the total number cells (DAPI

labelled nuclei) [175]. A total of 500-1000 cells were counted per marker.
2.9.4 Statistical Methods

All results are presented as mean = SEM (standard error of the mean), unless otherwise
stated, n represents the number of replicates. For normally distributed data, statistical
comparisons were made using an unpaired student’s t-test, with a significance
threshold of p< 0.05. For comparison of more than two groups a one way analysis of
variance (ANOVA) was used with a Bonferroni multiple comparisons test, with a
significance threshold of p< 0.05. GraphPad Prism Software (GraphPad San Diego, USA)
was used for statistical analysis. Excel and GraphPad Prism were used for graph

production.
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3 Chapter Three - Derivation of Neural Stem
/ Progenitor Cells from Adult Mouse

Corneal Limbus

3.1 Background

Adult neural stem (NS) cells isolated from areas adjacent to the subventricular zone
(SVZ) grow as floating cell aggregates in serum free culture medium in the presence of
EGF and FGF2. These cell aggregates comprised of neural stem cells are referred as to
“Neurospheres” [176]. This defined culture system can also be used to induce ESC
differentiation into NS cells in vitro. Both adult and embryonic NS isolated and
expanded through Neurosphere Assays (NSA) have displayed the ability to self-renew
and differentiate into all neural cell types including neurons, astrocytes and

oligodendrocytes [172].

Besides from the SVZ, neurospheres-like cell aggregates which express neural
stem/progenitor markers such as nestin, have also been generated from a variety of
tissues including brain, bone marrow, skin and retinal cells. Therefore, the NSA has
been shown to be as a valuable tool for isolating stem/ progenitor cells with neural
potential. Under these conditions, only NSCs and highly undifferentiated progenitor
cells survive and proliferate, while committed precursors and mature cells are

gradually eliminated from the culture system [177,178].

The formation of neurosphere is an ideal approach for isolation and propagation of NS
cells in vitro. It not only avoids the use of animal substances such as serum, but also
represents the “bona fide” methodology for therapeutic application. It has been
reported that the NSA enables adult NS cells to maintain a stable profile with respect to
self-renewal, differentiation, karyotype and molecular profile for over one year in vitro
[179]. Furthermore, it did not cause tumor formation in vivo even when cells are
transduced with oncogenes such as Myc and Ras [180]. Although the NSA has become
the most widely used technique for the culture of adult NS cells, the cell population
within neurosphere is not homogeneous. Neurospheres are composed of an
ultrastructurally and morphologically heterogeneous population of cells, with
expression of different neural lineage-specific markers as well as certain extraneural
markers [180].
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In this study, a clonogenic sphere forming assay was used to expand stem/progenitor
cells from adult mouse corneal limbus. Cells were characterized in respect of self-
renewal ability and neural potential. In addition, the origin of the derived adult mouse
LNS was identified.
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3.2 Methods

3.2.1 Cell culture

3.2.1.1 Primary cell culture

Limbal cells were dissected from 8 week old mice and enzymatically dissociated using
Trypsin, collagenase and hyaluronidase. For neurosphere generation and optimisation,
limbal cells were maintained in DMEM: F12-GlutaMAX™ or Neurobasal™A with N2,
0.5mM L-Glutamine or B27 supplements in the presence of 20ng/ml EGF and 20ng/ml
FGF2 at 37°C. The details for the six different media recipes used are listed in section
2.1.4 of Chapter 2. To investigate the effect of extrinsic factors on LNS generation,
freshly isolated limbal cells were cultured with different extrinsic growth factors
including EGF (20ng/ml), FGF2 (20ng/ml), Noggin (100ng/ml) or their combination in
DMEM:F12 GlutaMAX™ with 2% B27 (minus VitA). Cells were plated at a density of

1 x 10* /ml. The numbers of spheres with a diameter over 50um was counted for

analysis. Experiments were repeated at least three times with four replicates each time.

3.2.1.2 Secondary sphere formation

To evaluate the self-renewal ability, secondary sphere generation was evaluated using
serial dilution assays [172]. Individual spheres were picked under microscopy and
dissociated to single cells by enzymatic digestion (Accutase) and mechanical trituration.
Cells were seeded at extremely low densities by serial dilution 12, 25, 50, 100, 200

and 400 cells per ml, thus 1, 2, 5, 9, 18, and 36 cells in 90 pl of medium were plated
into a 96 well plate (8 wells per concentration). A further 5-10 cells in100pul of medium
were plated into four 96 well plates. At this low density, the possibility of cell
aggregation can be eliminated and sphere generation can be considered from single

cells. The number of spheres formed was enumerated after 14 DIV.

3.2.1.3 Cell differentiation

For differentiation, LNS cells were seeded on P-D-L and Laminin coated plate or
chamber slides and cultured in neuronal differentiation medium containing
Neurobasal™A with 2% B27, 0.5mM L-Glutamine + 0-1% FBS, TuM RA and 1ng/ml BDNF.

3.2.1.4 Viability of sphere cells

PI (Sigma-Aldrich) staining was used to evaluate the viability of cells within the spheres.
Neurospheres were washed with PBS and then incubated in Pl buffer (1pug/ml) in PBS for

15-20 min at rt; sphere viability was then analysed by fluorescent microscopy.
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3.2.2 Reverse transcription polymerase chain reaction

Investigation of the expression of neural lineage markers, epithelial lineage markers,
neural crest markers and stem cell markers were conducted on adult mouse limbal
cells during sphere formation by RT-PCR. Cells were cultured in DMEM: F12 GlutaMAX™
with 2% B27 (minus Vit A), 20ng/ml EGF and 20ng/FGF2 in the presence or absence of
100ng/ml Noggin. Cells from various time points 0, 3, 5 and 10 DIV were collected
and subjected for RT-PCR analysis. Total RNA was isolated and cDNA synthesized as
per manufactures protocols using RNeasy Plus (Qiagen) and High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Negative controls omitted reverse
transcriptase. cDNA was amplified using gene specific primers. Cycles used were
denaturing for 30 sec at 94°C, annealing for 30 sec at 60°C, extension for 30 sec at
72°C for 35 cycles. Electrophoresis was performed on a 1.5% agarose gel. The primer
sequences used for LNS cell gene expression analysis during NSA culture are listed in
Chapter 2, Table 2-1.

3.2.3 Immunocytochemistry

LNS cells were re-dissociated by Accutase and cultured on P-D-L and Laminin coated
plate/ chamber slides for 24 hrs before immunocytochemistry. To investigate the
distribution of nestin positive cells within LNSs, immunostaining was also conducted
on intact LNSs. Cells/ spheres were fixed with 4% PFA for 15-20 min at 4°C. Following
permeabilization and blocking with 0.1mM PBS supplemented with 0.3% Triton X-100
and 5% DBS for 0.5-1 hr at rt, cells were incubated with primary antibodies (See Table
2-2, Chapter 2) overnight at 4°C. For ABCG2 staining, cells were fixed with cold acetone
for 10-15 min, and then blocked with 5% DBS in PBS for 0.5-1 hr at rt before incubation
with anti-ABCG2. Specific IgG secondary antibodies (1:500 Alexa Fluor 488 or 555)
were incubated at rt for 1-2 hrs. Negative controls omitted the primary antibody. Nuclei
were counterstained with10 ng/ml DAPI. To quantify the percentage of cells expressing
a particular phenotypic marker, the number of positive cells was determined relative to
the total number cells (DAPI labeled nuclei)[181]. A total of 500-1000 cells were

counted per marker.

For phenotypic analysis of ABCG2 positive cells by flow cytometry, neurosphere cells
were dissociated to single cells using Accutase. 50,000 cells were fixed in 4% PFA at
4°C for 30 min, followed by permeabilization with 70% ethanol for 30 min at -20°C and
blocking with 10% normal mouse serum (Sigma-Aldrich) for 30 min at rt. Cells were
subsequently washed with PBS and then incubated with ABCG2 antibody at rt for

94



Xiaoli Chen Chapter Three

30 min. Serial dilution of primary antibody (1:2, 1:5, 1:10 and 1:20 in blocking serum)
was used to investigate the optimal assay concentration. Following incubation with an
Alexa Fluor 488 conjugated anti-rat IgG secondary antibody (1:500, Invitrogen) at rt for
30 min, cells were analyzed by FACSAria flow cytometry (Becton). Blue laser (488nm)
was selected for fluorophore excitation and a 505nm for detection. Cells which had not
been incubated with primary and secondary antibodies and cells in the presence of

secondary antibody alone were used as negative controls.

To view the structure of mouse limbus, anterior half eyeballs were dissected and fixed
using 4% PFA for 30-60 minutes at 4°C. Following incubation in 30% Sucrose in 0.1M
PBS overnight at 4°C, samples were embedded in OCT and sectioned at 20 um using a

cryostat. Slides were dried at 37°C for 2 hrs before DAPI staining.

3.2.4 Transmission Electron Microscopy (TEM)

To investigate the ultrastructure of adult mouse LNSs, LNS were washed with PBS, then
fixed in 100 pl of primary fixative containing 0.1 M sodium cacodylate buffer, 3%
glutaraldehyde, 4% PFA and 0.1 M PIPES buffer, pH 7.4 for 15 min at rt. Further
processing was performed in the Biomedical Image Unit, University of Southampton. In
brief, following initial fixation the specimens were rinsed in 0.1M PIPES buffer,
postfixed in 1% buffered osmium tetroxide (1 hr), rinsed in PIPES buffer, block stained
in 2% aqueous uranyl acetate (20 min) followed by dehydration in a graded series of
ethanols up to 100% and embedded in TAAB resin (TAAB Laboratories). Gold sections
were cut on a Leica OMU 3 ultramicrotome (Leica), stained with Reynolds lead stain and
viewed on a Hitachi H7000 transmission electron microscope equipped with a SIS

megaview lll digital camera (Hitachi).
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3.3 Clonal growth of adult mouse corneal limbus derived

cells

3.3.1 Structure of adult corneal limbus

The structure of the adult mouse corneal limbus and peripheral cornea is similar to
that seen in humans. The whole thickness of the mouse cornea is less than 100um, it
is comprised of three major layers namely the epithelium, stroma and endothelium
layer (Figure 3-1). A large number of stratified squamous epithelium cells are present
accounting for 10-20 percent of the thickness of the mouse cornea and limbus. The
epithelial cells reside in the stroma and the proportion of endothelium cells is much
less compared to corneal epithelium. The “palisades of Vogt”, a distinctive feature of
the human corneal limbus, are present as an undulating epithelium basal layer [22].
The palisades of Vogt are not apparent in mouse corneal limbus. Dissociated corneal
limbal cells are heterogeneous, composed of all three types of cells from the corneal

limbus and possibly pigmented iris epithelial cells.

Ciliary

Body

Figure 3-1 Structure of peripheral cornea and corneal limbus.
Representative images of DAPI stained adult mouse peripheral cornea and limbus in
cross-section (blue, left). Stratified cells are present in the epithelial layer, while fewer
cells are distributed in the cornea stroma and endothelium. The pigmented layer is the
iris. It is continuous with ciliary body at its periphery. (Right) shows bright-field and

DAPI merged image of peripheral cornea and limbus in cross-section. Scale Bar: 50um.
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3.3.2 Sphere-cluster formation

Primary cultured cells were prepared from the corneal limbus of 8 week old mice as
described in Chapter 2 (Section 2.1.2). Approximately 3 x 10* corneal limbal cells were
harvested from each individual adult mouse eye. Neurosphere-like cell aggregates were
generated from both PN and adult murine corneal limbus in the presence of mitogens
(EGF, FGF2). Small sphere-clusters (<50 pm) were detected after 3 DIV from PN day 11
mice or following 5 DIV when adult mice were used. After 7 days, sphere sizes ranged
from 50 pm to 150pm in diameter, with defined edges and a smooth surface

(Figure 3-2). In the presence of EGF and FGF2, the average sizes of spheres after 7 days
in culture with DMEM:F12GlutaMAX™ /B27- and NB/B27 was 61.1 =+ 17.1 pm and

66.7 = 16.4um (mean =+ SD) respectively. To eliminate the possibility of iris pigment
epithelium cell contamination, the same dissociation and culture condition were
applied to homogenous iris derived cells. No sphere-cluster formation was detected

following sphere culture for over two weeks’ observation (Figure 3-2).

Figure 3-2 Homogenous adult mouse iris pigment epithelium and corneal limbus cells.

Cells (17 DIV) from adult mouse iris and corneal limbus isolated by the same
dissociation process and maintained in the same culture conditions (Medium 6).

(A) No obvious spheres were formed from adult mouse iris pigment epithelium; cells
remained heavily pigmented. (B) Sphere colonies were generated with defined edges

from adult mouse corneal limbus cells. Scale bar: 100 um.

3.3.3 Optimal culture condition for sphere generation

To investigate the optimal culture medium for corneal limbal primary sphere formation,
two basal tissue culture media, DMEM:F12 (DMEM) and Neurobasal (NB), were
compared. The former is the most prevalent stem cell culture medium; while the latter

was originally described for the maintenance of differentiated neurons, but was found
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to be highly efficient for clonal growth and expansion of adult NS cells when combined
with B27 media supplement [182]. Three media supplements N2, B27 (standard) and
B27- (minus Vitamin A) were used in combination with the basal mediums to supply
nutrition. All media tested were supplemented with

L- glutamine/GlutaMax, EGF, FGF2 and antibiotic/antimycotic solution.

Sphere generation efficiency in different culture mediums was investigated both at a
low (10,000/ml) and medium-high (50,000/ml) initial cell density. Only spheres with a
diameter of over 50um were included for analysis. With use of N2 medium supplement,
there was no apparent cell proliferation or obvious sphere formation detected from
both PN and adult mouse corneal limbus. Medium composed of DMEM:F12
supplemented with B27 resulted in the formation of cell monolayers and was therefore
not included for further comparison (Figure 3-5). As shown in Figure 3-3, the highest
yield of primary spheres from a low initial cell density was obtained using DMEM:F12
with B27- medium supplement, 43.50 + 3.78 spheres were generated from 5000 cells
(0.87 = 0.08% efficiency). This sphere generation efficiency was significantly different
when compared to all other cell culture media recipes tested (P<0.001, n=3). With a
high initial seeding density (Figure 3-3), the number of primary sphere generated from
DMEM/B27- (209.33 + 26.34) was higher than that with NB/B27 (138.08 = 23.24),
however there was no statistical difference (P>0.05), indicating that NB/B27 and
DMEM/B27- had similar capacity for primary sphere generation when high density cell
plating was applied (Figure 3-4).
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Figure 3-3 Sphere generation efficiency at low cell density in different media recipes.
Quantification of total number of primary neurosphere-like clusters from adult mouse
corneal limbus after 7 DIV in different culture media at low cell density

(0.5ml, 10,000/ml). The results are expressed as mean + SEM, from three separate
experiments with four replicates in each experiment. Significant difference

*** P<0.001 compared to DMEM/B27-. +++ P<0.001 compared to NB/B27 by ANOVA

followed by the Bonferroni multiple comparison test.

The ability to form neurospheres in serum free medium was first described to select
and expand neural stem cells [173]. Sphere-forming assays have also been successfully
used to derive stem or progenitor cells from non-neural tissues including bone marrow,
skin, inner ear, corneal limbus, ciliary body (adult retinal stem cells), retina (newborn)
and IPE. In the presence of specific mitogens i.e. EGF and FGF2 serum-free media is
able to support stem/progenitor cell proliferation, with gradual elimination of post

mitotic non-proliferating mature cells.

We optimized the basal media and nutrition supplements for sphere generation.
Consistent with other studies regarding the generation of neurospheres from CNS cells
[183], we found B27 to be essential for sphere generation. Limbal sphere generation
was possible using both basal media (Neurobasal A and DMEM:F12). At low cell density,
it was found that DMEM: F12 supplemented with B27- lead to more efficient sphere
generation. This effect was not seen when medium to high cell density was

investigated.
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Figure 3-4 Sphere generation efficiency at high cell density in different media recipes.
Quantification of total number of primary neurosphere-like clusters from adult mouse
corneal limbus after 7 DIV in different culture media at high cell density (50,000 /ml).
The results are expressed as mean + SEM, from three separate experiments with four
replicates in each experiment. Significant difference *** P<0.001 compared to

DMEM/B27-. +++ P<0.001 compared to NB/B27 by ANOVA followed by the Bonferroni

multiple comparison test.

A

Figure 3-5 Limbal cells in non-optimal culture medium.
No sphere formation was detected in N2 supplemented base culture media in
the presence of mitogens, disorganized cells clumps (white arrows, size
<50um) were observed after 7 DIV (A). With DMEM: F12 Glutamax/B27, cells
showed monolayer growth (B). Scale bar: 50 um.
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3.3.4 Cell viability within sphere

Propidium iodide (Pl) can penetrate the cell membranes of dying or dead cells and
intercalate into double-stranded nucleic acids. After excitation under UV light, Pl within
the less viable cells could be detected under microscopy. The sphere cells showed
good cell viability (Figure 3-6). When the size of neurospheres exceeded 100um, an
increase in cell death was observed particularly in the centre of spheres. This may due
to less nutrition reaching the center of large spheres. Therefore, to maintain cell

growth and viability, sphere passaging was performed every 7-12 days before the size

of spheres reached 150um.

Figure 3-6 Sphere cell viability assessment
Fluorescence image merged with bright field image. Only a few Pl stained (red) cells
were detected in the sphere culture. Large spheres (white arrow) contained more dead

cells in the centre. Most spheres showed high cell viability. Scale bar: 100um.

3.3.5 Effect of growth factors on clonal growth

The number of spheres generated from adult mouse corneal limbus cultured in serum
free medium in the presence and absence of EGF, FGF2 and BMP4 inhibitor (noggin)
were analyzed using DMEM/B27- medium. Previously reported growth factor
concentrations were used in this study [173], as shown on Table 2-1 in Chapter 2. In
the presence of EGF alone, spheres with a size of over 50um were rarely detected (0-2
spheres per 20,000 cells). A large number of spheres were generated in the presence
of FGF2 alone (35.92 + 2.21 spheres /5000 cells) and when EGF was combined with
FGF2 (48.75 + 2.97 spheres /5000 cells). There was a significant difference in sphere
generation efficiency between the groups in the presence and absence of FGF2, which
is indicative that generation of spheres from adult mouse corneal limbus, is dependent
upon FGF2, but not EGF.
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Figure 3-7 Effect of extrinsic factors on adult mouse LNS generation

Single cell suspension from dissociated adult mouse corneal limbus were plated in 24-
well plates at a density of 10,000 cells/ ml (5,000 cells/ well with 4 replicates, n>4) in
DMEM/B27- and cultured with various extrinsic growth factors for 7 days. Spheres with
a diameter of over 50 um were included for analysis. EGF: Epidermal Growth Factor;
FGF: basic Fibroblast Growth Factor; N: Noggin. Results are mean = SEM (n=4).
Significant difference ** P<0.01 compared to FGF by ANOVA followed by the Bonferroni

multiple comparison test.

As illustrated in Figure 3-7, the combination of EGF and FGF2 produced the highest
sphere generation efficiency. Compared to FGF2 supplementation alone, the
combination of EGF and FGF2 reveals a significant increase in the sphere generation
efficiency (p<0.01), suggestive of a synergetic effect between EGF and FGF2. This is
also indicative of an optimal condition for corneal limbal sphere generation. The
presence of Noggin in the culture system decreased the number of spheres formed
(38.63 + 3.47 spheres /5000 cells in FGF2+EGF+N). However, a comparison of sphere
generation between the groups in the presence and absence of Noggin in the culture
system (FGF2 vs. FGF+N; FGF2+EGF vs. FGF2+EGF+N) revealed no significant difference
in efficiency (p>0.05), which is suggestive that inhibition of the bone morphogenetic

protein pathway does not have a significant effect on sphere generation.
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3.3.6 Cells from adult corneal limbus display self-renewal capacity

Corneal limbus derived spheres could be propagated and expanded in vitro by
passaging for over 4-5 months. After three days in culture, over 90% of the initial cell
population was gradually eliminated (Figure 3-8B). The doubling time for early
passage (up to 5 weeks) spheres was approximately 4 days. The number of cells can be
expanded 9.0 + 2.8 times after 16 days in sphere culture following primary sphere cell
formation (Figure 3-8A). Over 30,000 cells can be harvested from 1 X3mm of corneal
limbal tissue from a single mouse eye (37,000 + 7,000, n>4). After 21 days in
neurosphere medium, cell numbers reached approximately one million

(1,640,000 + 99,400; n=4), as shown in (Figure 3-8C).

The sphere generation rate of primary and sub-cultured limbal sphere was investigated
in this study. As shown in Figure 3-10A, the number of limbal sphere colonies
increased steadily from primary to quaternary spheres in NSA. This indicates that
propagation of limbal cells from subsequent generations is also due to clonal

expansion, similar to the primary spheres.
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Growth of LNS cells
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Figure 3-8 Growth features of mouse LNS cells
Single cell suspension from dissociated adult mouse corneal limbus were plated in 12-
well plates at a density of 50,000 cells/ ml (5,000 cells/ well with 4 replicates, n>4) in
DMEM/B27- supplemented with 20ng/ml EGF and 20ng/ml FGF2. The number of cells
was counted every 3-4 DIV. Limbal spheres were passaged every 7 DIV using Accutase.
Results are mean + SEM (n=4). (A) A growth curve of adult mouse corneal limbal
neurosphere cells. Data are expressed as fold change over the number of cells initially
plated (n>4). (B) Limbal cell numbers sharply decreased after three days in neurosphere
culture (n=4) p<0.001 by paired t-test. (C) A growth curve of LNS cells, illustrates
absolute cell numbers harvested from a single mouse eye (37,000 + 7,000, day 0) and
generated via NSA cultures in vitro (n>4). After 21 days in neurosphere medium, cell
numbers reached approximately one million (1,640,000 = 99,400; n=4). (D) Adult
mouse limbal cells were cultured and passaged at density of 10,000/ml every 7 days.
Number of LNS colonies increased following subculture until the 4™ genenration

(maximum investigation time). Results are presented as Mean + SEM (n=6).
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To verify that sphere formation from corneal limbus derived cells was due to
proliferation rather than cell aggregation, immunocytochemistry was carried out using
antisera direct against proliferating cell nuclear antigen (PCNA), a polymerase-
associated protein synthesized in early G1 and S phases of the cell cycle. We
demonstrated that over 75% of cells were immunopositive for PCNA, indicating that

spheres contained a significant proportion of proliferative cells (Figure 3-9).

DAPI PCNA Merged

Figure 3-9 Limbal spheres expressed the proliferative marker PCNA.

PCNA (proliferating cell nuclear antigen) was detected in spheres derived from adult
mouse corneal limbus. Over 75% of cells were positive for PCNA (green), which co-
localized with DAPI nuclear staining (blue). Arrow heads indicates positive cells, whilst

arrow presents negative cell. Cells were cultured for 8 days in vitro. Scale bar: 26 pM.

To assess proliferation ability, secondary sphere generation was evaluated using serial
dilution assays [6,90]. Serial dilution assays has been previously used to assess self-
renewal of stem like cells [6,90]. Individual spheres were picked under microscopy and
dissociated to single cells by enzymatic digestion and mechanical trituration. Cells
were seeded at extremely low densities by serial dilution 12, 25, 50, 100, 200 and 400
cells per ml, at these extremely low densities, cell aggregation can almost be
eliminated. 1, 2, 5, 9, 18, and 36 cells in 90 pl of medium were plated into a 96 well
plate (8 wells per concentration); number and size of sphere clusters generated are

shown in Figure 3-10 and Figure 3-11.
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Figure 3-10 Sphere generation efficiency.
Secondary sphere generation efficiency by serial dilution assay after 14 DIV. A high cell

density produced a higher sphere generation rate.

Extremely low cell densities (50-400 cells/ml) demonstrated that cells derived from
murine corneal limbus support clonogenic expansion in vitro and are capable of
producing secondary neurospheres by clonal expansion. The size and number of
spheres increased with cell density (Figure 3-10, Figure 3-11). To determine the
secondary clonogenic efficiency at low cell density, dissociated primary sphere cells
were seeded into 96 well plates at density of 5-10 cells/well. A secondary clonogenic

efficiency of approximately 1% was detected, suggesting self-renewal of sphere cells.

The sphere-forming assay was highly inefficient when single cells were seeded in single
wells. We did not detect any sphere generation when the density decreased to 30 cells/
ml and 10 cells/ ml. In addition, no secondary spheres generation was detected from
the central cornea although a few small primary spheres (<50um) were detected
(Figure 3-11E-F).
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Figure 3-11 Secondary sphere generation at extreme low cell density following serial
dilution assay. Secondary spheres were generated from LNS cells after14 DIV. Cell
densities ranged from 10-400 cells/ml (1-36 cells/well) in 96 well plates. Higher cell
density promoted sphere generation (A-D). No secondary spheres were observed from

cells generated from the central cornea (E, F). Scale bar: 50uM.
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3.3.7 Ultrastructure of sphere cells derived from adult corneal limbus

The spheres derived from the adult mouse corneal limbus were three dimensional
structures. Cells within spheres were connected with each other through gap junctions
(Figure 3-12A) and adherence-like junctions (Figure 3-12C). The former are
communicating junctions that allow ions and small molecules to pass directly from one
cell to the next. Therefore, cells connected by gap junction are electrically and
chemically coordinated [181]. The latter provide strong mechanical attachments
between adjacent cells. Cells within spheres also presented apparent cell division,
vesicles and abundant rough endoplasmic reticulum (RER) (Figure 3-12B), indicative of
active cellular mitosis, exocytosis/ endocytosis and protein synthesis. Spheres also
contained some polarized cells with processes at the periphery, while melanosomes

were not detected in the primary or secondary limbal spheres.

Similar to neurospheres derived from SVZ, spheres generated from the adult corneal
limbus contained gap junction and immature adherence junctions. Matured tight
junctions and desmosome junctions, which are found in spheres of an epithelial origin,
were not detected in limbal spheres. Microvilli were previously reported to be present
in the periphery of spheres derived from both epithelial (ciliary epithelium) and neural
origins (SVZ) [184]. Consistent with this, cells at the periphery of our limbal spheres
also contained microvilli. Melanosomes were absent in limbal spheres, whilst they
have been shown to be abundant in IPE and ciliary origin sphere cells [104]. In
summary, corneal limbal spheres do not have ultrastructural features in common with
spheres derived from pigmented epithelial cells. Therefore they are unlikely to be

generated from pigmented cells.
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E)O nF

Figure 3-12 Transmission electron micrographs of adult mouse corneal limbal spheres
(A, C) Gap junction and adherence-like junction were detected between cells within
spheres. (B) Cell showed dissolved nuclear membrane indicative of cell division (arrow).

(C) Microtubulin (MT), microvilli (mv), rough endoplasmic reticulum (RER).
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3.4 Characteristics of corneal limbal cells

3.4.1 Expression of side population determinant ABCG2

We first characterized spheres derived from the limbus with an ATP-binding cassette
superfamily transmembrane protein ABCG2. As a side population phenotype
determinant, ABCG2 is ubiquitously expressed in stem cells from the bone marrow,
skin and nervous system [104,137], it also plays an important role in the maintenance
of retinal SCs [185]. It is suggested as one of the best markers for putative limbal
stem cells [186]. In order to quantify the proportion of ABCG2 positive cells within
neurosphere, cells were dissociated and grown as monolayers on P-L-L or P-D-L and
laminin coated plates/coverslips for 24 hrs prior to immunocytochemical analysis.
Approximately 90% of the cells tested were positive for ABCG2 (Figure 3-13). Flow

cytometry analysis was used to confirm this.

A
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Figure 3-13 Stem cells marker ABCG2 expressed on adult mouse limbal sphere cells.
Adult mouse corneal limbal sphere were dissociated into single cells and plated on
P-D-L and laminin coated chamber slides for 24 hrs prior to Immunocytochemistry (ICC)
(A) ABCG2 positive cells (green) were detected on over 90% of limbal sphere cells on
DIV 10. Nuclei were counterstained with DAPI (blue). Scale bar: 26um (left) and 13um
(right) (B) Expression of ABCG2 was confirmed with RT-PCR using specific primers.
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ABCG2 expression was apparent after 5 DIV; this is the same time as spheres

formation. Internal control housekeeping gene: GAPDH.

ABCG2 is a transmembrane protein; therefore, anti-ABCG2 staining is ideal for flow
cytometric immunophenotyping analysis. The sphere cluster cells generated from adult
mouse limbus tissue appear to be heterogeneous in cell size (FSC) and cytoplasmic
granularity (§SC). The morphological heterogeneity in limbal spheres is consistent with
the characteristic of neurospheres from the CNS, which also demonstrate
heterogeneity of cell size, viability, cytoplasmic content and cell function [22]. As
Figure 3-14 shows, in the main cell population (P1) from adult mouse corneal limbus,
approximately 90% (P2) of cells were ABCG2 positive, which was in accordance with

immunocytochemistry analysis.
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Figure 3-14 Flow cytometric analysis of cells derived from adult mouse corneal limbus.
The forward scatter (FSC) versus side scatter (SSC) profile of the total limbal cell
population (P2, DIV28) is shown. 5,000 cells were analysed per condition. Dots
represent cells analysed by FACSAria (BD Biosciences, Oxford, UK). P1 shows the main
population (90%) of total cells, and P2 represents ABCG2 positive cells within P1
population. A, B: Unstained single cell suspensions; C, D: Negative control with
secondary antibody (Alexa Fluor 488-labeled donkey anti-rat 1gG);

E, F: Identification of ABCG2 positive cells. 92.9% of cells within P1 were positive for
ABCG2 (dilution 1:10).
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3.4.2 Expression of neural stem cell marker Nestin

Nestin, first identified by Hockfield and McKay, is a class VI intermediate filament
protein[172]. It is predominantly expressed in early embryonic neuroepithelial stem
cells in the developing CNS, and has been widely used as a marker for neural

stem/progenitor cells.

Spheres derived from adult limbal tissue contain nestin-positive progenitors. To locate
the nestin-positive cells within derived spheres, confocal scanning microscopy was
performed at a thickness of 10 um from top to the bottom of spheres following
immunostaining. The results demonstrated that cells expressing a high level of nestin
were located only at the periphery of the spheres (Figure 3-15A). For quantification of
the number of nestin positive cells, spheres were then dissociated into single cells and
cultured on the P-D-L and laminin coated chamber slides. We found that 32.47 + 6.08%
cells expressed nestin (Figure 3-15D-F). These results were confirmed by RT-PCR using
specific primers (Figure 3-15B-C). To investigate the nestin expression level during
sphere formation process, four different time points were chosen. Day 0 represent
freshly isolated cells from adult corneal limbus tissue. When cultured in a serum free
sphere forming system in the presence of EGF & FGF2 for three days (the second time
points), the majority of mature cells were eliminated, but no sphere generation was yet
detected. Day 5 and day 10 in vitro were the time points when primary spheres and
subsequently secondary spheres were observed. Prior to sphere formation, there was
no obvious nestin expression detected at a RNA level, but consistently high levels of
nestin were detected in both primary and secondary spheres. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), the house keeping gene, was used as an internal
control for RT-PCR.
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Figure 3-15 Expression of Nestin in adult corneal limbus derived spheres.

(A) Nestin positive progenitor cells (green) were located at the periphery of the spheres.
The images on the left and right represent the two opposite surfaces of a sphere, while
the middle image is a cross-section. Nuclei were counterstained with Sytox Orange.
Scale bar: 50um (B, C) Expression of nestin was confirmed by RT-PCR. The time of
nestin appearance is concurrent with sphere formation. GAPDH was used as the house
keeping gene. (B-E) Sphere cells were redissociated and seeded on P-D-L and laminin
coated plates 24 hrs prior to anti-nestin immunostaining (green); nuclei were
counterstained with DAPI. Scale bar: 25 pm. (F) Quantification of nestin positive cells

vs. total cells.
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We analyzed the three-dimensional distribution of nestin in spheres derived from adult
mouse corneal limbus by immunocytochemistry. We found that nestin positive cells
were mainly distributed around the periphery of spheres. This is consistent with
neurospheres derived from neonatal rat and mouse forebrain [73]. However, the
number of cells expressing nestin was reduced compared to neurospheres derived
from the CNS. Approximately 32.57 + 2.15% of cells expressed nestin after monolayer
culture. This may be due to different cell origins or a portion of cells may have
differentiated. Moe et al. undertook a semi-quantitative immunohistochemical analysis
of adult human CB and SVZ spheres. Approximately 50% of cells within CB spheres
were found to be weakly positive for nestin, while SVZ staining was much more
apparently positive [181]. However, their results are not comparable to our own result
as quantitation was based on weak staining, and may have been somewhat subjective.
To determine the level of nestin expression, comparison with homogenous CNS
derived neurosphere using quantitative RT-PCR or Western Blotting would therefore be

more objective and reliable.

3.4.3 Expression of neural stem cells marker Sox2, Musashil

Sox2 (Sex determining region Y-box 2), is a transcription factor that is essential for
stem-cell maintenance in the CNS. It has been suggested as a universal neural stem cell
marker, from embryo to adulthood [104]. Musashil, a neural RNA-binding protein, is

found selectively expressed in neural stem/ progenitor cells derived from the CNS.

Immunolabeling using anti-Sox2 showed staining localized to both the nucleus and
cytoplasm in sphere derived cells (Figure 3-17). Different intracellular distribution of
Sox2 in adult stem cells has previously been reported. Cytoplasmic Sox2 staining has
been demonstrated in the trophectoderm of the mouse blastocyst and inner cell mass
[187] as well as in hESC colonies [188]. In addition, the location of the Sox2 protein in
adult ciliary margin-derived neurospheres has been reported in both the nucleus [189]
and cytoplasm [137]. The reason for this redistribution of nuclear proteins to the
cytoplasm remains uncertain. Observation of the Sox2 protein in the cytoplasm may
reflect the start of cell differentiation when intracellular nuclear and nucleolar proteins
are redistributed to the cytoplasm. Tu et al. reported that during the differentiation
process of hematopoietic stem cells, different nuclear proteins showed noticeable
redistribution to the cytoplasm [104]. Meanwhile, the use of different commercial
antibodies may also lead to different intracellular distribution, especially in adult stem
cells [190]. Zuk et al. tested commercial antibodies from different manufacturers, and

found that the pluripotent nuclear markers OCT4, Sox2, and Nanog presented
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distinctly different intracellular expression patterns when different commercial

antibodies were used [191].

The expression of Sox2 was detected at both the RNA and protein level from limbal
spheres as demonstrated in Figure 3-16. Sox2 was consistently expressed after
spheres were generated and passaged for over 20 days (the maximal investigated time)
as shown by RT-PCR. The expression of musashil was concomitant with Sox2 as shown

on RT-PCR, suggesting neural potential was obtained following sphere formation.
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Nuclei Merged

Musashil

Figure 3-16 Expression of neural stem cells markers in adult mouse LNS cells.

Sphere cells were re-dissociated and seeded on P-D-L and laminin coated plates 24 hrs
prior to anti-Sox2 immunostaining. The fluorescent image (upper panel) and confocal
images (lower panel) again demonstrate localisation of the Sox2 protein in both the
nucleus and cytoplasm of the derived mouse LNS cells Scale bar- 25 ym (A). Sox2 and
Musashil were detected from spheres by RT-PCR. Samples represent spheres cultured
in vitro at different time point (DIV 10-20 days) Sox2 was stably expressed from DIV 10
to DIV 20 (maximal investigated time). Housekeeping gene, GAPDH was used as an
internal control (B).
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3.4.4 Expression of early differentiation neuron marker beta Ill tubulin

Beta-lll tubulin is an early commitment marker of neuronal lineage specificiation in the
primitive neuroepithelium. It is regarded as a neuron-specific marker. The antibody
Tuj1 used is only reactive with neuron-specific beta-lll tubulin but not with other beta
tubulin isotypes in glial cells. Approximately 31.10 £ 3.41% of corneal limbal sphere
cells were positive for Tuj1 (Figure 3-17 A-C). The expression of beta-lll tubulin has
also been confirmed with RT-PCR using specific primers (Figure 3-17 D-E). In addition,
the time at which beta-lll tubulin was initially detected is in line with the time at which
primary spheres form (5 DIV). The expression level remained stable in secondary and

tertiary spheres up to 20 DIV (the maximal investigation time).

3.4.5 Lack of expression of epithelial lineage markers

To identify the origin of the sphere cells derived from the corneal limbus, two
epithelium markers P63 and Cytokeratin 12 (K12) were used for immunocytochemistry
and RT-PCR (Figure 3-18). The former is an epithelial stem cell marker which plays an
essential role in the initiation of epithelial stratification and maturation as well as
maintenance of the proliferative potential of basal keratinocytes [191]. K12 is specific
for corneal keratin, composed of an intermediate filament cytoskeleton, and is seen in

mature and late TAC corneal epithelial cells [22,192].

Freshly dissociated corneal limbal cells expressed high levels of K12 and P63. However,
K12 expression decreased during primary sphere formation and disappeared upon
secondary sphere formation. P63 was not detectable, by RT-PCR, after three days in
sphere forming culture. Immunocytochemistry also confirmed this lack of corneal
epithelial stem cells in the generated spheres. Together, these results suggested that
the serum free culture system, in the presence of EGF and FGF2, did not promote
proliferation or maintenance of mature or undifferentiated corneal epithelial lineage

cells.
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Figure 3-17 Expression of beta-lll tubulin in adult corneal limbus derived spheres.
(A-B) Sphere cells were subjected to monolayer culture for 24 hrs prior to anti beta-lll
tubulin immunostaining. Beta-lll tubulin (green, arrow) was detected in sphere cells.
Nuclei were counterstained with DAPI. Arrowhead indicates negative cells. Scale bar: 25
um. (C) Quantification of beta-lll tubulin positive cells vs. total cells. (D-E) Expression
of beta-lll tubulin was confirmed by RT-PCR. The numbers represent days in culture.
The time of beta-lll tubulin appearance is concordant with sphere formation (5 DIV),

with stable expression up to 20 DIV (the maximal time investigated).
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Figure 3-18 Expression of epithelial lineage markers during sphere forming culture.

(A) Immunocytochemistry analysis was negative for P63 in sphere cells (13 DIV).
Representative images of P63 staining are shown on the left (green). Cell nuclei were
counter stained with DAPI on the right (blue). Adult mouse limbal-corneal tissue was
used as a positive control. White arrows indicate P63 positive cells in the basal layer of
corneal epithelium (green). Non-specific staining was present throughout the stromal
layer (*). Negative controls were performed by omission of the primary antibody. Scale
bar: 26 pm. (B) RT-PCR showed epithelial lineage markers P63 and K12 were highly
expressed in freshly isolated corneal limbal cells (day 0); expression significantly
decreased or was absent following sphere formation. Numbers represent number of

days in culture. Primary spheres were passaged at 7 DIV.
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3.4.6 Clonal growth corneal limbal cells are neural crest derived stem/ progenitor
cells

Twist gene homolog 1 (Twist) belongs to bHLH factors, and it has been shown to play
an essential role in developmental of diverse systems including neural crest cell
migration and differentiation [22]. SRY-box containing gene 9 (Sox9), is expressed in
the prospective neural crest and functions as a regulator for neural crest development
[193].We found that neural crest markers Twist, Sox9 and Snail were strongly
expressed or detectable in adult corneal limbus derived spheres. Other stem cell
markers, especially mesenchymal lineage stem cell markers such as Vimentin (Vim),
CD34 antigen (CD34) and lymphocyte antigen 6 complex locus A (Scal) and Prominin 1
(CD133) were also highly expressed in sphere cells (Figure 3-19). Only a very low level
of Snail was detected in spheres derived from adult mouse corneal limbus (Figure
3-19A), although higher levels of Snail have been reported using juvenile mice
[194,195]. We summarize that limbal spheres are likely to be derived from neural
crest mesenchymal stem/progenitor cells, and not from cells of an epithelial lineage.

Thus is possibly that the sphere are actually derived from the corneal stroma.

Sosnova et al. reported that CD34 positive corneal stromal cells are bone marrow-
derived, by showing that in intact corneal stromal tissue, the majority of CD45 cells co-
expressed CD34, while no CD34 positive/CD45 negative cells were detected [148].
CDA45, a hematopoietic cell marker protein tyrosine phosphatase receptor type C, was
not however detected in freshly dissociated or cultured corneal limbal cells as shown in
Figure 3-19A. The lack of CD45 expression is suggestive that sphere cells are non-
hematopoietic cells, but were derived from limbal neural crest mesenchymal tissue,
which is consistent with the finding of Yoshida et al. [196].
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Figure 3-19 Neural-crest and mesenchymal markers were detected in limbal sphere
cells. (A) RT-PCR shows expression of neural crest and mesenchymal markers on adult
mouse limbal cells in sphere forming culture condition. Scal and Vimentin were
consistently expressed in all samples. Numbers represent number of days in culture.
Limbal spheres were passaged every 7 DIV. (B) Stable expression of Twist1 in
secondary and tertiary LNS (DIV 9-20). (C) Liver and spleen tissue were used as positive

controls for CD45 specific primers. Internal control: GADPH.
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3.4.7 Effect of Noggin on gene expression of LNS cells

Noggin is a BMP4 inhibitor. It has been reported to assist acquisition of neural
progenitor properties by limbal epithelial cells in neurosphere culture assays [90].
Therefore | assessed the effect of Noggin on gene expression during LNS generation.
Limbal cells were cultured in optimal neurosphere culture medium (DMEM: F12
GlutaMAX™ 2% B27-, 20ng/ml EGF and 20ng/ml FGF2) in the presence or absence of
100ng/ml Noggin [6]. As demonstrated by RT-PCR in Figure 3-20, the samples
cultured in the presence or absence of Noggin had similar levels of transcript
expression on epithelial or neural lineage markers. They also acquired neural potential
at the same timepoint. In addition, neural crest markers remained abundant following

LNS generation.
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Figure 3-20 Effect of Noggin on gene expression during LNS generation.
Freshly isolated limbal cells were cultured in DMEM: F12 GlutaMAX™, 2% B27-, 20ng/ml
EGF and 20ng/ml FGF2 in presence or absence of 100ng/ml Noggin. Cells were collected
at day 0, 3, 5 and 10 during sphere culture. RT-PCR was conducted using gene specific
primers. Day O: Freshly isolated limbal cells. Day 1-3: No spheres detected; Day 5:
Primary spheres detected; Day 10: Secondary spheres. PCRs show similar expression
levels of neural crest markers (A), neural lineage markers (B), epithelial markers (P63,
K12), and stem cell markers ABCG2 and Vimentin (C) on limbal cells during NS culture.

GAPDH was used as internal control.
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3.4.8 Lack of expression of retinal markers on limbal cells

To exclude the possibly of contamination from retinal or RPE cells, ranges of retinal
progenitor cell markers (Pax6, Chx10, NeuroD, Crx), photoreceptor cell markers
(Rhodopsin, Rhodopsin Kinase, Opsin, Recoverin) and RPE cell markers (CRALBP,
bestrophin and RPE65) were investigated on fresh isolated limbal cells (div0) using RT-
PCR (Figure 3-21). Freshly isolated limbal cells did not express any of these markers,
except for Pax6, the eye develop master gene. The results suggest the generation of
LNS is not due to contamination from either retinal cells or RPE cells during dissection.
Pax6 has an essential role in the development of the retina as well as anterior of the
eye [6]. It expressed on corneal epithelial stem/progenitor cells throughout the life
[17,197]. Therefore, the observation of Pax6 is most likely due to cells from

corneal/limbal epithelial cells.

During NS culture, LNS did not express retinal lineage markers such as Chx10 or Pax6.
This also excludes the possibility of contamination from CB derived stem-like cells,
where certain retinal progenitor cells markers were expressed using neurosphere
culture [147,198]. Pax6 expression disappeared after 3 days in serum free
neurosphere culture. This is concurrent with expression of P63, the epithelial stem
markers, during the LNS culture (Figure 3-18). This is possibly due to the selective
growth of neural crest limbal cells; whilst epithelial lineage cells were gradually

eliminated.
Together, these results suggest generation of neurospheres from adult mouse limbus

is not due to contamination of retinal, RPE or CB tissues. Retinal/RPE specific marker

was absent throughout LNS generation.
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Figure 3-21 Lack of retinal markers on limbal cells
Freshly isolated limbal cells were cultured in DMEM: F12 GlutaMAX™, 2% B27-, 20ng/ml
EGF and 20ng/ml FGF2. Cells were collected at day 0, 3, 5 and 10 during sphere

culture. RT-PCR was conducted using gene specific primers. Day 0: Freshly isolated

limbal cells. Day 1-3: No spheres detected; Day 5: Primary spheres detected; Day 10:

Secondary spheres. PCR shows the absence of retinal progenitor cell, photoreceptor

cell and RPE cell markers on freshly isolated limbal cells and NS cells. Pax6 was

detected in freshly isolated limbal cells, was undetectable during LNS generation.

GAPDH was used as internal control (A). Primers were validated using pooled cDNA
from mouse retinal and RPE cells (B). Abbreviations: Rhod: Rhodopsin; Rhod KNS:

Rhodopsin Kinase; BEST, Bestrophin.
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3.5 Differentiation of LNS cells along neural lineage

We performed preliminary differentiation experiments by withdrawal of mitogens from
tissue culture medium, followed by supplementation with 1uM retinoic acid and 1-2%
FBS in differentiation medium. Limbal spheres were re-dissociated and plated on to
P-D-L and laminin coated plates. After 2-5 days, approximately 45% and 30% of total
cells were immunopositive for Neurofilament 200 (NF) and Glial Fibrillary Acidic Protein
(GFAP) respectively (Figure 3-22). However, we did notice that cells did not present
typical neural morphology; this may be indicative that cells have not reached a fully

mature neuronal or glial phenotype.

Figure 3-22 Differentiation along neuronal and glial lineages

EGF and FGF2 were withdrawn, and culture medium was supplemented with 1uM
retinoic acid for 2-5 days, cells from limbal sphere expressed neurofilament 200 (A)
and GFAP (B). Immunostained cells showed red staining in cytoplasm (arrowheads)
Nuclei were counterstained with DAPI (Blue). Arrows indicate immunonegative cells.

Scale bar 25pm
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3.6 Discussion

3.6.1 Overview

Cell therapy or transplantation is a very attractive treatment approach for degenerative
diseases. However, it has proven difficult to identify practical sources of cells to
generate sufficient functional tissue specific cells. Adult stem/progenitor cells isolated
from surgically accessible tissues are an attractive source of autologous cells for
transplantation purposes. This would not only avoid host-graft immune responses but
also eliminate ethical issues and health risks associated with using certain cell sources
such as ESCs [199].

The research detailed in this chapter characterises cells derived from adult mouse
corneal limbus in respect of their self-renewal capacity, neural potential and origin.
Limbal progenitor cells have characteristics which are reminiscent of NSC in a number
of respects, indicating that limbal cells may have the potential to be a candidate

resource for cell therapy.

3.6.2 Corneal limbal stem/progenitor cells display self-renewal and proliferative

capability

Using serum free medium supplemented with mitogens, a system which is widely used
for NSC derivation, we first investigated whether neurospheres could be generated
from adult mouse corneal limbal cells. We found that a subpopulation of cells
displayed clonogenic growth and formed neurosphere-like three dimensional
structures. The culture system did not support mature cell growth, with approximately
5% of the initially isolated cells remaining after three days in culture. From a typical
(1x3 mm) limbus from one mouse eye, approximately 300 primary neurospheres were
generated (diameter >50um) after 7 days in vitro. Spheres could be passaged, with the
ability to give rise to further generations of spheres. Sphere cells expressed
proliferating cell nuclear antigen indicative of active proliferation and were highly
propagated. Following one month, in this sphere forming culture assay, around

4.5 x10° progenitor cells could be harvested. We demonstrated that a very limited
amount of limbal tissue could provide sufficient progenitor cells for further
manipulation and/or transdifferentiation. This is advantageous for cell replacement
purposes, where sufficient cells are required for integration, connection and

restoration of function.
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We then investigated whether the spheres formed in this assay system were derived
from single cells by clonal growth, using a serial dilution assay. An extremely low
initial seeding density (5-10 cells/well) was used to completely eliminate the possibility
of cell aggregation. Secondary spheres were generated at low densities, indicating the

presence of stem/progenitor cells in limbal spheres which are capable of self-renewal.

3.6.3 Limbal spheres have a similar ultrastructure to neurospheres, but may be
generated through a different signaling pathway

Studies have characterised the ultrastructure of three dimensional neurospheres from
the CNS [200] or neurosphere-like structures from the CB of the eye [104,172]. To
date, no work has been published describing the ultrastructure of limbal spheres. We
found that limbal spheres were not merely cell aggregates, but rather organised three
dimensional structures with defined intracellular junctions. Similar to neurospheres
from SVZ [104] gap junctions, which mediate chemical/ electrical communication and
signalling between coupled cells, were demonstrable. Typical epithelial junctions, such
as desmosome-like and tight junction-like connections which are found in CB spheres
[104,172], were absent in limbal spheres. Consistent with the potent proliferative

capacity of these limbal spheres mitosis was apparent in sphere cells.

Previous studies have demonstrated that neurospheres from the CNS exhibit
responsiveness to both EGF and FGF2 in terms of the number of neurospheres
generated and also proliferation rate [104]. The sphere forming assay used in this
study showed that limbal spheres were also FGF2 dependant, while the presence of
EGF alone failed to generate any spheres. This is consistent with non-neural sources of
neurospheres for instance from dental pulp [172]. The difference in responsiveness to
mitogens, EGF between limbal cells and NSC may imply different signalling pathways in

their cell growth and proliferation.

Ciccolini et al identified neural precursors responding to both EGF and FGF-2 from
mouse embryonic day 14 (E14) striatum [201]. By assessing phosphorylation of the
cAMP response element-binding protein, the cells were found to initially respond to
FGF-2 only, and acquire EGF responsiveness later during in vitro development,
suggestive FGF2 promotes the acquisition of EGF responsiveness. In this study,
although use of EGF alone in the culture system did not appear to generate corneal
limbal neurosphere-like clusters, the combination of EGF and FGF2 demonstrated a

synergetic effect and significantly increase the number of spheres in all of the
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experiments carried out. The synergetic effect appears to be initiated and promoted by
FGF2 too.

To summarize, limbal spheres display ultrastructural similarities with neurospheres of
the CNS. They are not responsive to mitogens EGF alone, suggestinge they may be
regulated through different signaling pathways.
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3.6.4 Origin of corneal limbus derived progenitor cells

IPE cells have previously been reported to be capable of forming small spheres in NS
culture assay in the presence of EGF and FGF2 [171]. However, when we cultured
homogenous mouse IPE cells, following the same dissociation process used for corneal
limbal cells, no NS-like structures were formed. This conflicting result may be due to
the dissociation procedure used for corneal limbus tissue, which may not have been
suitable for IPE cells, leading to poor IPE cell viability following digestion. Homogenous
IPE cells presented as small flat and irregular clumps of heavily pigmented cells, which
had a very distinct morphology compared to the three dimensional spheres formed
from limbal tissue. Furthermore, reports have demonstrated that both CB and IPE
derived spheres remain pigmented following sphere formation, with apparent
melanosomes detected in both nestin positive and negative sphere cells [137]. In our
limbal derived spheres, TEM analyses demonstrated a lack of melanosomes. Therefore,
it can be concluded that limbal spheres were not derived from pigmented tissue of the
CB or IPE.

The adult mouse corneal limbus and peripheral cornea contain three different cell

types namely epithelium, keratocytes and endothelium. Using the same sphere culture
assay, Zhao et al. reported isolation of progenitor cells from adult rat limbal epithelium,
while others have derived progenitor cells from the stroma and endothelium of mice,
rats, rabbits and humans [137,172,202]. The corneal and limbal epithelium layer
develop from the epithelium of the ectoderm, while both the corneal stroma and
endothelium layers are mainly derived from neural-crest mesenchymal cells, which
originate from the neuroepithelium. We therefore investigated the origin of limbal

derived spheres using neural crest development and migration markers.

Neural crest markers twist1, Sox9 and Snail were found to be strongly expressed or
detectable in adult corneal limbus derived spheres. Concomitantly mesenchymal
lineage stem cell markers including Vimentin (Vim), CD34 antigen (CD34) and
lymphocyte antigen 6 complex locus A (Scal) were also highly expressed in sphere
cells. This is indicative that subpopulation of limbal derived progenitor cells originate

from neural-crest mesenchymal progenitor cells.

Corneal epithelium stem cells which constantly repopulate the corneal surface reside in
the basal limbal layer [29,30,33,90,134,148,203]. To determine whether there are a
mixed population of corneal epithelium stem cells in the limbal derived spheres, we
investigated the expression of epithelium lineage markers P63 and K12 [20]. The

former is a well-known epithelial stem cell marker and the latter is expressed in mature
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corneal epithelial cells and their late TACs. The expression of these two epithelial
markers decreased and eventually disappeared during limbal sphere formation.
Umemoto et al. demonstrate that the rodent corneal epithelial SP, represents corneal
epithelial stem cells which are quiescent and do not have proliferative capability in
vitro [192,198]. This is consistent with our findings that P63 expression was not
detectable after three days in culture. Limbal sphere cells are more likely to be derived
from stromal progenitor cells than from corneal epithelial stem cells because of the
following evidence: 1) the increase of neural crest markers coinciding with a decrease
in epithelial lineage markers; 2) selective growth features observed during sphere
culture, with over 90% of cells eliminated during the first three days culture; and 3) a
lack of typical epithelial junctions such as desmosomes or tight junctions within sphere
cells. The current study cannot eliminate the possibility of a subpopulation of
immature epithelial TAC which have transdifferentiated to neural crest progenitor cells.
Although this study provides a number of clues that LNS cells mostly likely originate
from neural crest derived limbal stroma cells, it does not provide direct evidence. A
transgenic animal model that tags neural-crest originated cells would be ideal for this
purpose. Yoshida et al. [34] cultured corneal neurospheres from transgenic mice
encoding PO-Cre/Floxed-EGFP as well as Wnt1-Cre/Floxed-EGFP. In these transgenic
mice, cells of a neural crest origin expressed GFP. The derived corneal neurospheres
were GFP positive, indicating their neural crest origin. The markers detected on LNS in

this study are consistent with Yoshida’s cells of a neural crest origin.

Despite following the same culture system and dissociation methods, our results differ
from the findings of Zhao et al., which considered that spheres with neural potential
from the rat limbus were of an epithelial origin [90]. Although the author suggested
that these cells were not derived from the limbal stroma, the possibility of neural crest
derived stromal cells cannot be completely eliminated for a number of reasons. Firstly,
there was no investigation of any neural crest markers in the sphere cells. Secondly,
the author demonstrated that the decrease of P63 expression during primary
neurosphere culture was concurrent with an increase of neural stem cell markers such
as Nestin and Musashi 1. This may not be the primary reason that “epithelium cells
acquired neural properties” since the NSA is a selective growth system. It may actually
be that the culture system does not support, and actually leads to the gradual
elimination of P63 positive cells; meanwhile allowing other types of progenitor cells
with intrinsic neural potential to proliferate. Thirdly, a-enolase, a multifunctional
metabolic enzyme that has been suggested as a corneal epithelium stem cell marker
[6,158], should not be considered as an epithelium-specific marker as it is widely
expressed on cells of a mesenchymal origin including hematopoietic, epithelial and

endothelial cells [22] and also limbal stromal mesenchymal cells [204]. Therefore, the
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co-localization of nestin with a-enolase in limbal derived sphere cells [31] does not
necessarily lead to epithelium cells acquiring neural properties. In our limbal derived
spheres, we observed a decrease of P63 which coincided with an increase of neural
stem cell and neural crest markers; this may indicate the selective growth of progenitor
cells originating from the neural crest. Sphere generation was not affected by the BMP4

inhibitor noggin, which suggests that cells possibly possessed intrinsic neural potential.

Bone marrow derived stem cells have been shown to possess extensive differentiation
capacity and to be distributed throughout the whole cornea [158]. By transplantation of
BM stem/progenitor cells from enhanced GFP (eGFP) transgenic mice into irradiated
wild type mice, Nakamura et al. observed distribution of GFP cells throughout the
cornea, with a concentration in the peripheral corneal and limbal stroma. Most of the
GFP positive cells in the recipient’s cornea expressed CD45, a protein tyrosine
phosphatase (PTP), specifically expressed in hematopoietic cells [89,205]. Following
this idea, we investigated if CD45 was expressed in our limbal derived spheres. A lack
of CD45 expression in our limbal sphere cells indicated that our cells were not derived
from bone marrow, but were locally sited stem/progenitor cells. This finding is
consistent with previous in vitro studies on cultured stem/ progenitor cells from

corneal stroma using the same culture system [205].

In summary, our study demonstrates that the stem/progenitor cells derived from adult
mouse corneal limbus are neural crest derived mesenchymal cells, possibly from the
limbal and peripheral corneal stroma. Precise dissection of corneal limbal stromal
tissue will be helpful to determine cell origin, and this can only be achieved using eyes

from larger animal models or human donor eyes.

3.6.5 Neural potential of adult mouse corneal stem/ progenitor cells

The stem/progenitor cells derived from adult mouse corneal limbus via sphere forming
assay expressed neural stem cells markers including Sox2, Nestin, Musashil and
CD133 as well as the early differentiated neural marker beta Il tubulin. Following 48
hrs in differentiation conditions in the presence of a low percentage of serum and
retinoic acid, low levels of neurofilament 200 and GFAP were detected in limbal cells,
indicating the potential for differentiation along both neuronal and glial lineages. This
is consistent with other studies of corneal stem/progenitor cells of a neural crest origin
[90,1438].
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Neural potential has been demonstrated from corneal stroma derived progenitor cells
from mice, rats, rabbits and humans [30,90], suggesting this characteristic is not
restricted to species. Other studies also point to the multipotentiality of corneal
stromal stem/progenitor cells [29,30,33,90,134,148,203]. Besides neural potential
these cells are capable of differentiation into glial cells, adipocytes and/or
chondrocytes. Although non-neural lineage potential is not the purpose of this study,
further investigation would fully characterize the potential of limbal derived

stem/progenitor cells.

3.6.6 Characteristics of progenitor cells from adult mouse corneal limbus

In conclusion, we summarize the characteristics of our limbal stem/progenitor cells
derived by a NS assay in Table 3-1. The stem/progenitor cells derived from the corneal
limbus have unique characteristics. Both neural stem cell and mesenchymal stem cell
markers are present, but not retinal lineage markers. Neurosphere cells from adult CNS
have been found to be committed to a neural fate and failed to differentiation along a
retinal specific lineage [30,90,148]. We are optimistic that neural crest mesenchymal
derived stem/progenitors possess more plasticity. Cells of the limbus are easily
accessible from the surface of the eye, and have the ability to give rise to a significant
number of progenitor cells in defined culture conditions. Limbal cells may therefore
become a valuable source for autologous cell transplantation for degenerative retinal

diseases.
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Table 3-1 Characteristics of mouse limbal stem/progenitor cells compared with

Neurospheres from CNS and neonatal retina

Marker Limbal Neurospheres Neonatal retina
spheres (containing retinal progenitor
cells)
Stem cell
markers
ABCG2 +2 +P +°
Neural stem

cell markers

Nestin + 2 +° +b
Musashi +3 +b i
Sox2 +° +b +b
beta-lll tubulin | +° +° +b
CD133 +° + b 42
Neural crest/

Mesenchymal

markers

CD34 +2 _b +e
CD45 -2 b .a
Twist] + 2

Scal +2 +2
Snaill +° -a
Sox9 +? g
Vimentin +2 +5 +2
Eye field

markers

Pax6 +/-° R
P63 -2

Cytokeratin 12 | -® b

Rx -2 + b
Crx -2 4 ab
Nrl -2 +b
Rhodopsin -2 4 ab
Recoverin -2 +ab

+ Positive, - Negative, Blank- yet to be tested;
2 Chapter 3, Fig. 13-21;
®[86,206-208]
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4 Chapter Four - Transdifferentiation of LNS

cells towards Retinal-like Cells

4.1 Introduction

The limbus is readily accessible tissue. In Chapter 3, | demonstrated that LNS cells
derived from the adult mouse limbus exhibit clonal growth and have neural potential.
Previous studies also suggest that neural crest derived corneal stromal stem cells are
multipotential and are capable of differentiation into neural cells, adipocytes and
chondrocytes [179,209-211].

However, there is little known about whether neural crest derived LNS have the
potential for differentiation into retinal specific neural cells. The determination of
retinal cell fate, in particular towards photoreceptors, requires a comprehensive
combination of intrinsic expression of transcription factors and extrinsic
environmental factor-related signalling mechanisms [30,90]. Although adult stem cells
have demonstrated plasticity and capacity for differentiation into cell types other than
that of their origin [73,79,212-214], it is much more difficult for non-retinal lineage

cells to transdifferentiate towards retinal specific phenotypes [89,91,105].

Photoreceptor-like cells can be induced from iris epithelium [89,91,105], CB stem-like
cells [13,86,88,215], RPE cells [86,216], and Miiller glial cells [168,217], which have
the same origin as photoreceptor cells during early embryonic development. Over
expression of a single or combination of several retinal development transcription
factors is likely to drive these cells towards photoreceptor-like cells. However, the
limbus and peripheral cornea has less common pathway with neural retinal cells than
the above mentioned cell types. LNS cells originate from a transient layer called the
“neural crest”, while the retina develops from the neural ectoderm during early
embryonic development (Figure 4-1). We noticed that retinal progenitor markers such
as Chx10, and photoreceptor-specific transcription factor Crx were absent during
neurosphere culture. In addition, the expression of the eye field master gene Pax6
gradually decreased during limbal cell culture in vitro, and was no longer detected
following generation of primary LNSs (Figure 3-21, Chapter 3). Jomary et al.
investigated the effect of exogenous Crx expression on human cornea-derived stem
cells. Despite detecting several photoreceptor-specific proteins, human cornea-derived

stem cells did not display light responsiveness when assessed with a cGMP enzyme-
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linked immunoassay [12]. As retinal fate determination requires activation of a
comprehensive combination of intrinsic transcription factors, the over expression of
single homeobox gene in LNS cells may not be sufficient to activate the relevant

transcription network to drive them towards retinal lineages.

Surface Ectoderm
Neural Crest : - Lids forming

Neural Ectoderm

Mesoderm
Future corneal
endothelium and
stroma
22 days after fertilization. 8 weeks after fertilization.

Figure 4-1 Human eye development.
These images illustrate the origin of the human eye. Corneal stroma and endothelium
develop from the neural crest (Green), while the neural retina originates from the

neural ectoderm (black). Adapted from Forrester et al. 2008 .

Extrinsic environmental factors have also been shown to have an influence in
promoting stem/progenitor cells differentiation into retinal cell phenotypes [8].
Watanabe and Raff (1990) demonstrated that uncommitted retinal progenitor cells (E15
retinal cells) can differentiate into rod photoreceptors when co-cultured with P1 retinal
cells in vitro [6,159,161]. On the contrary, the generation of rod photoreceptors by P1
retinal cells was partially inhibited by co-culture with other type of cells or
uncommitted retinal cells. This phenomenon indicates that P1 retinal cells produce
signals that promote rod cell determination, differentiation and/or survival. By use of a
co-culture assay, highly undifferentiated ESCs [160] or stem/ progenitor cells from
non-retinal sources [110,161] expressed retinal and/ or photoreceptor specific
markers in vitro. Although these short distance diffusible signals and their related
signalling pathway(s) are unclear [159,161,218], co-culture with developing retinal
cells has been used to investigate the potential of other cell types to commit to a
retinal lineage [159]. In a study of rodent limbal neurosphere cells, photoreceptor
markers including opsin and rhodopsin kinase were observed following co-culture with

P1 retinal cells [6,159,161,215,218]. The activation of retinal transcription factors
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including Nrl, Crx and other mature photoreceptor markers were detected. Therefore,
to investigate the potential of neural-crest originated LNS cells for transdifferentiation

into retinal lineage, co-culture with developing retinal cells is possibly more efficient.

The aim of this study was to assess the transdifferentiation potential of LNS cells, when
exposed to a photoreceptor differentiation promoting environment. An in vitro co-
culture system was applied to allow neurotrophic factors released by neonatal retinal
cells to direct the differentiation of LNS cells, omitting the possibility of cell
contamination. The LNS cell morphology and ultrastructural features were monitored
upon differentiation; the expression of retinal lineage specific markers was

investigated at both a protein and transcript level.
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4.2 Methods

4.2.1 Neonatal retinal cell dissociation and culture

Whole retinas were dissected from PN day 1-3 mice. Eyes were enucleated immediately
following sacrifice by cervical dislocation. Following puncture of the sclera at the ora
serrata with a 30G needle (BD Plastipak), the eyes were cut in half along the equator
with microsurgical scissors. The retina detached from the posterior eye cup
spontaneously. Following blunt separation from the optic nerve, retinas were collected
into DMEM: F12 medium.

Enzymatic digestion, using a commercially available papain dissociation kit
(Worthington-Biochemical, Berkshire, UK), was used for retinal cell dissociation as per
manufactures’ instructions. In brief, minced retinal tissue was incubated with a mixture
of papain (20 units/ml) and DNase (0.005%) for approximately 40 min at 37°C. After
gentle trituration, an equal volume of papain inhibitor containing 10% ovomucoid and
0.005% DNase in Earle’s balanced saline solution was added. Cell suspensions were
then filtered using 100um cell strainers (BD Falcon) to eliminate large cell clumps.
Following centrifugation at 150G for 5 min, cell pellets were resuspended and gently
triturated in inhibitor solution. After a second centrifugation at 150G for 5 min, cell

pellets were resuspended in neural differentiation medium.

4.2.2 Indirect co-culture assay

To promote neurosphere cell differentiation towards photoreceptors, sphere cells
derived from adult corneal limbus were plated onto Poly-D-Lysine (P-D-L) (Sigma-Aldrich)
and laminin (Sigma-Aldrich) coated wells and co-cultured with dissociated P1-3 mouse
retinal cells using Millicel CM inserts (pore size 0.4 um; Millipore) for 1-2 weeks, as
illustrated in Figure 4-2A. Differentiation medium contained Neurobasal A media
(Invitrogen), 2% B27, 0.5mM L-Glutamine (Sigma-Aldrich), 0.5-1% FBS (Sigma-Aldrich),
1uM retinoic acid (RA, Sigma-Aldrich) and 1ng/ml brain-derived neurotrophic factor

(BDNF, R&D system). Half of the medium was changed every other day.

LNS grew as a monolayer when exposed to differentiation conditions. Cell morphology
was investigated using phase contrast microscopy. The expression of retinal specific
genes was conducted using RT-PCR and/or immunocytochemistry. In order to study
ultrastructural changes following induction, LNSs were grown on Millicel CM insert

membranes, with P1-3 mouse retinal cells (Figure 4-2B).
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Figure 4-2 Co-culture System for Retinal Lineage Differentiation
Millicel CM inserts (pore size 0.4 uym) were used in this co-culture system. The
permeable membrane allows neurotrophic factors to diffuse through, while avoiding
cell contamination. (A) Shows the co-culture system and the following cell
characterisation experiments. (B) Shows modified co-culture system for investigating

ultrastructure of induced LNS cells.

4.2.3 Reverse transcription polymerase chain reaction

RNA extraction, cDNA synthesis and polymerase chain reaction were conducted as
described in Chapter 2, Section 2.4. Total RNA was isolated and cDNA synthesis was
performed following manufactures’ protocols using RNeasy Plus (Qiagen, West Sussex,
UK) and High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). cDNA was
amplified using gene specific primers (Table 4-1). Cycles used were (denaturing for 30
sec at 94°C; annealing for 30 sec at 60°C, extension for 30 sec at 72°C for 35 cycles,
unless stated otherwise). Electrophoresis was performed on a 1.5% agarose gel. The
gels were stained with Ethidium Bromide (Sigma-Aldrich) and viewed under a UV
illuminator (UVP High Performance, Cambridge, UK). Photos were captured on a CCD

camera, using Doc-It®LS Image software (UVP High Performance, Cambridge, UK).
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Melting curve analyse were conducted on Rotogene 6000 real time thermo-analyser
(Qiagen, West Sussex, UK) following real time PCR using SYBR green and commercially
designed rhodopsin primers. PCR reactions consisted of 5ul of cDNA (at approximately
50ng/ul), 1ul of reconstituted primer mix (PrimerDesign, Southampton, UK), 10ul of 2
X precision mastermix with SYBRgreen (PrimerDesign, Southampton, UK) and 4ul of
PCR-grade water. The Rotorgene run setting were according to the standard protocol
suggested for custom gqPCR assay by PrimerDesign: enzyme activation for 10 min at 95
°C, followed by 45 cycles of 15 seconds denaturation at 95°C, 60 seconds annealing
and extension at 60 °C. A Melt was performed with ramping from 60-95 °C with
fluorescence data collection at 0.5 increments. All samples were run in duplicate.
Negative control omitted transcriptase in reverse transcription reaction. cDNA from

retinal tissue was used as a positive control.
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Table 4-1 Primer sequences used for phenotypic analysis and expected product sizes

in co-culture study.

Primers Name Sequence Amplicon Size (bp)?
Bestrophin_F CTACAAGCGCTTTCCCACTC 165
Bestrophin_R CGGATTCGACCTCCAAGATA
Crx_F* ATCCAGGAGAGTCCCCATTT 506
Crx_R* GGCAGAGATGGGCTGTAAGA
CRX_F CCCATACTCAAGTGCCCCTA 122
CRX_R CCTCACGTGCATACACATCC
Lhx2_F* GCCATGCTGTTCCACAGTC 509
Lhx2_R* AAGTGCAAGCGGCAATAGAC
Pax6_F* CAGTTCTCAGAGCCCCGTAT 489, 456
Pax6_R* CTAGCCAGGTTGCGAAGAAC
RPEG5_F CGGACTTGGGTTGAATCACT 282
RPEG65_R AGTCCATGGAAGGTCACAGG
Rhodopsin_F TCACCACCACCCTCTACACA 216
Rhodopsin_R TGATCCAGGTGAAGACCACA
Rhodopsin kinase_F AGCCCGAGGAGAGAAGGTAG 285
Rhodopsin kinase_R CCCACGTCCTGAATGTTCTT
Six6_F* AAACCGCAGACAAAGAGACC 510
Six6_R* AATACCCGCAGGAGACTCAA
GAPDH_F GGGTGTGAACCACGAGAAAT 323
GAPDH_R ACACATTGGGGGTAGGAACA
B-Actin_F TGTTACCAACTGGGACGACA 392
B-Actin_R TCTCAGCTGTGGTGGTGAAG
Rhodopsin_Fb TCAGAAGGCAGAGAAGGAAGT 109

Rhodopsin_R"

CTGGTGGGTGAAGATGTAGAAG

2 Base Pairs; F: forward; R: reverse

® Primers were designed and manufactured by PrimerDesign LTD (Southampton, UK)

* Cycles for PCR: denaturing for 30 sec at 94°C; annealing for 30 sec at 60°C, extension
for 30 sec at 72°C for 1 cycle; then denaturing for 30 sec at 94°C, annealing for 30 sec

at 55°C, extension for 30 sec at 72°C for the following 34 cycles.

143



Xiaoli Chen Chapter Four

4.2.4 Immunocytochemistry

Immunocytochemistry was conducted as described in Chapter 2, Section 2.2. In brief,
cells were fixed with 4% PFA for 15-20 min at 4°C. Following permeabilization and
blocking with 0.1mM PBS supplemented with 0.1% Triton X-100 and 5% donkey block
serum for 0.5-1 hr at rt, cells were incubated with primary antibodies (See Table 4-2)
overnight at 4°C. Following gentle washing, specific IgG secondary antibodies,
conjugated to an Alexa Fluor 488 or Alexa Fluor 555 (Invitrogen) at a concentration of
1:500 in PBS, were incubated at rt for 1-2 hrs. Negative controls omitted the primary
antibody. Nuclei were counterstained with 10ng/ml DAPI. To quantify the percentage
of cells expressing a particular phenotypic marker, the number of positive cells was
determined relative to the total number of cells (DAPI labeled nuclei) [6]. A total of 500-

1000 cells were counted per marker.

Table 4-2 Primary antibodies for immunocytochemical analysis in co-culture study.

Antibody Specificity Company Conc.
Bestrophin RPE cells Abcam 1:100
beta-1ll tubulin Early differentiated neurons Covance 1:500
Neurofilament 200 Neurons Sigma Aldrich 1:500
Rhodopsin Photoreceptors Sigma Aldrich 1:250
RPE65 RPE cells Abcam 1:200
Syntaxin3 Synapse composition Abcam 1:500

4.2.5 Transmission Electron Microscopy (TEM)

To investigate the ultrastructure of induced LNS cells, LNSs were cultured on cell insert
membranes as shown in Figure 4-2B. P1-P3 mouse retinal cells were cultured
underneath the membranes to provide extrinsic factors. Cell inserts together with LNS
were fixed in 100 pl of primary fixative containing 0.1 M sodium cacodylate buffer, 3%
glutaraldehyde, 4% PFA and 0.1 M PIPES buffer, pH 7.4 for 15 min at rt. Further
processing was performed in the Biomedical Image Unit, University of Southampton. In
brief, following initial fixation the specimens were rinsed in 0.1M PIPES buffer,
postfixed in 1% buffered osmium tetroxide (1 hr), rinsed in PIPES buffer, block stained
in 2% aqueous uranyl acetate (20 min) followed by dehydration in a graded series of
ethanols up to 100% and embedded in TAAB resin (TAAB Laboratories, Aldermaston,
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UK). Gold sections were cut on a Leica OMU 3 ultramicrotome (Leica (UK) Ltd, Milton
Keynes, Bucks, UK), stained with Reynolds lead stain and imaged on a Hitachi H7000
transmission electron microscope with a SIS megaview Il digital camera (Hitachi High-
Technologies Corporation, Maidenhead, Berkshire, UK).
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4.3 Results

4.3.1 Cell morphology change following differentiation

Cell morphology was monitored using light microscopy following withdrawal of
mitogens and culture on P-D-L and laminin coated tissue culture plates with neural
differentiation media. After 24 hrs, spherical cell clusters started to attach to the
surface of tissue culture plates and began to grow as a monolayer. Peripheral cells
started to grow out from the cell cluster and displayed a neuron like phenotype with
dendritic processes. The cells at the centre of the differentiated LNS, were much darker
compared to the peripheral region. To fully assess the morphology of individual cells
in vitro, | dissociated the LNS into single cells and cultured them at a density of
100,000 cell/ml in 6-well tissue culture plates with neural differentiation media. The
cells displayed a variety of morphological features. Typical neuron-like cells with
dendritic and axonal processes were observed as shown in Figure 4-3A. In addition,

small pigment cell islands were also observed (Figure 4-3B).

EY -

Figure 4-3 Differentiation of LNS cells cultured in neural differentiation media
(A) LNS cells displayed neuronal morphology with neurite like processes following
culture in neural differentiation media for 7-10 days in vitro. (B) LNS derived cells

displayed pigment islands. Scale bar: 26 pm (A) 100 pym (B)

4.3.2 Ultrastructural changes following differentiation

Cell ultrastructure was investigated following co-culture for 7-10 days. A comparison
between the LNS cells before and after co-culture conditions was carried out using TEM.
Following co-culture, cellular junctions such as gap junction and immature adherence
junctions found in LNS, were not apparent (Figure 4-4C). These junctions provide
mechanical or electrical connection for the cells within neurospheres. On the contrary,

putative presynaptic dense bodies (Figure 4-4A, arrow), non-motile primary cilia (Figure
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4-4B) and immature melanosome-like structures (Figure 4-4D), were observed following
differentiation. These features indicate cell maturation or the beginnings of lineage
specification. We did not observe mature synaptic structures. The cilia noted in co-
cultured LNS were identified as sensory cilia, consisting of an axoneme of nine doublet
microtubules, with a lack of key central pair of microtubules that were involved in
ciliary motility [176]. Although these non-motile 9+0 primary cilia are not specific to
retinal lineage cells, the same subtype of cilia are present in photoreceptor and RPE
cells.

Figure 4-4 TEM images of differentiated limbal spheres

Putative presynaptic dense bodies were present (A, black arrow); Cell junctions were
not apparent (C); immature melanosome like structure (D) and 9+0 non motile cilia

were detected on induced limbal cells (B, white arrow). Scale bar: 200nm (A-D).
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4.3.3 Expression of retinal progenitor cell markers

As previously described [219] cultured PN1-3 murine retinal cells can release diffusible
rod promoting factors, which can promote stem cell differentiation or
transdifferentiation towards rod photoreceptors. Cell inserts with a semi-permeable
membrane were utilised to avoid cell contamination, while still allowing the passage of

diffusible factors.

We investigated the expression of retinal progenitor cell markers including Pax6
(Paired box gene 6), Lhx2 (LIM homeobox 2), Crx (cone and rod homeobox) and Six6
(SIX homeobox 6) on the induced LNS at the early stages of differentiation using RT-
PCR. Results represent two independent co-culture experiments. Pooled cDNA
extracted from neonatal and adult mice were used as positive control for mouse
progenitor markers. Co-cultured limbal cells omitting transcriptase during cDNA
synthesis was used as negative to exclude the possibility of non-specific amplification

or possibility of contamination.

As shown in Figure 4-5, low levels of Lhx2 was detected on approximately 60% of
samples after 2-4 days of co-culture, while expression of Pax6 and Six6 at transcript
level was observed on most of samples(n=4-5). No bands were detected with the
negative control. As shown in Chapter 3 (Figure 3-22), Pax6 was detected in freshly
isolated limbal cells or intact limbal tissue. During neurosphere culture, the expression
of Pax6 gradually decreased to an undetectable level. However during co-culture,
expression of Pax6 was strongly upregulated. This indicates that some endogenous
signals were upregulated in response to a retinal differentiation promoting

environment.

The expression of Crx at transcript level was assessed using Crx gene specific primers.
The size of predicted Crx amplicom was 506bp. As shown on Figure 3-22, bands were
detected on 2 out of 4 co-cultured LNS samples. However, their sizes were slightly
larger than 506bp. PCR was conducted on the same samples using a second pair of
intron spanning Crx primers (Crx 122). Transcript Crx was not detected on any of co-
cultured LNS samples using Crx122 primers. Therefore, Crx was still under detectable

following co-culture with developing retinal cells.
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Figure 4-5 Expression of retinal progenitor cell markers in LNS derived cells
Transcripts Pax6, Lhx2 and Six6 were detected by RT-PCR in LNS cells after short term
(2-4 days) co-culture with neonatal retinal cells (A & B). Two pairs of intron-spanning
Crx gene specific primers, were used to assess the expression of the photoreceptor
progenitor cell marker Crx. Numbers represent the predicted amplicon size. Bands
larger than 506bp were detected on LNS cells using Crx506 primers, while transcript
Crx was not detected using Crx122 primers. Unspecific amplification/primer dimers
were observed on both LNS cells and RT- on Crx122. Pooled neonatal and adult retinal
cDNA was used as a positive control for retina-specific gene expression. RT-omitted
reverse transcriptase. Results represent 4-5 independent experiments. B-actin was used

as cDNA quality control.

4.3.4 Detection of photoreceptor specific markers by RT-PCR
Following 7-10 days co-culture, Rhodopsin and Rhodopsin Kinase were both detected

in co-cultured LNS cells as shown by RT-PCR (Figure 4-6). Results represent six

independent co-culture experiments. Similar sized PCR products were detected in co-
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cultured LNS cells and retinal tissue using gene specific rhodopsin primers. Following
real-time PCR using SYBRgreen and a second pair of commercially designed rhodopsin
primers, a melting curve analysis was used to confirm the expression of rhodopsin at
transcript level. As shown in Figure 4-6B, amplicons from retinal cDNA and co-cultured
LNS cells showed the same DNA melting temperature. Hence, the expression of
rhodopsin was confirmed by two assays measuring both size and melting pattern.
Rhodopsin was detected consistently, while the level of rhodopsin kinase varied
between experiments. In approximately half of the experiments conducted, expression

of rhodopsin kinase was weak or under detectable.
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Figure 4-6 Expression of photoreceptor specific genes in derived LNS cells

RT-PCR was performed with gene specific primers. Retinal cDNA was used as a positive

control for photoreceptor specific genes. Negative controls (RT-) omitted reverse

transcriptase. (A) Electrophoresis was used to check the presence of DNA fragments on

1.5% agarose gels. Expression of rhodopsin was detected in co-cultured LNS cells and

retinal tissue. (B) A melting curve analysis (dissociation curve) was conducted following

real-time PCR using SYBR green and commercially designed rhodopsin primers.

Amplicons from retinal cDNA (black) and co-cultured LNS cells (pink) exhibited the

same melting temperature of 85.3 °C. -dF/dT: the rate of change of fluorescence vs.

temperature; deg: degree.
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In order to examine whether there is endogenous expression of Rhodopsin and
Rhodopsin Kinase in limbal cells at a transcript level, freshly isolated limbal cells and
primary RPE cells were investigated. The photoreceptor specific markers were absent in
freshly isolated limbal cells, but expressed after induction (Figure 4-7). Taken together,
these results suggest that expression of rhodopsin and rhodopsin kinase in induced

LNS cells was not due to contamination from retinal or RPE cell during dissecting.

Rhodopsin
KNS

Rhodopsin

B -actin

Figure 4-7 Absence of photoreceptor specific markers in freshly isolated limbal
cells. Rhodopsin and Rhodopsin kinase were absent in freshly isolated limbal
cells. Low levels of Rhodopsin were detected in primary RPE cells. RT-PCR was
performed with gene specific primers. Retinal cDNA was used as a positive
control for the photoreceptor specific genes. B-actin was used as cDNA quality

control.

4.3.5 Detection of photoreceptor, neural and synaptic markers by

immunocytochemistry.

Immunocytochemistry was conducted after 7-10 days, using co-cultured LNS cells and
LNS cells without co-culture. The rod photoreceptor specific marker Rhodopsin,
matured neuronal marker Neurofilament 200 and the major synaptic component

marker, Syntaxin3 were examined.
As shown in Figure 4-8 and Figure 4-9, 13.64 + 2.76 % of LNS cells were

immunopositive for rhodopsin following co-culture with P1-3 mouse retinal cells.

Rhodopsin positive cells had a dendritic morphology, with staining in both the cells
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body and cytoplasmic processes. Approximately 12.47 + 5.27 % of cells exhibited

strong immunoreactivity to Syntaxin3 (Figure 4-12).

In the control condition (without co-culture), few Rhodopsin positive cells were
detected (1.19 = 0.39 %). Statistical analysis showed significant difference between the

two groups in the presence and absence of co-culture (P <0.0001, unpaired t-test).

We also investigated the expression of the mature neuronal marker, neurofilament 200,
in both co-culture and non co-culture conditions. A larger number of LNS were
immunopositive for NF200 (31.40 + 2.71%), compared to the control condition
(10.44 £ 1.65%) (Figure 4-8 and Figure 4-9). The results suggest that there is a

statistically significant difference between the two groups (P <0.001, unpaired t-test).
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Figure 4-8 Immunocytochemistry of LNS cells in co-culture condition.

(A) Immunocytochemistry was conducted on LNS cells following 1 week of co-culture
with neonatal retinal cells. Cells were stained with antibodies directed against
Rhodopsin, Neurofilament 200 and Syntaxin3. Cell nuclei were counter stained in blue
with DAPI, Scale bar neurofilament: 26 pm; Rhodopsin & Syntaxin3: 13um. Arrow heads
indicate immunopositive cells, and arrows show immunonegative cells. (B) Mouse
retinal sections were used as positive controls for immunostaining with anti-rhodopsin,
NF200 and syntaxin3. As expected, rhodopsin labeled rod photoreceptors (green),
NF200 staining identified horizontal and ganglion cells (red), and Syntaxin showed
immunoreactivity with photoreceptor cells and bipolar cells (red) in the retina. Cell
nuclei were counter stained in blue with DAPI. ONL: outer nuclear layer, INL: inner

huclear layer, GL: ganglion layer, scale bar: 26um.
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Figure 4-9 The percentage of Rhodopsin and NF 200 positive cells from adult LNS cells
following 7-10 days differentiation in co-culture and control conditions.

Cells were cultured in differentiation media containing RA and BDNF, in the presence
or absence (control) of co-culture with P1-3 mouse retinal cells. The results are
expressed as mean + SEM (n>6), from at least three separate experiments. Significant

difference, *** P<0.001 by unpaired t-test.
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4.3.6 Expression RPE specific markers

In order to investigate whether the pigmented cells observed under differentiation
conditions were RPE-like cells, the expression of RPE specific markers including RPE
protein 65 (RPE65) and bestrophin were examined at both a transcript and protein level.
Firstly, the expression of both genes were undetectable in freshly isolated limbal cells
(Figure 4-10A, Lane one). This excludes the possibility of contamination from RPE cells
during dissection of mouse corneal limbus. Similar to the preceding findings (Figure
4-3), RPE65 and Bestrophin were present in co-cultured limbal cells at transcript levels
(Figure 4-10B). Weak bands of both genes also were observed on freshly dissected
retinal tissues. This is possibly due to contamination of RPE cells during dissection of

retinal tissues.

Immunocytochemistry was used to investigate expression of RPE specific markers at a
protein level. As shown in Figure 4-11, a subpopulation of LNS cells were
immunopositive for both RPE65 and Bestrophin under co-culture conditions. As
expected, RPE65 was observed in the cytoplasm, while Bestrophin staining was
localised in the cell membranes of LNS cells. Approximately 20% of cells expressed
PRE65 under co-culture condition and 7% in control condition (Figure 4-10). This was

statistically significant (P <0.05, unpaired t-test).
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Bestrophin

Figure 4-10 Expression of RPE specific markers at a transcript level
RT-PCR was performed with gene specific primers. Retinal cDNA and primary RPE
cells were used as positive controls. Negative controls (RT-) omitted reverse
transcriptase. RPE specific markers RPE65 and Bestrophin, were absent in freshly
isolated limbal cells. Low levels of Bestrophin were expressed in the retinal tissue.
This is due to contamination of retina with RPE cells during dissection; the strong

expression of RPE65 in the retina is in accordance with previous reports (15).
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Figure 4-11 Expression of RPE specific markers at a protein level
Immunocytochemistry was conducted on LNS cells following 1 week in co-culture with
neonatal retinal cells. (A) Cells were stained with antibodies directed against
Bestrophin and RPE65 (arrowheads). Cell nuclei were counter stained in blue with DAPI.
Arrows indicate the immunonegative cells in the same field. Scale bar RPE65: 13um,
Bestrophin: 26 um. (B) percentage of RPE65 positive cells and Bestrophin positive cells
in co-culture and control condition. Results are expressed as mean + SEM, from at least

three separate experiments. Significant difference * P <0.05, by unpaired t-test.
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4.3.7 Cell populations of LNS in co-culture with neonatal retinal cells

In vitro cultured P1-3 mouse retina provides a retinal/photoreceptor promoting
environment. Following culture in this environment, LNS expressed the neural
marker NF200 and GFAP (Figure 4-12), neural retinal markers Rhodopsin, PKC
(Figure 4-12) and Syntaxin3 and RPE specific markers RPE65 and Bestrophin.
Induced LNS cells were a mixed cell population, displaying a diverse range of
morphological features and expressing different cell markers. The percentage of

LNS expressing each marker was shown in Figure 4-12.

LNS cells co-cultured with P1-3

mouse retinal cells

Positive cells (%)

NF200 Rhod PKC Synt3 RPE65 GFAP

Figure 4-12 Cell populations observed from LNS co-cultured with neonatal retinal cells
(A) Immunocytochemistry was conducted on LNS cells following 1 week in co-culture
with neonatal retinal cells. Induced LNS cells were stained with antibodies directed
against PKC (Bipolar cell marker, arrowheads) and GFAP (glial cell marker, arrowheads).
Cell nuclei were counter stained in blue with DAPI. Scale bar: 13um. (B) The percentage
of cells expressing each marker is expressed as mean + SEM, from at least three
separate experiments. NF200, neurofilament 200; Rhod, Rhodopsin; PKC, protein
kinase C; Synt3, Syntaxin3; RPE65, RPE protein 65; GFAP, glial fibrillary acidic protein.
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4.4 Discussion

The results demonstrated above show the derived LNS cells have potential for

differentiation towards neural cells, including towards retinal-like cells.

A number of early retinal progenitor cell markers were detected during early
differentiation, indicating LNS cell transdifferentiation involves upstream regulators of
retinal formation genes. The LIM homeobox transcription factor Lhx2 and master
regulator of eye development Pax6 were present in LNS cells after short term co-
cultured with neonatal retinal cells. Both transcription factors have previously showed
to be synergistically cooperate to trans-activate downstream target genes to establish
and maintain a definitive retinal identity [159,160]. In mice, Six6 has been reported to
play an important role in the formation of the ventral optic stalk, as well as in the
specification and differentiation of the neural retina [220]. As expected, we also
detected Six6 at the same early differentiation stage. Crx plays a crucial role in
specifying the photoreceptor lineage. It acts as a trans-activator directly regulating the
expression of many photoreceptor genes [73]. However, the expression of Crx gene
was not confirmed in the early differentiation stage of LNS cells. Further experimental
investigations are needed to estimate whether LNS cells were regulated by an

alternative pathway, or an unknown Crx isoform.

LNS cells expressed mature retinal specific markers including Rhodopsin and
Rhodopsin Kinase following co-culture with neonatal retinal cells, with approximately
10% of cells immunopositive for rhodopsin. The expression of rhodopsin at the
transcript level has been validated by two assays measuring both size and melting
temperature of amplified cDNA from co-cultured LNS cells. Neurofilament and synaptic
components were also expressed, as would be expected in differentiated retinal cells.
Interestingly, these cells also formed small pigmented cell islands. RPE specific
markers including RPE65 and Bestrophin were detected at both a protein and transcript
level. This implies that both photoreceptor cells and RPE cells can be derived from the
same cell resource. Expression of photoreceptor and RPE specific markers at a
transcript level indicates endogenous expression of these photoreceptor and RPE

specific genes.

By comparing co-cultured LNS with the control population (non co-culture), we
observed an increase in the expression of rhodopsin, NF200 and RPE65 in response to
exposure to developing retina. This is in accordance with previous reports that
neonatal retinal cells can promote stem / progenitor cell differentiation towards retinal

lineage [221,222]. Co-cultured LNS represent a heterogeneous population in terms of
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morphological features and expression of markers including neural and RPE markers.
These observed differences are possibly due to heterogeneity of the NSA or a mixed
cell population of co-cultured retinal cell. Although a heterogeneous cell population
exist in adult limbus derived cells, the results suggest that a small population of co-

cultured cells were directed toward a matured neural or photoreceptor like state.

Other accessible autologous cell resources, such as bone marrow stromal cells, have
been considered as a treatment for degenerative retinal diseases. Tomita et al.
investigated the potential of BM stromal cells for retinal integration and differentiation
by co-culture with retinal explants from rhodopsin knockout mice [110,158-160]. Bone
marrow stromal cells failed to express rhodopsin in this environment. This may be

because bone marrow cells originate from the endoderm.

The data we demonstrate here highlights a promising new candidate progenitor cell
source for photoreceptor and RPE cell generation. The corneal limbus is one of the
most readily accessible regions in the human eye. The stromal layer from the
peripheral cornea and limbus is clear of the visual axis. It represents 90% of the
thickness of the front wall of the eye. Hence cells can be readily harvested from this
area without compromising ocular function. As intra-ocular surgery is not required to
obtain these cells, surgical complications such as endophthalmitis and intraocular
haemorrhage are avoided. In addition, LNS are adult cells and so the risk of tumour
formation following transplantation is significantly reduced. To date, adult corneal/
limbal stromal stem cells with neural potential have been successfully derived from the
following species: human [146], bovine [30] rabbit [33] and mouse [32]. This suggests
that the existence of limbal stromal stem/ progenitor cells is not species specific. The
data presented here expands the concept of the plasticity of neural crest derived
stromal progenitor cells. These results suggest further research is warranted to

enhance the transdifferentiation efficiency of these cells.
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5 Chapter Five - Investigation of LNS cell

functionality and integration in vitro

5.1 Introduction

Neurons are electrically excitable cells. They process and transmit information by
electrical and chemical signaling. As demonstrated in Chapter Four, a subpopulation of
LNS cells exhibited mature neural cell markers or retinal specific markers when
cultured in a retinal developing environment. The next important question is whether

these neural like cells possess functional properties.

In excitable cells, especially neurons, voltage-gated ions channels are critical for cell
functionality. They are transmembrane ion channels activated by changes in electrical
potential across the cell membrane. Activation causes a change in conformation of the
channel protein, allowing influx or efflux of specific ion. Hence, a rapid and co-
ordinated depolarization is triggered in response to a voltage change. The existence of
voltage-gated ions channels has been used previously to prove the functionality of
derived neuron or photoreceptor-like cells [90,148]. Methods used include single cell
electrophysiological recording [6,223,224] and an intracellular specific ion indicator
assay [223]. Functional cells displayed a non-linear relationship between voltage and
membrane current in electrophysiology recording [6,224], or a flux of intracellular ions

in response to the potential stimuli [223].

Photoreceptors are specialized types of neurons that respond to light and convert light
energy to an electrical pulse. When a photon of light arrives at the photoreceptors,
retinol undergoes a conformational change from the 11-cis form to an all-trans form,
subsequently forming activated transducin. The latter activates cGMP
phosphodiesterase which breaks down cGMP into 5'-GMP. This reduction of cGMP
allows cGMP-gated cation channels to be closed, preventing the influx of positive ions
(sodium), which hyperpolarize the cell membrane. This hyperpolarization causes
voltage-gated calcium channels to close, and calcium level in the photoreceptor cell
decrease [6,224]. As a result, the neurotransmitter glutamate which is released by
photoreceptors also drops, causing electrical potential change in bipolar cells.
Therefore, the change of intracellular calcium concentration upon light stimulation

reflects the response of the cell to light.
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To detect the change of intracellular calcium concentration, highly ion specific
fluorescent calcium indicator dyes have been developed since last century. They
greatly enhanced the efficiency and sensitivity to measure intracellular calcium in
various systems. However, when using fluorescent dyes to assess the light
responsiveness of photoreceptors, the light necessary to excite the fluorescent dye
also provides a strong stimulus to the cells themselves. Despite this potential
drawback in the measurement of light responsiveness, a light-induced reduction of
cytoplasmic free calcium was previously detected in a number of studies on developing
photoreceptors and photoreceptor-like cells [42]. These photoreceptor-like cells
include encephalic photoreceptors from chick brain and photoreceptor-like cells
derived from genetically modified RPE cells [168,175,224].

To achieve restoration of vision, derived photoreceptor-like cells need to be functional,
as well as capable of integrating into the retina to form appropriate connections with
inner retinal cells [168,175]. MacLaren et al. showed that post mitotic rod
photoreceptor precursor cells successfully integrated into the adult retina after
transplantation into the SRS [62]. The grafted cells were seen to be present in the outer
nuclear layer of host retinas, exhibiting photoreceptor like morphology, appropriate
orientation, and synaptic connections with inner retinal neurons. Sensitivity to low light
stimuli, was enhanced in the host mice when compared with sham-injected controls
[62]. Other studies, using photoreceptor-like cells, also investigated their capacity to
integrate within host retina. Zhao et al. transplanted limbal epithelium derived cells
into the vitreous cavity of PN day 7 wildtype rat eyes [62]. A very small population of
grafted cells expressed the photoreceptor-specific marker opsin. However,
incorporation into the outer nuclear layer was not convincing, as the host retina lost its
highly laminated structure. Intravitreally transplanted cells need to migrate through the
inner limiting membrane, inner nuclear layer, inner plexiform layer and outer plexiform
layer in order to reach the outer nuclear layer, where photoreceptors reside. Therefore,
the incorporation process is much more difficult through the inner retinal path. Akagi
et al. co-cultured iris-derived photoreceptor like cells, with rat embryonic retinal
explants (E18.5) for up to 2 weeks in vitro. The cells of the retinal explants completed
differentiation in vitro and formed three layers, however outer segments were not
observed in this co-culture system. A very small number of transdifferentiated
photoreceptor-like cells migrated into the ONL and expressed rod-opsin [6]. Derived
from readily accessible adult tissue, LNS cells are an ideal autologous cells resource.
The immune response and subsequent damage could be completely avoided using
autologous cells; hence LNS cells have fewer barriers to successful transplantation.
However, little is known about whether limbal cells can integrate into the retina to

form connections with inner retinal cells.
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The aim of this study was to assess the functionality of LNS derived neural or
photoreceptor like cells and their potential for integration into retinal tissue in vitro.
Via the calcium flux assay, the existence of voltage-gated ions channels and possible
light responsiveness was investigated in this study. By culturing the fluorescently
labeled LNS cells with neonatal retinal explants, the capability of LNS integration into

retinal tissues was assessed in vitro.
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5.2 Methods

5.2.1 Cell dissociation and culture

Limbal cells were dissected from 8 week old mice and enzymatically dissociated using
Trypsin, collagenase and hyaluronidase. Cells were maintained DMEM:F12GlutaMAX™
with 2% B27, 20ng/ml FGF2 and EGF at 37°C. For neural differentiation, mitogens were
withdrawn and cells were cultured in Neurobasal™A medium containing 2% B27,
0.5mM L-Glutamine, 0.5-1% FBS, 1uM RA and 1ng/ml BDNF. For transdifferentiation,

LNS cells were co-cultured with developing retinal cells (P1-3) for 5-7 days.

Developing retinal cells were dissected from PN day 1-3 mice and dissociated using
enzymatic digestion (See Chapter 2, Section 2.6.2). Freshly isolated developing retinal
cells were plated onto cell inserts and co-cultured with LNSs to provide conditioned
media. To validate the calcium assay in this study, P1 retinal cells were cultured on

P-D-L and Laminin coated plates in neural differentiation media for 2-5 days.

Cell functionality was investigated utilizing a calcium influx/efflux assay on three
groups of cells as follows:
1) LNS cells co-cultured with developing retinal cells in neural differentiation
media.
2) LNS cells cultured in neural differentiation media only (negative control).

3) In vitro cultured P1-3 retinal cells (positive control).

5.2.2 Calcium influx imaging

Calcium imaging was conducted as described in Chapter 2, Section 2.7. Briefly, cells
were incubated for 30 min in Fluo-4 acetoxymethyl (AM) (4uM, Invitrogen) in HBSS
(Invitrogen) plus non-ionic detergent (10uM; Pruronic F-127, Invitrogen) at 37°C. Prior
to imaging, excess dye was washed out and cells were equilibrated in HBSS to allow the
AM to be cleaved by cytoplasmic esterase. Cells were imaged at 20x magnification, and
fluorescence was simulated with light wavelengths near 488nm and acquired near
520nm. Images were captured every 10-30 sec, at an acquisition time of 500ms by a
cooled camera on an inverted microscope (Leica) and analyzed using Improvision
Volocity software. Intracellular calcium concentration was presented as fluorescence
intensity (raw pixel intensities). Mean background intensity was subtracted from each
cellular region to minimize the noise and vibration due to staining or fluorescence
fading (F = cellular average-background average). All cells were then normalized by

their initial intensity F/FO [88]. A Trypan blue exclusion assay was used to assess cell
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viability following calcium influx imaging. Images were captured in 6 areas per

condition. The percentage of viable cells was calculated as follows:

Viable cells (%) = Total number of viable cells per field % 100

Total number of cells per ml per field
5.2.3 Live Cell tracking

Qdots (Qtracker 655, Invitrogen) were used for cell tracking in cell integration
experiments. The detailed methodology is described in Chapter 2, Section 2.8.2. Briefly,
adult LNS cells were dissociated into single cells using Accutase. Cells were then
incubated in Qdot labelling solution (10nM) in full culture media for 60 min at 37°C.
Followed by two washes with full medium, Qdot labelled cells were viewed under a
Leica fluorescence microscope to estimate the labelling efficiency with an excitation
filter at 535 +/- 20 nm and an emission filter at 565nm long pass. Approximately
40-60% of cells were labelled.

5.2.4 Cell integration assessment in vitro

In vitro cell integration was assessed using direct co-culture of Qdot labelled cells with
neonatal mouse retinal explants. The detailed methodology is described in Chapter 2,
Section 2.8.3. Briefly, dissociated Qdot labelled cells were collected and plated on
Transwell® membranes (pore size 0.4 um, Corning®, New York, USA). Retinal tissue
was dissected under microscopy from PN day 1-3 mice and transferred to the Transwell
membrane. The photoreceptor layers of explants were adjacent to Qdot labelled cells,

as demonstrated in Figure 2-9, Chapter 2.

Following co-culture for a week in DMEM/F12Glutamax media supplemented with 2%
B27 and 1% FBS, the retinal tissues and cells were subjected for immunohistochemistry
and integration analysis. Samples were fixed using 4% PFA for 30-60 min at 4°C.
Following incubation in 30% sucrose in 0.1M PBS overnight at 4°C, samples were
embedded in OCT and sectioned at15 um using a cryostat. Slides were dried at 37°C
for 2 hrs or rt for 24 hrs. For immunostaining, slides were permeabilized and blocked
with 0.1mM PBS supplemented with 0.1% Triton X-100 and 5% donkey block serum for
1 hr at rt. Rhodopsin antibody (Sigma Aldrich, 1:250) was incubated with slides
overnight at 4°C. The following day specific IgG secondary antibodies, conjugated to an
Alexa Fluor 488 (Invitrogen) at a concentration of 1:500 in PBS, were incubated at rt for
2 hrs. Negative controls omitted the primary antibody. Nuclei were counterstained with
10ng/ml DAPI.
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5.3 Results (1) electrical excitability of induced LNS cells

5.3.1 Intracellular free calcium was labeled by a calcium indicator in retinal cells

and LNS cells in neural differentiation conditions.

LNS cells cultured in neural differentiation conditions displayed a dendritic morphology
with long neural processes prior to the calcium assay (Figure 5-1A). To validate this
calcium assay, neonatal retinal cells were cultured in vitro and used as positive control
(Figure 5-1C).

Following incubation with the calcium indicator Fluo-4, the entire cell body including
the nucleus of developing retinal cells and co-cultured LNS cells displayed green
fluorescence (Figure 5-1C, D). The cellular fluorescence intensity, minus the
background signal, was calculated and compared using in vitro cultured retinal cells
and co-cultured LNS cells. There was no significant difference in fluorescence intensity
between co-cultured LNS cells and neonatal retinal cells (P>0.05, unpaired t-test, Figure
5-1E), suggesting they have similar intracellular calcium concentration. This also

provided a baseline for the following calcium influx and efflux assay.

Following calcium efflux/influx assay, cell viability was assessed using Trypan blue
staining. Most of cells (91.07 £6.51%) displayed intact cell membrane (Figure 5-1B).
This indicates that the cells were viable during the calcium assay. Thus, the activity of

calcium channel reflects live cell functionality.
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Figure 5-1 Intracellular Ca** concentration in developing retinal cells and co-
cultured LNS cells. (A) Phase contrast image of LNS derived cells loaded with
calcium indicator Fluo-4; (B) Trypan blue staining after calcium assay, showing
intact cell membranes; (C) In vitro cultured developing retinal cells and (D) LNS
derived cells exhibited green fluorescence following incubation with the calcium
indicator Fluo-4. Scale bar: 26um. (E) To calculate the cellular fluorescence
intensity, background fluorescence was subtracted from individual cells: F= FO
(cellular) - FO (average background). There was no significant difference between

fluorescence intensity in the two cell types (n>22, unpaired t-test).
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Fluo-4 stains both free intracellular and extracellular calcium. When culture condition
changed, however, the fluorescence intensity of the LNS cells exhibited difference. With
the same incubation procedure, cells cultured in high concentration serum (10%) media

exhibited same level as the background fluorescence (Figure 5-2).

Figure 5-2 Differences in intracellular fluo-4 intensity due to culture condition

LNS cells exhibited different intracellular fluorescence intensities when cultured under
different conditions. (A) LNS cells in non co-culture differentiation media (1% FBS). (B)
LNS cells cultured in differentiation media containing 10% FBS; (C) Developing retinal

cells. Scale bar: 26pum.

5.3.2 Voltage stimulus evoked a Ca®* influx in induced LNS cells and developing

retinal cells.

Electrical excitability is one of the characteristics of neural lineage cells. To assess the
electrical excitability of LNS derived cells, the change of intracellular free calcium was
monitored using the calcium indicator Fluo-4 [168,175]. A significant influx of free
calcium was evoked by stimulation with high concentrations of K*, indicating the
existence of voltage-gated calcium channels in the induced limbal cells. The intensity
of florescence (F) represents the concentration of free calcium within the cells, and the
calcium influx or efflux was displayed individual cellular fluorescence intensity
normalized to their initial values (F/F0). Neonatal mouse retinal cells were cultured in

the same conditions and used as a positive control.

As demonstrated in Figure 5-3, a significant influx of free calcium was evoked by
stimulation with high concentrations of K*, indicating the existence of voltage-gated
calcium channels in the induced limbal cells. Approximately 60% of induced cells
demonstrated excitability. A change in intracellular calcium concentration was not
noted in induced limbal cells in the absence of depolarizing stimulus (HBSS control).
Neonatal mouse retinal cells cultured in vitro also displayed the same reactivity (Figure
5-4). Voltage stimulation was monitored over time. Both cell types showed a similar

response, with a quick and significant influx of calcium upon stimulation. The
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intracellular free calcium level gradually effluxed after the peak, reaching the pre-

stimulation level at approximately 300s following stimulation (Figure 5-3).

171



Xiaoli Chen Chapter Five

A 100mM KCI added at 0”

\4

Co-cultured limbal cells in Co-cultured limbal cells
ahsence of stimulation stimulated by KCI
2.0+ 2.0+ ) )
= HBSS only * = KCI stimulation
1.5+ 1.5
. | |
g g " " " E m 5 @ mw i L T TR
c 104  1.0+¢
0.54 0.54
0.0 T T T T T T 1 0.0 T T T T T T 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time(s) Time(s)

Figure 5-3 Co-cultured LNS cells exhibit calcium influx following a depolarizing stimulus.
LNS co-cultured with developing retinal cells were loaded with free calcium indicator
Fluo-4. 100mM KCI was added at time 0”’. Images show free calcium (green fluorescence)
of individual cells before and after K+ stimulation against time in seconds. A rapid influx
of calcium was observed at 2’ upon stimulation, and a slow calcium efflux was observed.
Arrowheads indicate two responsive cells with calcium influx; whist arrows show two non-
respondsive cells in the same field. Graph depicts the fluorescence intensity (F/FO)
changes of individual cells upon non stimulation (HBSS) and depolarizing stimulus by KCI
(n>12). The results suggest that co-cultured cells possess voltage gated calcium channels

which are excitable.
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Figure 5-4 P1 retinal cells exhibit calcium influx following a depolarizing stimulus.

P1 retinal cells cultured in vitro were loaded with free calcium indicator Fluo-4. Cells
were stimulated by 100nM KCI at time 0’’. Images show free calcium (green
fluorescence) of individual cells before and after K* stimulation, against time. A rapid
influx of calcium was observed after 2’ upon stimulation, and a slow calcium efflux
was observed. The graph depicts the fluorescence intensity (F/FO) changes in individual
cells upon a depolarizing stimulus (n>12), suggesting they are excitable and possess

voltage gated calcium channel.
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LNS cells cultured in neural differentiation conditions in the absence of developing
retinal co-culture also displayed dendritic cell morphology. It remains unclear whether
these cells are functional. Therefore, a further experiment was conducted using non

co-cultured limbal cells.

As demonstrated in Figure 5-5, high voltage stimulating 100 mM K* did not cause an
increase in intracellular free calcium. Similar to the non-stimulated condition, where
only loading buffer (HBSS) was added, the intracellular fluorescence intensity was the

same as pre-stimulation level. These results suggest that LNS cells acquired functional

properties via co-culture with developing retinal cells.
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Figure 5-5 Effect of depolarizing stimulus on non co-cultured LNS cells.
LNS cells were cultured in defined neural differentiation media in the absence of co-
culture for 7 days. Fluo-4 was loaded as free calcium indicator. (A) The cells were
stimulated by control buffer solution (HBSS) at time 0”’. The fluorescence intensity
following stimulation is close to the baseline (F/FO=1). (B) Cells were stimulated by
100mM KClI, a depolarizing stimulus, at time 0”’. The fluorescence intensity following
stimulation is close to the baseline (F/FO=1), similar to the negative control condition.
(n>12). This result suggests that non co-cultured cells do not possess functional voltage

gated calcium channels.
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5.3.3 Light response was not detected on developing retinal cells using calcium

influx/efflux assay.

Light responsiveness is the specific function of photoreceptor cells. Several studies
have used calcium influx/efflux assays to demonstrate the light sensitivity of
photoreceptor like cells from different resources [6,168]. Before using this assay to
test induced limbal cells, a validation experiment was carried out in developing retinal
cells. Light hyperpolarizes photoreceptors and causes the closure of cGMP-gated
channel, which eventually leads to a decrease in the concentration of intracellular

calcium.

P1 mouse retinal cells were dissociated and cultured in neural differentiation media for
2-3 days prior to loading with fluo-4. Previous studies suggest that the same light
source that excites the fluorescent calcium indicator was also used for light stimulation
of cells [168,175,224]. To detect possible rapid changes in fluorescence intensity,
images were taken approximate every 2 seconds (maximal speed). The shutter
remained open, and retinal cells were continually photostimulated. The change in

fluorescence intensity was monitored as a function of light responsiveness.

Figure 5-6A shows a series of images taken from 0 to 47 secs from a random field of in
vitro cultured retinal cells. There was no obvious change in intracellular calcium
concentration observed in the developing retinal cells upon light stimulation. In vitro
cultured retina cells are a mixed cell population, including seven different types of
neurons. Among these, only photoreceptor cells and ganglion cells are light responsive.
In order to detect a small population of light responsive cells, the analyses were
conducted in two different ways:
(1) monitoring the ratio of F/FO for individual cell against all time points
(Figure 5-6B)
(2) calculating overall intracellular fluorescence intensity (mean = SEM), as
demonstrated in Figure 5-6C.
Both graphs show the ratios of F/F0O against time are close to 1, suggesting
intracellular calcium concentration in the retinal cells remain unchanged following
continual light stimulation. The expected reduction in intracellular calcium
concentration was not detectable using this method. Results indicate that this method
has limitations as a photostimulation assay. It is not an ideal method to investigate
whether induced limbal cells have developed the physiological features of

photoreceptor cells.
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Figure 5-6 light response of in vitro cultured developing retinal cells using Fluo-4
calcium assay. (A) Cells were excited and stimulated using a 488 nm light source.
Images were captured using the maximum shutter speed (< 2 seconds), with an
exposure time of 500ms each. The fluorescence images show retinal cells loaded with
Fluo-4 upon light stimulation against time. (B) Graph represents change in calcium
concentration from three chosen cells (white arrows in A). Mean background intensity
was subtracted from each cellular region to minimise the noise and vibration due to
staining or fluorescence fading (F = cellular average-background average). All cells
were then normalized by their initial intensity F/FO, and then plotted against time [175].
(C) Graph illustrates the change of intracellular fluorescence intensity upon light
stimulation from all cells in randomly chosen imaging fields (mean + SEM, n>50).

Result represents three independent experiments.
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5.4 Results (2) integration into retinal tissues in vitro

5.4.1 Optimization of Qdot labeling for integration studies

The Qdot loading procedure was tested and optimized based on the manufactures’
protocol. LNS cells were incubated with Qdot loading solution for 30 min at varying
concentrations (5, 10, 15 and 20mM). The higher concentrations improved the labeling
efficiency. However, free Qdots remained in the media after standard washing
procedures when the concentration exceeded 10 mM (Figure 6-5). This could possibly
lead to false cell integration results if the remaining dye were taken up by the host
retinal tissue/cells. Therefore, the time of incubation was increased to 45 min, 1 hr,

3 hrs and overnight respectively at a concentration of 10mM. Overnight incubation led
to a much higher proportion of cell death, with an incubation time of between 1- 3 hrs,
there was no obvious difference in labeling efficiency and cell viability. Thus, a
concentration of 10nM and incubation time 60 mins was selected for cell labeling and

integration experiments.

The labelling efficiency was approximately 50% in both human and mouse LNS cells.
There was no free floating dye detected in the media (Figure 5-7A). The Qdot

florescence was distributed throughout the cytoplasm (Figure 5-7).

5.4.2 Qdot labeled cells rapidly decreased in co-culture system

The majority of Qdot (655nm) labelled cells showed very bright red fluorescence, as
demonstrated in Figure 5-7. The fluorescence intensity decreased with time due to cell
division and subsequent dilution of the intracellular Qdot particles. In LNS cells, the
fluorescence was detectable up to one month after labelling (maximum observation

time).

Before integration assessment, Qdot labelled LNS cells were continuously cultured as
neurosphere for 5-7 days (Figure 5-8A). They were then dissociated into single cells
and cultured on cell inserts. Neonatal retinal explants were then placed on the same
cell insert, with their photoreceptor layer adjacent to Qdot labelled LNS cells (Figure 5-
8B). In this co-culture system, the number of Qdot labelled LNS cells decreased rapidly.
Figure 5-7C & D shows that less than 10% of cells retained Qdots within their cell

bodies.
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Figure 5-7 Labelling of mouse and human LNS derived cells using Qdot nanoparticles.
Free floating Qdots (black arrow) remained in the media when high concentrations of
Qdots were used to label mouse LNS cells (A, B & D). Qdot labeling was observed in
approximately 50% human limbal cells (C). Cells from both species were labeled with

similar efficiency and cellular distribution. Scale bar: 26 pm.
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Figure 5-8 Qdot labeled LNS cells in neurosphere culture and co-culture system.
(A) Cells were labeled with bright red fluorescence in the neurosphere culture. The
merged fluorescence and bright field image shows that cells and Qdot labeling
overlapped, with no free floating Qdots in the media. (B) Shows the Qdot labeled cells
in the co-culture system. The retinal tissues were directly cultured on LNS derived cells,
with ganglion layer facing up. Through semitransparent retinal tissue (black arrow), the
Qdot labeled cells were visible (white arrow). (C, D) show Qdot labeled LNS cell layers
(red) on Transwell membrane (green arrow). DAPI was used to stain cell nuclei (blue).
Less than 10% of cells retained fluorescent Qdots within their cell bodies. Scale bar:
26um
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5.4.3 LNS cells rarely integrated into developing retinal tissue in vitro

Following direct co-culture with developing retinal tissue for 5-7 days, the whole
culture system including cells, retinal tissue and Transwell membrane were sectioned

and stained for rhodopsin immunoreactivity.

As demonstrated into Figure 5-9, LNS cells were evenly distributed on the membrane
surface, although only approximately 10% of cells were still labeled with Qdots
following 5-7 days culture. The morphology of the outer nuclear layer of the retina still
remained after 2-3 days in culture. The photoreceptor layer of the retinal tissue was
confirmed with immunostaining against photoreceptor specific protein, rhodopsin
(bright green fluorescence, Figure 5-9). Approximately 1% of Qdot cells migrated into
the photoreceptor layer from the subretinal space. They exhibited double labeling with
red Qdots and green rhodopsin (orange fluorescence, Figure 5-9C & D). However, the
majority of the LNS cells remained unincorporated (Figure 5-9A & B).

This assay showed limitations for cell integration assessment. There was a gap present
between dot labeled cells and some of the retinal tissues (Figure 5-9A & B). The labeled
cells appeared to attach to the membrane. Therefore, there was a lack of direct contact
between LNS cells and retinal tissues in some of the samples. This may limit the ability
of cells to integrate. The use of unsorted Qdot labeled cells also decreases the

sensitivity of this assay, 50-60% of cells were Qdot labeled after initial loading, however

less than 10% of cells retained Qdot fluorescence on the Transwell membranes.
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Figure 5-9 Integration of Qtracker labeled LNS cells in vitro.
LNS cells (Qdot labeled cells) were cultured on Transwell membranes. Approximately
10% of LNS exhibited red fluorescence. Developing retinal tissues were placed on top
of Qdot labeled LNS cells. To confirm the orientation of retinal tissues, sections were
immunostained with Rhodopsin (bright green fluorescence). The photoreceptor layer
(bright green) was adjacent to Qdot labeled cells. (B, D) show merged images nuclei
stained using DAPI. A small proportion of Qdot labeled cells integrated into the
photoreceptor layer (in orange, C, D white arrow); while the majority of LNS cells
remained unincorporated (A, B). Scale bar: 26pm. Abbreviation: Retina-P: retinal

photoreceptor layer; Retina-G: retinal ganglion cell layer.
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5.5 Discussion

For transplantation and visual rescue, grafted cells must be functional as well as
capable of incorporation into the inner retina. Therefore, functionality and integration

of LNS derived cells were assessed in this chapter.

5.5.1 Functionality of induced LNS cells

LNS cells cultured in neural differentiation conditions were similarly labelled with
calcium indicator as retinal neurons. On the contrary, LNS differentiated in high
concentration of serum were unlabelled and not visible under fluorescence microscopy.
They did not show typical neuronal like morphology, but were observed as large, flat
fibroblast like cells with elongated processes protruding from the cell bodies. This is
accordance with previous reports that neural crest derived stem/progenitor cells
differentiate into fibroblast cell types when exposed to high percentages of serum
[168,175]. This difference in cell labelling using calcium indicator was also observed
by Liang et al. 2008, they reprogrammed RPE cells into photoreceptor like cells [30].
Only the cells displaying a neuron like morphology were labelled with calcium indicator
while the remaining non-reprogrammed RPE cells were not visible under fluorescence
microscopy. Therefore, the difference in calcium indicator labelling between cells may
due to variation in cell membrane components or due to differences in the

concentration of intracellular free calcium.

The presence of functional voltage gated calcium channel was detected in co-cultured
LNS cells. Upon exposure to a depolarizing stimulus, approximately 60% of the co-
cultured LNS cells exhibited an obvious calcium influx, similar to the response seen in
the positive control (retinal cells). A 2-3 times increase in fluorescence intensity was
detected. Calcium influx was an acute response, which occurred within 2 seconds of
stimulation. While it took more than 5 minutes to efflux the intracellular calcium to the
pre-stimulation level. The negative control omitting KCl, did not cause a significant
increase in intracellular fluorescence. In addition, over 90% of cells showed good
viability following this calcium assay, suggesting calcium influx was not due to the
damage to the cell membrane. These controls ensured that the observed calcium
influx was the result of activation of voltage-gated calcium channels. By contrast, LNS
cells maintained in non co-culture condition did not exhibit a similar response, despite
some cells displaying a neural-like morphology. These cells also expressed neuronal
marker neurofilament 200 as demonstrated in Section 3.5, in Chapter 3. However, the
fully-functional voltage gated calcium channels had not developed yet. Thus, these non

co-cultured LNS cells probably are not functional.
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The use of the calcium assay for the functionality assessment allowed a number of
cells to be assessed at the same time. As demonstrated in Chapter 4, only
approximately 10% of induced LNS cells expressed photoreceptor specific markers.
Therefore, the use of the calcium assay has advantages in the assessment of single cell
functionality as well as quantifying a population of cells. Chick retinal cells at
embryonic day 16 (E16) have previously been used as positive control, showing light
responsiveness by the calcium flux assay [168]. These cells were at the early stage of
photoreceptor cell development, as the rhodopsin transcripts first appears in the
inferior chick retina at E15 [225]. In the current study, in vitro cultured retinal cells
derived from P1-3 mice were used in order to validate the method. These cells were at
the peak of rod photoreceptor genesis, expressing rhodopsin at the protein level and
consisting of postmitotic rod photoreceptor cells. Therefore, they are at a later
development stage than previously reported E16 chick retinal cells. P1-3 mouse retinal
cells were able to be maintained in the same low-serum medium as LNS cells in vitro
for over 24 days. Similar to LNS cells, most of the retinal cells were viable after the
calcium efflux assay and also following light stimulation. However, over 60 seconds of
consistent photostimulation did not induce a detectable light response from P1-3

mouse retinal cells by calcium assay.

Photo-transduction is a rapid response process in vivo. Liang et al. also showed that
most of the calcium efflux from photoreceptor cells occurred during the first 0.5
minutes following stimulation [168]. The failure to detect a response to light
stimulation using calcium indicator may due to the limitations of this assay. Firstly, the
light used to excite the fluorescence calcium indicator is also acts as a light stimulus to
the cells. Therefore, initial fluorescence intensity (FO) does not represent the baseline
of calcium concentration in the dark, but after short photostimulation. Secondly, to
detect and quantify a fluorescent signal, other light sources need be avoided. The
fluorescence indicator also has the possibility of fading when exposed to strong light
sources. The failure to detect light sensitivity may also be due to lack of an appropriate
control in this study. Photoreceptor outer segments are undergoing development in
mice at age p1-3. Previous reports demonstrates that neonatal mice (p12) have a lower
light sensitivity than adult (P45) mice, although the results varied between studies
from 1.5 fold to 50-fold [226]. This age-dependent change in light sensitivity may have
affected the results in this chapter. Liang et al detected a reduction in fluorescence
intensity in E16 chick retinal cells. The basis for the difference between our results and
these may be due to the different retinal development patterns in mice and chicks
[227].
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In this study, the calcium influx/efflux assay did not successfully detect the light
responsiveness of retinal cells in vitro. Therefore, it cannot be used to determine
whether induced LNS cells were light responsive. Two alternative methods to assess
light sensitivity have been previously reported: enzyme linked cGMP assay and
electrophysiological recording [168]. The former is an immunoassay to quantify the
amount cGMP from tissues/cells. As the hydrolysis of cGMP by cGMP
phosphodiesterase is one of the key steps in the phototransduction cascade, light
responsiveness can be quantified as a reduction of total cGMP following exposure to
light. Jomary et al. conducted the cGMP assay on genetic modified mouse CB epithelial
cells in vitro [87,88]. The cGMP level in the dark was 3.2 times higher than in the light.
However, this assay cannot be used for in situ analysis of single live cells. The
sensitivity of the immunoassay as well as the efficiency of generation photoreceptor-
like cells will influence the result. Electrophysiological analysis is a powerful tool for
characterizing visual transduction in single cells as well as in tissues. Akagi et al.
demonstrated a light induced hyperpolarization of genetically modified iris cells from
rats and monkeys [87]. The cells also displayed partially depolarized resting potential
in the dark, the electrophysiological feature of the photoreceptors. Electrophysiological
recording could be an idea method to further assess the in vitro photoreceptor specific

functionality in our future work.

5.5.2 Integration of LNS cells in direct co-culture system

Rod genesis occurs after birth in mice. Neonatal mouse retina can provide an optimal
condition for mature photoreceptor cell integrate into the outer nuclear layer [88].
Retinal explants cultures are a good model for in vitro assessment of retinal cell
transplantation [62]. In this study, for the first time we have investigated the capacity
for LNS cells to integrate and migrate within retinal tissue. The co-culture LNS cells
integrated into developing neural retinal explants, and expressed the photoreceptor
specific marker rhodopsin, although the number of incorporated grafted cell was very

small.

Compared to other non-eye field retinal stem cell resources, LNS cells appear more
promising. Studies using rat hippocampus derived neural stem cells [88,228] and bone
marrow stromal cells [228] have also been shown to migrate into host retinas.
Although these studies demonstrated successful integration into animal models or
retinal explants, the majority of grafted cells migrated into the INL or GNL instead of
ONL. Bone marrow stromal stem cells can express a range of retinal/neuronal markers

e.g. neurofilament 200, GFAP, PKCa, and recoverin following migration into retinal
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explants. However, no Rhodopsin positive cells were detected [146]. Similar results

were observed from hippocampus derived neural stem cells [146].

Cell integration into the retina remains challenging. Despite being derived from the
same origin as the neural retina, iris or CB derived cells have also shown limited ability
for integration into retina [228]. The proportions of cells which integrated into
embryonic retinal explants or retina from degeneration animal models were very small.
Studies using retinal progenitor cells from embryonic retina have also shown little
integration into host retina, although mature retinal phenotypes were observed
following subretinal transplantation [88,229]. MaclLaren et al. investigated the optimal
cell resource for functional integration into adult retina [115,230]. The cells which
migrated and integrated were shown to be post mitotic rod precursor cells. Besides
morphological integration, expression of mature retinal markers as well as ribbon
syhapse proteins in the integrated spherule was observed. The eye receiving subretinal
transplantation also showed an increase in light-induced pupil constriction. Therefore,

the ontogenetic stage of transplanted cells is important for successful cell integration.

The reasons that such a small number of LNS cells (<1%) integrated into retinas was
possibly not only due to the donor cells, but also the conditions of the host tissue and
limitations of the direct co-culture system in use. Host microenvironment is essential
for inducing cell differentiation and migration. In a study involving transplantation of
IPE derived cells, the grafted cells expressed the photoreceptor specific marker
rhodopsin when they were transplanted into subretinal space of embryonic chicken (E5)
eyes. On the contrary, they did not express rhodopsin or other neural markers such as
B-1l Tubulin and GFAP when they were transplanted into the vitreous cavity. Their
morphological features also suggest that they did not differentiation into neuronal
cells [62]. In this study, the ONL layers of the co-culture retinal explants retained
normal morphology. However, other layers were disrupted rapidly when cultured in
vitro. This possibly affected the host microenvironment. On the other hand, the use of
unsorted Qdot labeled cells decreased the sensitivity of this assay. Less than 10% of
labeled LNS cells exhibited fluorescence in the direct co-culture system. In addition,
intracellular distributed of Qdot particles was uneven. Therefore, Qdot cell labeling
appears not suitable for the investigation into whether new synaptic connection is

formed.

Even though only a small number of LNS cells integrated into the ONL of retinal
explants, this study demonstrated a promising autologous cell resource. Future
investigation will aim to enhance the integration efficiency through optimization of

both donor cells and host environment. FACS sorting will give the ability to deliver a
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concentrated population of labeled cells, thereby allowing donor cells to be fully
tracked following transplantation into SRS. The may give a more true representation of
cell integration. A previous study showed that cells from more defined differentiation
stages, particularly post-mitotic cells which are committed to a photoreceptor fate (Nrl
positive cells), are more capable of integration into the photoreceptor layer of mice
[215]. The host retina at the peak of rod genesis provides an optimal
microenvironment for photoreceptor differentiation and cell integration. Therefore,
further in vivo experiments are required to fully assess the retinal lineage

transdifferentiation potential and integration ability of LNS cells.

In summary, the data described provide the functional evidence that LNS derived
photoreceptor-like cells possess voltage-gated calcium channel and exhibited electrical
excitability. In addition, a small number of cells showed the ability to integrate into
retinal tissue in vitro. These results highlight a potential candidate progenitor cell
source for retinal repair. Further research is warranted to enhance the

transdifferentiation efficiency and integration ability of these LNS derived cells.
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6 Chapter Six - Human LNS cell culture and

transdifferentiation

6.1 Introduction

From front to back, the human limbus consists of three major layers namely the
epithelial, stromal and endothelial layers. The epithelial layer accounts for 10 percent
of the thickness of the limbus, while the remaining 90 percent is composed of the
stromal layer. Both layers are readily accessible without intraocular surgery; hence

they are an ideal autologous source for cell therapy.

Putative corneal epithelial stem cells were located in the basal layer of the limbal
epithelial layer. Clinically, they have been successfully used in the treatment of partial
and unilateral limbal stem cell insufficiency (LSCI) caused by chemical or heat burns.
From a Tmm? biopsy sample, limbal stem cells can be cultured/expanded in vitro, and
utilized for corneal surface restoration [62]. Long-term follow-up demonstrated the
stability of regeneration of the corneal epithelium and significant improvement in

patients' comfort and visual acuity [24,231].

The stroma consists of tightly packed collagen fibrils, with quiescent neural crest
derived keratocytes between its lamellae layers. Studies in mice, rabbits and other
animal species demonstrate the existence of stem/progenitor cells in the
corneal/limbal stroma [24,231]. They exhibit neural potential [32,33,90,145,148,203].
In 2005, Uchida et al. derived sphere-clusters from human corneal stromal cells
(keratocytes), which expressed neural proteins including beta-lll tubulin, neurofilament
M (NFM), and GFAP in vitro. The human stromal neurosphere cells could be cultured in
vitro from donors up to 78 years of age [32,33,90,145,148,203]. Du et al. investigated
the characteristics of human limbal stromal cells. They display clonal growth and side
population characteristics, which are key features of adult stem cells. The cells were
also multipotent, expressing neural, chondrocyte and keratocyte lineage specific

markers when cultured in different induction conditions [29].

In previous chapters, | have demonstrated that stem/progenitor cells with neural
potential can be derived from adult mice. They express diverse neural lineages
markers, including Sox2, nestin, Musashi 1, beta-lll tubulin and neurofilament 200.
When co-cultured with developing retinas, they expressed retinal lineage specific

markers including Lhx2, Rhodopsin and Rhodopsin kinase, and possessed voltage
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gated calcium channel. It is unknown whether human limbus derived cells have the
same potential for transdifferentiation. Therefore, the purpose of this study is to
(1) determine whether LNS cells can be derived from adult, especially aged
human limbal tissue.
(2) investigate whether derived human LNS can differentiate into retinal specific

neuron-like cells in vitro.

Human limbal tissues from donor eyes and live patients were utilized for cell culture.
To fully assess the effect of age on LNS culture, tissue was obtained from aged donors
from 66 to 97 years of age. After optimisation of the cell dissociation and culture
methods, investigations were conducted on the neural potential of derived limbal cells

and their potential for transdifferentiation towards a retinal lineage.
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6.2 Methods

6.2.1 Sample collection

The use of human limbal tissue was conducted in accordance with the World Medical
Association Declaration of Helsinki, the Ethical Principles for Medical Research
Involving Human Subjects. This study (REC: 10/H0502/19) was approved by
Southampton & South West Hampshire Research Ethics Committee A to utilize corneal
limbal tissue from donor eyes and residue limbal tissue from live patients following

pterygium surgery.

Human limbal tissues from donor eyes used in this study were from two resources:

1) residue corneal-scleral rims after routine corneal grafting and 2) corneal and limbal
tissues from Bristol Eye Bank which were not appropriate for clinical use. In accordance
with the Human Tissue Act 1961, only tissues from donors where appropriate consent
for research purposes has been obtained were made available for use in this study.
Tissues containing corneal limbal rims were collected from 18 individual donors, with
an age range from 66-97 years old. Three female, 10 male and five donors of unknown

gender were included.

Surplus limbal tissue from live patients undergoing routine pterygium surgery was also
collected. A Pterygium is a benign growth of the conjunctiva. Routine surgery includes
excision of pterygium combined with conjunctival autografting, which is an effective
treatment to prevent recurrence [30]. A graft is taken from the superior bulb
conjunctiva and limbus to cover the excision region. Normally the graft contains
surplus tissue (about 1x1mm) to ensure that the excised area can be sufficiently
covered. We obtained residual tissue from the graft which would otherwise be
discarded after the surgery. Patients were invited to take part in this study if they were
due to undergo routine corneal surgery, and given a patient information leaflet. If
happy to take part, patients were then consented. Six patients undergoing pterygium
surgery (2 female and 4 male) were recruited. Their ages ranged from 34 to 85 years of

age.

6.2.2 Human limbal cells dissociation form donor eyes

The tissue obtained from donor eye contained cornea and a narrow rim of anterior
sclera only (Figure 6-1). A 2-3mm wide corneal-limbal rim was dissected from the
remaining sclera and central corneal. After washing with HBSS, the tissue was cut into

2-3mm pieces. Limbal tissue was then dissociated using three different protocols:
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Protocol 1) Incubation in collagenase (78 U/ml), hyaluronidase (38 U/ml) and M2
(Sigma-Aldrich) solution at 37°C for 3-4 hours.

Protocol 2) Incubation in 2.5U/ml Dispase Il (Gibco- Invitrogen) and HBSS solution at
4°C overnight [232]. The cells and tissues were then digested in
collagenase (78 U/ml), hyaluronidase (38 U/ml) and M2 solution at 37°C for
3-4 hours.

Protocol 3) Incubation in collagenase (78 U/ml), hyaluronidase (38 U/ml) and M2
solution at 37°C overnight.

Cell strainers (70 nm, BD Falcon™) were used to remove undigested tissue; any
remaining cell clumps were then triturated to a single cell suspension usinga 1 ml
pipette. Following centrifugation at 500G for 5 min, cell pellets were re-suspended in a
known volume of full neurosphere media DMEM: F12GlutaMAXTM supplemented with
2% B27, 20ng/ml EGF and 20ng/ml FGF2 for cell enumeration and subsequent culture.
Cells were plated at a density of 50,000/ml for neurosphere culture. Fresh growth
factor mix EGF/FGF2 (20ng/ml) was added every other day. Half of the medium was

changed every 3-4 days.

} Limbus

Figure 6-1 Human corneal-scleral rims (residual tissue) from grafting surgery.
Images show human donor corneal-scleral rims used in this study. After routine
corneal grafting, surplus limbal tissues were collected for neurosphere culture. A
2-3mm wide corneal-limbal rim (between the two lines) was dissected from the
remaining sclera and cornea. There was no contamination from other cell such as iris,

CB or retina. Scale bar: 10 cm
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6.2.3 Human limbal cells dissociation from pterygium samples

The maximum amount of surplus limbal tissue available from pterygium surgery was
1x Tmm. Cell dissociation and/or culture protocols were adapted from mouse limbal
cell dissociation methods (Chapter 2, Section 2.1), or as previously reported for

explants cultures [30].

For serum free sphere forming culture, limbal tissue was incubated in 0.025% (w/v)
trypsin/EDTA (Sigma-Aldrich) at 37°C for 10-12 min. One volume of DMEM: F12 with
10% FBS was added to stop digestion. After washing with HBSS, the cells and tissues
were incubated in collagenase (78 U/ml) and hyaluronidase (38 U/ml) mix in M2
medium at 37°C for 30 min. Cells were plated into 0.5ml DMEM: F12GlutaMAX™
supplemented with 2% B27 and 20ng/ml of EFG and 20ng/ml FGF2.

For explants cultures, tissue was cultured in DMEM: F12GlutaMAX™ supplemented with
5% FBS, 2% B27, 20ng/ml EGF and 20ng/ml FGF2 for 7-10 days, until monolayer cells
grew out of the explants. Monolayer cells were then dissociated with Accutase and

subject to serum free sphere forming culture assay in the presence of mitogens.

6.2.4 Co-culture with human and mouse developing retinal

Detailed method of the co-culture protocol with mouse neonatal retinal cells are
described in Chapter 2, Section 2.6.3. Briefly, human LNS were plated onto P-D-L and
laminin coated plates and co-cultured with dissociated P1-3 mouse retinal cells using
Millicel CM inserts (pore size 0.4 pym; Millipore) for 1-2 weeks. Differentiation medium
contained Neurobasal A media, 2% B27, 0.5mM L-Glutamine, 0.5-1% FBS, 1uM retinoic
acid and 1ng/ml brain-derived neurotrophic factor (BDNF, R&D system). Half of the

medium was changed every other day.

Human developing retinas (45-56 days post-conception) were collected from
collaborators in the Division of Human Genetics, at the University of Southampton.
Human retinal cells were dissociated using a Papain kit (Washington) as per
manufactures’ instructions and cultured on cell Inserts for 5-7 days in medium
containing DMEM: F12 Glutamax™, 2% B27 and 10% FBS prior to co-culture with human
LNS cells.

LNS grew as monolayer when exposed to differentiation conditions. Cell morphology

was investigated using phase contrast microscopy. The expression of retinal specific

markers was assessed by RT-PCR and/or immunocytochemistry (Figure 6-2).
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P1-3 mouse retinal cells
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Immunocytochemistry

Figure 6-2 Co-culture system for human LNS cells differentiation towards retinal lineage.
Millicel CM inserts (pore size 0.4 pm) were used in this co-culture system. The
permeable membrane allowed neurotrophic factors to go through, while avoiding cell
contamination. Cell characterisation was conducted on human LNS cells following co-

culture with P1-3 mouse retinal cells or human developing retinal cells.

6.2.5 Immunocytochemistry

For immunostaining, slides were permeabilized and blocked with 0.1mM PBS
supplemented with 0.1% Triton X-100 and 5% donkey block serum for 1 hr at rt.
Primary antibodies were incubated overnight at 4°C. After gentle washing, specific IgG
secondary antibodies, conjugated to an Alexa Fluor 488 at a concentration of 1:500 in
PBS, were incubated at rt for 2 hrs. Negative controls omitted the primary antibody.
Nuclei were counterstained with 10ng/ml DAPI. The antibodies used in this study are
listed in Table 6-1.

Table 6-1 Primary antibodies used for human LNS cell immunocytochemical analysis.

Antibody Specificity Company Conc.
Nestin Neural stem cells Millipore 1:100
Sox2 Neural stem cells Santa Cruz 1:250
Bestrophin RPE cells Abcam 1:100
beta-lll tubulin Early differentiated neurons Covance 1:500
Rhodopsin Photoreceptors Sigma-Aldrich 1:250
RPE65 RPE cells Abcam 1:200
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6.2.6 Reverse transcription polymerase chain reaction

RNA extraction, cDNA synthesis and polymerase chain reaction were conducted as
described in Chapter 2, Section 2.4. Total RNA was isolated and cDNA synthesis was
performed as per manufacturers’ instructions using a RNeasy Plus kit (Qiagen, West
Sussex, UK) and a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
cDNA was amplified using gene specific primers (Table 6-2) using step cycles
(denaturing for 30 sec at 94°C; annealing for 30 sec at 60°C and extension for 30 sec
at 72°C for 35 cycles, unless mentioned otherwise). Electrophoresis was performed on
a 1.5% agarose gel. The gels were stained with Ethidium Bromide and viewed under a
UV illuminator (UVP High Performance). Photos were captured using a CCD camera,

using Doc-It®LS Image software (UVP High Performance).

Table 6-2 Gene specific primers used for human LNS cell RT-PCR analysis.

Gene Primer sequence Size

Human_Bestrophin_F ATTTATAGGCTGGCCCTCACGGAA 359
Human_Bestrophin_R TGTTCTGCCGGAGTCATAAAGCCT

Human_Chx10_F ATTCAACGAAGCCCACTACCCAGA 229
Human_Chx10_R ATCCTTGGCTGACTTGAGGATGGA

Human_Crx_F TATTCTGTCAACGCCTTGGCCCTA 253
Human_Crx_R TGCATTTAGCCCTCCGGTTCTTGA

Human_GAPDH_F ACCACAGTCCATGCCATCAC 450
Human_GAPDH_R TCCACCACCCTGTTGCTGTA

Human_Lhx2_F CAAGATCTCGGACCGCTACT 284
Human_Lhx2_R CCGTGGTCAGCATCTTGTTA

Human_Opsin(sw)_F TACCTGGACCATTGGTATTGGCGT 379

Human_Opsin(sw)_R

Human_Pax6_F
Human_Pax6_R

TAAGTCCAGCCCATGGTTACGGTT
CGGAGTGAATCAGCTCGGTG
CCGCTTATACTGGGCTATTTTGC

300(5a),258(5a)

Human_RPE65_F GCCCTCCTGCACAAGTTTGACTTT 259
Human_RPE65_R AGTTGGTCTCTGTGCAAGCGTAGT
*Human_Rx_F GAATCTCGAAATCTCAGCCC 279
*Human_Rx_R CTTCACTAATTTGCTCAGGAC
*Human_Six3_F CGAGCAGAAGACGCATTGCTTCAA 394
*Human_Six3_R CGGCCTTGGCTATCATACATCACA
*Human_Sox2_F CCCCCGGCGGCAATAGCA 448
*Human_Sox2_R TCGGCGCCGGGGAGATACAT
Human_Rhodopsin_F CACCACACAGAAGGCAGAGA 378

Human_Rhodopsin_R AGGTGTAGGGGATGGGAGAC

*Six3: Annealing Temp: 55°C, MgCI2: 2mM; all other primers: Annealing Temp: 60°C,
% Non-intron-spanning primers
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Results

6.2.7 Effective generation human LNS from donor limbal tissues

Human limbal tissue is much harder and thicker than mouse corneal. In order to obtain
sufficient cells for culture, the cell dissociation was re-optimised as described in the
Methods in this chapter. Following Protocol 1, the majority of the limbal sample
remained as intact tissue following digestion, showing a poor cell dissociation effect.
All cells were cultured in 0.5ml of full media in 24 well plates. After 2 weeks culture,

there were no typical neurospheres detected following Protocol 1 cell dissociation.

Following protocol 2, approximately half of the tissues were digested. There were 20-
30 LNSs generated following 10 days in serum free sphere forming culture. The
spheres generated were up to 25um in diameter (Figure 6-3A). Beside the clonal
growth feature, a subpopulation of human limbal cells exhibited a dendritic
morphology and grew as a monolayer in the serum free culture media (Figure 6-3B). To
investigate the neural potential of human LNS cells, the cells were dissociated into
single cells and plated on P-D-L and Laminin coated plates for 24 hrs prior to
immunostaining. Approximately 8.83 = 1.31% (Mean + SEM) cells expressed the neural

stem cell marker nestin, as demonstrated in Figure 6-3.

Protocol 3 was the most efficient for human limbal cell dissociation. The majority of
the intact limbal tissue was digested following overnight incubation with the
collagenase / hyaluronidase enzyme mix. Cell viability was accessed using a Trypan
blue assay, showing 90% cell viable. Following culturing for 7-10 days in the serum free
neurosphere culture system, over 100 LNSs were generated from all donor eyes (Figure
6-4). Human LNS displayed a smooth surface, with sizes ranging from 50-150um in
diameter. Human LNSs were generated from donor tissue with an age range from 72-
97 years. Although a subpopulation of human limbal cells generated a cell monolayer
in the serum free culture media, neurospheres were efficiently generated from donor
limbal rim tissues. Approximately 34.80 + 2.19% (Mean + SEM) limbal cells were
immunoreactive with the neural stem cell marker nestin when Protocol 3 was used.
This is significantly higher compared with protocol 2 (two-tailed unpaired t-test,
P<0.001, Figure 6-5). The cells also expressed the transcription factor, Sox2, as shown

Figure 6-4. The Sox2 protein was localized to both the nucleus and cytoplasm.
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Neg control

Figure 6-3 Human LNS cells from a 79 years old male using Protocol 2.
Small spheres (diameter <25 um) were generated after 10 days in culture (A). A
subpopulation of cells grew as monolayer (B); Negative control for
immunofluorescence primary antibody was omitted (C); Green fluorescence shows the
Nestin positive cells in the culture. Approximately 8.83 + 1.31% (Mean + SEM) cells
expressed nestin (D). Scale bar: A: 26um, B: 52um, C & D: 13um
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Neg control Neg control

Figure 6-4 Human LNS cells from 74 - 80 years old donor eyes using Protocol 3
Human LNS generated after 7 days in culture were 50-100 um in diameter (A & B).
Negative control for immunofluorescence omitted primary antibody (G & H). Human
LNS cells expressed the neural stem cells marker nestin (C & D, arrowheads, green)
and Sox2 (E & F, arrowheads, Red). Sox2 was located in both the nucleus and
cytoplasm. Scale bar: A & B 50 um, C-H 26 um
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Figure 6-5 Optimal cell dissociation protocol for LNS cell culture.
Donor limbal rims were subjected to different cell dissociation protocols, followed by a
neurosphere forming culture system in the presence of EGF and FGF2. Human derived
primary LNS were re-dissociated into single cells and plated on P-D-L and Laminin
coated plates 24 hrs prior to immunostaining. There was no LNS generated using
protocol 1. Percentage of nestin positive cells is expressed as mean = SEM (n=3).
Significant difference *** P<0.001 compared between protocol 2 and 3 by a two-tailed

unpaired t-test.

6.2.8 Secondary LNS were generation from Primary human LNS, although a small

number of samples lost clonal growth features.

Human donor LNS cells can be subcultured to generate secondary neurospheres and
cryopreserved for future use. Following subculture, 2 of the 8 samples (77 & 74 years
old male donors) lost their ability to proliferate by clonal expansion. Characterisation
was carried out on the subcultured cells. Figure 6-6 demonstrated the expression of
the neural stem cell markers Sox2 and Nestin and the early differentiated neuronal
marker beta-lll tubulin (Tuj1) by immunocytochemistry. Nestin, Sox2 and beta-lll
tubulin were strongly expressed when the cells were proliferating by clonal expansion
(Figure 6-6, Left). However in the samples which lost clonal growth in the NSA, the
neural stem /progenitor cell markers, Nestin and Sox2, were weak or undetectable
(Figure 6-6, right). Beta-lll tubulin expression remained similar in both neurosphere

and monolayer limbal cells.
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Neurosphere Monolayer

Nestin/

Nestin/

Neg control Neg control

Figure 6-6 Neural potential of subcultured human LNS cells.
Human LNSs derived from donor eyes were subcultured in sphere forming medium
(DMEM: F12GlutaMAX™ with 2% B27, 20ng/ml EFG, 20ng/ml FGF2). Approximately half
of the samples spontaneously gave rise to monolayers after subculture (right panel).

Expression of the neural stem cell markers Sox2 and Nestin was weak or undetectable
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in monolayer cells, while expression of beta-lll tubulin (Tuj1) was consistent.
Arrowheads indicate immunopositive cells, while arrows show negative cells. Strong
expression of all three markers were observed in cells continuously grown as

neurospheres (right panel). Scale bar: 25pm

6.2.9 Human LNS culture from Pterygium surgery

Five samples were collected from patients who underwent routine pterygium surgery.
Initially two samples from patients (72 year old female and 55 year old male) were
dissociated into single cells and cultured in the serum free sphere forming assay in the
presence of mitogens (EFG and FGF2). However, the majority of the cells gradually died
under these culture conditions. Neither the formation of sphere-like structures nor cell

proliferation was observed after 14 days in culture.

The remaining 3 samples were subjected to explants culture in the presence of both
serum and mitogens [88,176]. Cells grew out from the explants and formed a
monolayer from two samples (35 and 40 year old males). Following sphere forming
subculture, the cells formed cells clumps attached to the culture plate, conventional
neurospheres with a smooth surface or typical size (=50pum) were not detected (Figure
6-7). No cell proliferation or growth was observed from the third sample which was

from an 85 year old male.

From Pterygium surgery, samples were typically less than 1 X 1mm in size, and were
obtained from the superficial layer of the limbus. The serum free sphere forming assay
in the presence of mitogens, supported the growth of LNS from human donor eyes,
however it did not support the growth of limbal cells derived from pterygium patients.
This may be due to the very small number of cells which were obtained. Of which, the
majority were possibly epithelial cells from the conjunctiva. Explants culture in the
presence of low concentrations of serum was a more supportive environment. The two
successful cultures were from patients aged 35 and 40 years old, while the one from
patient aged 85 failed. It appears that age, the size of the sample and culture method

affect human limbal cell growth.

Immunocytochemistry was carried out to investigate whether limbal cells had neural
potential in these two successful explants cultures. Approximately 3-5% of cells
expressed Nestin. Interestingly, the nestin positive cells were detected on the
monolayer of cells growing out from the sphere like cell clumps, but not in the in the

sphere-forming cells (Figure 6-7). Conversely, the early differentiated neuronal marker
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beta-lll tubulin was detected in the sphere-like cell clumps (Figure 6-7), with

approximately 90% of cells being immunopositive for TUJ1.

Nestin

beta-lll
tubulin
o --

Figure 6-7 Culture of limbal cells from live patients

Limbal cells were cultured from 1mm? of limbal tissue from a 35 years old patient who
underwent pterygium surgery. Following explants culture and subsequent serum free
neurosphere forming culture, sphere-like cell clumps formed (white arrow). Expression
of Nestin was absent in the sphere-like cell clumps, but was detected in monolayer
cells (red). Nuclei were counterstained with DAPI (blue). Beta-lll tubulin was detected in
the majority of cell clumps (red). Cells were in different plains of focus, due to clonal

growth. Therefore, the images were not evenly focused. Scale bar: 26um.
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Here we demonstrated that cells with neural potential can be derived from less than
Imm?2 of superficial limbal tissues from adult patients. They expressed the neural
stem/ progenitor marker nestin and beta-lll tubulin. Our preliminary data is based on 5
five patients. The tissues were not from the pathological region of pterygium site, but
from the healthy limbal region, hence it represents the characteristics of ex vivo limbal
cells derived from healthy individuals. Increasing the sample size is necessary to
determine the effect of age on the derivation and expansion of human limbal cells and

their neural potential.

6.2.10 Expression of retinal progenitor markers were detected on human LNS
derived cells by RT-PCR

Several methods were used to promote human LNS cell differentiation towards retinal
like phenotypes, including the use of extrinsic factors such as Shh, Taurine and RA
[88,176] and a co-culture assays. To investigate the potential of human LNS cell
transdifferentiation towards retinal-like cells, both neonatal mouse retinal cells and

early human developing retinal cell were used for the co-culture assay.

The expression of retinal progenitor cell markers including Pax6 (Paired box gene 6),
Lhx2 (LIM homeobox 2), Rx (retinal homeobox), Crx (cone and rod homeobox), Six3
(SIX homeobox 3) and Chx10 (also known as Vsx2, visual system homeobox 2) were
investigated on the human LNS cells following differentiation for approximately 5 days.
The results represent 2 independent experiments by RT-PCR. cDNA extracted from
foetal and adult human retina was used as a positive control for human progenitor
markers. Co-cultured limbal cells omitting transcriptase during cDNA synthesis were
used as negative control to exclude the non-specific amplification or possible

contamination (Figure 6-8).

As shown (Figure 6-8, Lane 1-4), low levels of Lhx2 and Pax6 were detected in all
samples co-cultured with mouse developing retina or Shh/Taurine/RA conditions. No
band was detected in the negative control (Figure 6-8, lane 5). Rx was present in 50%
of above samples. On the contrary, human LNS cells co-cultured with human early
developing retinal cells or non-inducing control condition, did not express the above
retinal developing transcription factors (Figure 6-8, lane 6-8). Expression of Chx10 and
the downstream transcription factors, such as Crx and Six3, were either undetectable

or appeared at an incorrect size in all conditions.
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Lhx2

CHX10
Pax6
Six3
RX
Crx

GAPDH

Figure 6-8 Expression of retinal development transcription factors in induced human
LNS. Human LNS cells derived from donor eyes were cultured in retinal lineage
promoting conditions. Total RNA was extracted from human LNS and RT-PCR was
performed using gene specific primers. RT- omitting reverse transcriptase.
Condition 1: human LNS cells co-cultured with mouse developing retinal cells;
Condition 2: human LNS cells cultured in differentiation media in the presence of
Shh/RA/Taurine. Condition 3: human LNS cells co-cultured with human foetal retinal
cells (post conception 56 days). Positive controls: adult human retinal cDNA (from
donor retina, proved by Southampton and South West Hampshire Research Ethics
Committee B, REC: 08 /H0504/191) and foetal retinal cells (post conception 56 days).
GAPDH was used as cDNA the housekeeping gene.
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6.2.11 Absence of mature retinal lineage markers in human LNS derived cells

Unlike mouse LNS cells, human derived LNS cells did not express mature retinal cell
markers such as blue Opsin (cone photoreceptor marker), Rhodopsin (rod
photoreceptor marker) and RPE65 (RPE cell marker), regardless of the retinal-lineage-
promoting conditions used (Figure 6-9). There were traces RPE65 detected from cells
cultured in non-inducing condition (control). An inappropriately sized non-specific
band was observed on most of the derived LNS samples using the rhodopsin specific
primers. The size was smaller than predicted (378bp), as shown on the positive control
using adult human retinal cDNA (human retina- A). This suggests that human LNS cells

did not express rhodopsin following three different induction conditions.

Blue Opsin

RPEG65
Rhodopsin
GAPDH

Figure 6-9 Absence of mature retinal lineage markers in human LNS derived cells.
RT-PCR was performed using gene specific primers. Human adult retinal cDNA was
used as a positive control for photoreceptor specific genes. Negative control (RT-)
omitted reverse transcriptase. Results represent two independent experiments.
Condition 1: human LNS cells co-cultured with mouse developing retinal cells;
Condition 2: human LNS cells cultured in differentiation media in the presence of
Shh/RA/Taurine. Condition 3: human LNS cells co-cultured with human foetal retina
(post conception 56 days). GAPDH was used as cDNA quality control. Human foetal

retinal cells (post conception 56 days) were also used as a control.
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6.2.12 Human Foetal retinal cells

In vitro cultured human foetal developing retinal cells (post conception 56 days), were
utilized to provide a retinal lineage differentiation environment in this study. The gene
expression of early human foetal retinal cells was investigated at both transcript level

and protein level. Transcription factors import for retinal development including Lhx2,
Pax6, Chx10 and Crx were detected in foetal retina (Figure 6-9, Lane 10). However, as

expected mature photoreceptor or RPE markers were undetectable (Figure 6-9, Lane

10), indicating the absence of photoreceptor cell development at this stages.
Foetal retinal tissues/ cells (post conception 49-56 days) were examined with matured

photoreceptor cell specific marker Rhodopsin by immunocytochemistry. As shown

(Figure 6-10), rhodopsin was not detected at this stage.
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Figure 6-10 Rhodopsin was not expressed in human foetal retinal cells (post

conception 49-56 days). Immunostaining using the rod photoreceptor specific marker
Rhodopsin (green Immunofluorescence) was conducted on cultured retinal cells (A & B)
and on whole-mount retinal tissue (C-D). B & D present the merged images of anti-
rhodopsin and DAPI nuclear staining (blue). Adult human retinal tissues from donor
eyes were used as a positive control. Rhodopsin was detected in the photoreceptor
layer of retina (in green, arrows, E & F). ONL: outer nuclear layer; INL: inner nuclear
layer. Scale bar: A-B: 26 pym; C-F: 100 pm.
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6.2.13 Absence of photoreceptor markers on human LNS cells by

immunocytochemistry

Human LNS cells from aged donors were co-cultured with human foetal retinal cells for
5-7 days then subjected to immunocytochemistry (Figure 6-11). Cells were stained for
the rod photoreceptor specific marker Rhodopsin, and RPE specific markers bestrophin
and RPE65 as shown in Figure 6-11, A-C). No rhodopsin or RPE65 expression was
observed however approximately 10% of cells were weakly positive for Bestrophin.
Rhodopsin was not detected in human LNS cells when co-cultured with mouse neonatal
retinal cells or when culture conditions were supplemented with extrinsic factors
HH/Taurine/RA (Figure 6-11, D-F).

The immunocytochemical results were in accordance with the results at a transcript
level by RT-PCR (Figure 6-9). As shown in this chapter, although essential retinal
progenitor markers including Lhx2, Pax6 and Rx were expressed in human LNS derived
cells in vitro following induction, mature photoreceptor specific markers such as

Rhodopsin and Blue opsin were undetectable.
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RREGS/

Rhodopsin/ Rhodopsin/

Rhodopsin/ Neg control

Figure 6-11 Absence of photoreceptor markers in human LNS cells by
immunocytochemistry. LNS cells derived from aged donors were co-cultured with
human developing retina (post conception 64 days, A-C). LNS cells did not express
rhodopsin or RPE65. Bestrophin was detected in approximately 10% of cells; (D) LNS
cells were co-cultured with neonatal mouse retinal cells; (E) LNS cells cultured in
differentiation media in the presence of SHH/Taurine/RA. Best: Bestrophin; Scale

bar: 26um.
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6.3 Discussion

For the first time, human limbal cells from both aged donor eyes and live patients were
used for generation of neurosphere. This study optimized and verified cell dissociation
and culture methods. Neurospheres were successfully generated from aged donor
limbal tissues up to 94 years of age, indicative of the potential of the limbus as an
autologous cell resource. The size of the human eyeball allows precisely dissecting
corneal limbal tissue to avoid cell contamination from iris, CB or retina. Therefore, this
study also confirmed that the derived LNSs were from the corneal limbus. Like cells
derived from mouse and other animals [6,144], human LNS cells expressed neural
stem cell markers including Sox2, nestin and beta-lll tubulin, suggesting the derivation
of neural progenitor cells from adult/aged human limbus. The distribution of Sox2 was
found to be in both the cytoplasm and nucleus in primary human derived LNS.
Following subculture, a small number of samples lost expression of neural stem/
progenitor marker Sox2 and/or nestin in the neurosphere culture media. This was

possibly due to cell differentiation and loss of stemness.

Following exposure to a retinal developing environment provided by mouse neonatal
retinal cells or extrinsic factors (Shh/taurine/RA), human LNS cells derived from donor
eyes expressed a number of early retinal progenitor cell markers. Include LIM
homeobox transcription factor Lhx2 and master regulator of eye development Pax6.
The former is required to specify the retinal lineage [32,90,148], while the latter is
required for eye morphogenesis for most species including humans. It is also required
for the multipotential state of retinal progenitor cells [220]. The presence of both Lhx2
and Pax6 is in accordance with the findings in Chapter 5, which show the same
upstream regulators have been activated in retinal like cells derived from mouse LNS.
In addition, Rx, a transcription factor involved in the development, specification and
maintenance of retinal progenitor cells was also detected in some of the induced
samples. Crx plays a crucial role in specifying the photoreceptor lineage [197], but the
expression of Crx was not confirmed in induced human LNS cells. This is consistent
with the finding from Chapter 5, and further experiments are needed to confirm
whether LNS cells are regulated by an alternative pathway, or by an unknown Crx

isoform.

Although certain transcription factors which are essential for retinal development were
detected, none of the induced human LNS expressed mature photoreceptor markers
such as Rhodopsin or Blue-Opsin following culture in the three different inducing
conditions. In Chapter 5, we demonstrated that photoreceptor markers were present in

retinal-like cells derived from mouse LNS. This difference may be due to development
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and specification of human retinal-like cells requiring more complicated endogenous
and exogenous regulation compared to mouse cells. For example, rat derived iris cells
required less genetic modification to adopt a photoreceptor phenotype when
compared to primate cells. A single transcription factor Crx was sufficient for rat cells,
while a combination of transcription factors was required in primates [73,213]. ESCs
from human, monkey and mouse can differentiate into photoreceptor cells through a
stepwise pathway in vitro [88]. The signaling pathways and transcription factors
activated in this process differ between human and mouse derived ESCs. Due to the
species differences, the diffusible photoreceptor promoting factors released by mouse
neonatal retinal cells were possibly insufficient to promote human cell

transdifferentiation towards retinal-like cells.

Foetal human retinal cells at 7-8 weeks post-conception were collected in this study.
Immunostaining showed that the mature photoreceptor specific marker rhodopsin was
absent from intact whole retinal tissues or cultured retinal cells, indicative of a lack of
rod genesis at this stage. This is accordance with previous reports that rod genesis
starts at 10.5 foetal weeks (post conception), when rod-specific proteins NRL and
NR2e3 are detected. The second phase of human rod genesis occurs later, with
expression of rod opsin (rhodopsin) at approximately week 15 [109]. In this study, the
foetal retinal cells (7-8 weeks) appeared unable to promote human LNS cell
transdifferentiation towards retinal-like cells. Neither retinal development transcription
factors nor mature photoreceptor markers were detected at a transcript level or protein
level. An observation from Watanabe et al. may explain this: the rod promoting activity
of diffusible signals was only observed in rodent neonatal neural at the peak of rod
genesis. The retinal cells from embryonic day 15 (E15), the peak of cone genesis, did
not have the same effect [233]. In addition, other tissues including adult neural retina,
neonatal thymus, cerebrum or cerebellum do not have a retinal specific promoting
effect either. Therefore, in vitro cultured human retinal cells from foetal week 7-8 may

be an inappropriate stage for promoting photoreceptor differentiation.

It is very encouraging that human LNS expressed retinal progenitor markers when
exposed to several defined factors including Sonic Hedgehog (Shh), Taurine and
retinoic acid (RA). Shh has been shown to be the key inductive signal in patterning of
vertebrate embryonic tissues, including the ventral neural tube. It is involved in
formation of the ventral optic cup, specification of the dorso-ventral polarity within the
optic vesicle, and governing of ocular morphogenesis [160,234]. Besides specification
of the eye field during embryonic development, Shh also has been implicated in control
of retinal development in vertebrates [235,236], and is required for maintenance of
RPC proliferation [237]. Studies show that inhibiting Shh and twhh (tiggy-winkle
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hedgehog) by antisense oligonucleotides reduces and delays photoreceptor
differentiation in zebrafish. Conversely, addition of Shh increases the percentage of
photoreceptors in rat retinal explants. Another factor, RA, plays an important role in
early eye development as well as in the differentiation, maturation and survival of

photoreceptors [238].

This is the first time that the effects of the Shh signal pathway, RA and taurine have
been investigated on the transdifferentiation potential of neurosphere cells derived
from human limbus. This positive retinal lineage promoting effect was consistent with
the reports on other cell/tissue resources including embryos or retinal progenitor cells.
[239,240]. An activation of Shh signaling has also been detected on co-cultured rat
limbal cells using microarray gene chip expression profile analysis [235,236,238-240].
In this study, the combination of the three factors had a similar retinal lineage
promoting effect as in vitro cultured neonatal mouse retinal cells, suggesting that
mechanisms involving the Shh signaling pathway may lead to the activation of retinal

development transcription factors in human LNS cells.

In summary, this preliminary data demonstrates the characteristics of LNS cells derived
from aged human donors and live patients. The cells derived display clonal growth,
and exhibit neural lineage markers when cultured in a retinal lineage inducing
environment. Derived human LNS cells expressed eye/retinal development
transcription factors including Lhx2, Pax6 and RX, although some retinal transcription
factors and mature photoreceptor specific markers were not detected. This is the first
study on the transdifferentiation potential of human limbus derived progenitor cells
towards a retinal lineage. As a readily accessible progenitor cell resource that can be
derived from individuals up to 94 years of age, limbal neurosphere cells may open up
promising avenues towards the development of novel approaches for the treatment of

degenerative retinal diseases.
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7 Chapter Seven - Introduction of Crx gene

into LNS cells by Lentiviral Vector

7.1 Introduction

Genetic modification may be used to promote cells to differentiation/
transdifferentiation along specific lineages [6]. In Chapter 3, | demonstrated that LNS
have neural stem/progenitor cell properties. By co-culture with developing retinal cells
in vitro, approximately 10% of LNS cells expressed retinal lineage specific markers,
including photoreceptor markers at both a transcript and protein level. However, the
efficiency of generation photoreceptor-like cells is low. In addition, co-culture with
animal derived cells is not clinically applicable. | therefore wanted to investigate
whether exogenous expression of Crx, a key regulator of early photoreceptor fate in

the developing retina, can drive LNS acquisition of retinal- like cells properties.

Crx is the earliest photoreceptor-specific gene expressed in developing rods and cones
[8,86-88]. In humans, mutations in Crx cause autosomal dominate cone-rod dystrophy,
RP or Leber’s congenital amaurosis [73]. In a study of homozygous Crx knockout mice
(Crx™"), photoreceptor cells failed to develop outer segments [73]. A serial analysis of
gene expression (SAGE) was conducted using libraries generated from mature and
developing mouse retina. It was shown that 46% of photoreceptor-enriched genes are
Crx-dependent [241]. Studies using mouse, primate and human cells have shown that
exogenous expression of Crx alone or together with Otx2 in vitro expanded adult iris
or ciliary epithelial cells, drove them to express photoreceptor specific markers, such
as rhodopsin, blue-cone opsin and PDE [242]. Furthermore, the resulting cells were
found to have functional activity associated with photoreceptors, using a cyclic GMP
assay [8,87,88] or with electrophysiological recording [8,87]. By transient Crx
expression, Jomary et al. detected photoreceptor specific markers including rhodopsin,
cyclic nucleotide-gated cation channel-3, blue-cone opsin, and beta-6-PDE on human

limbal cell [88]. However, functional activity was not detected by the cyclic GMP assay.

Lentiviral vectors (LVV) are a type of retrovirus, which includes the human
immunodeficiency virus (HIV). HIV based LVV have the advantages of efficient
transfection, integration and long-term expression of target genes in various types of
cells [8]. A series of modifications have been made to HIV-derived LVVs in order to
produce safer gene transfer vectors [243]. These modifications prevent structural

sequences from being incorporated into the viral genome. Thus the virus is unable to
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reproduce after it has infected the target host cell. The new LVVs, known as third
generation LVVs, have been modified to remove packaging signals and unnecessary
accessory genes, which has further improved safety and enhanced viral titres. The LVV-
Crx-GFP used in the study was a gift from Dr. J Cooke and Prof A Dick (Bristol Eye
Research Center, UK). Figure 7.1 illustrates the final LVV with mouse Crx cloned into
following viral assembly within the packaging cell line. This virus is able to transfect a
host cell once and cannot excise itself. Therefore, the virus cannot replicate and spread
itself automatically. The vector contained the WPRE (Woodchuck Hepatitis Virus (WHP)
Post-transcriptional Regulatory Element) to stabilize mRNA and increase the gene

expression.

CMV Crx IRES GFP

Figure 7-1 Schematic representation of a Crx and GFP lentiviral vector.
A heterologous promoter (cytomegalovirus, CMV) drives the expression of a transgene
(Crx), followed by the IRES (internal ribosome entry site) which allows for the continued
translation of the expression marker (eGFP). The transgene is composed of full-length
mouse Crx coding region. Image was from Dr. ] Cooke and Prof. A Dick, Bristol Eye

Research Center.

The aim of this study was to investigate whether a LVV carrying Crx, can induce LNS to
more efficiently adopt a photoreceptor-like phenotype. Green fluorescent protein was
introduced along with Crx, so that the successfully transfected cells can be identified.
The resulting cells will be characterized by immunocytochemistry and RT-PCR using

photoreceptor specific markers.
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7.2 Methods

7.2.1 Cell culture

Limbal cells were dissected from 8 week old mice and enzymatically dissociated using
Trypsin, collagenase and hyaluronidase as described in section 2.1.2 in Chapter2.
Cells were maintained in the full neurosphere culture media containing DMEM
F12/Glutamax™/B27- in the presence of 20ng/ml EGF, 20ng/ml FGF2 and 5ng/ml
heparin for 7 days before transfection.

7.2.2 Cell transfection

Multiplicity of infection (MOI) is the ratio of infectious agents to infection targets. In

this chapter, concentrations of 1, 2.5 and 5 MOI were used for LNS cell transductions.

MOI = The number of LVV (infectious agents)

Number of LNS cells (target cells)

Total cells required x MOI (1/2.5/5)
The viral titre x 1000

LVV solution required (ul) =

The LVV-Crx-GFP and control LVV-GFP vectors were a generous gift from Dr ] Cooke
and Prof A Dick. Before transfection, primary LNS cells were dissociated into single
cells using Accutase. Cells were plated into 96-well plates at a density of 1x10°cells/ml
in DMEM: F12/Glutamax™/B27 in the presence of 20ng/ml FGF2 and transfected with
LVV-Crx-GFP at 1, 2.5 and 5 MOI. LVV-GFP (5 MOI) and non-transfected cells were used
as negative controls. Cells were transferred into 6 well plates after 5 days and
subsequently cultured in DMEM: F12 Glutamax™/2% B27/ 1% FBS. Medium was
exchanged every 2-3 days. Cell characterisation was conducted 10 and 26 days post-

transfection by immunocytochemistry and/or RT-PCR (Figure 7-1).
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‘MOI1 |
MOI 2.5 RT-PCR(1/3 cells)
Mouse
LNS cells MOI 5

—p | Inmunocytochemistry (1/3 cells)

(DIVT) — GFP

Non-viral Continue culture (1/3 cells)

Figure 7-2 Crx transduction plan.

The diagram illustrates the Crx transduction plan using LVV-Crx-GFP. Cell
characterisation was conducted at a protein level (immunocytochemistry) or transcript
level (RT-PCR) on day 10 and day 26.

7.2.3 RT-PCR

RNA extraction, cDNA synthesis and polymerase chain reaction were conducted as
described in Chapter 2, Section 2.4. Total RNA was isolated and cDNA synthesis was
performed using RNeasy Plus (Qiagen) and High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). cDNA was amplified using gene specific primers (Table 4-1).
Cycles used were denaturing for 30 sec at 94°C; annealing for 30 sec at 60°C,
extension for 30 sec at 72°C for 35 cycles. Electrophoresis was performed on a 1.5%
agarose gel. Two different sets of Crx primers were used in RT-PCR in order to validate
Crx transduction (Crx_1) and investigate endogenous expression of Crx (Crx_2)
respectively.

Table 7-1 Primer sequences used for phenotypic analysis on transduced LNS

Primers Name Sequence Amplicon Size (bp)
Crx_1_F CCCATACTCAAGTGCCCCTA 122
Crx_1_R CCTCACGTGCATACACATCC

Crx_2_F ATCCAGGAGAGTCCCCATTT 506
Crx_2_R GGCAGAGATGGGCTGTAAGA

Rhodopsin_F TCACCACCACCCTCTACACA 216
Rhodopsin_R TGATCCAGGTGAAGACCACA

Rhodopsin kinase_F AGCCCGAGGAGAGAAGGTAG 285
Rhodopsin kinase_R CCCACGTCCTGAATGTTCTT

B-Actin_F TGTTACCAACTGGGACGACA 392
B-Actin_R TCTCAGCTGTGGTGGTGAAG

Crx_1 primer pair for validation of Crx transduction

Crx_2 primer pair, for investigation of endogenous Crx expression
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7.2.4 Immunocytochemistry

Immunocytochemistry was conducted as described in Chapter 2 (Section 2.2.)
Transduced LNS cells on post transfection on day 10 and 26 were fixed with 4% PFA for
15-20 min. Following permeabilization and blocking with 0.1% Triton X-100 PBS with

5% DBS for 0.5-1 hrs at rt, cells were incubated with primary antibodies overnight at
4°C. Antibodies used in this study include mouse anti-rhodopsin (1: 250 Sigma Aldrich),
rabbit anti- blue-opsin (1: 200 Abcam) and mouse anti-GFP (1:500 Abcam), as detailed
in Table 2-2 in Chapter2. After rinsing 3 x 10 mins with PBS, cells were incubated with
secondary antibody (Alexa Fluor 488 /555, 1:500) for 2 hrs at rt. nuclei counter-

stained with DAPI. Negative controls were incubated with secondary antibody only.
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7.3 Results

7.3.1 Expression of GFP on LNS cells following transfection with LVV-CRX-GFP and
LVV-GFP vectors

Following transfection with LVV-Crx-GFP or LVV-GFP, LNS cells grew as NS in
DMEM:F12/Glutamax™/B27 in the presence of 20ng/ml FGF2 during first 5 days. Non-
transfected cells did not exhibit any fluorescence, while LVV-GFP cells display bright
green fluorescence as shown in Figure 7-3. The GFP signal reached a plateau by 72-96
hours post-transfection and gradually decrease over time. After approximately 20 days,

fluorescence was not observed in GFP control cells.

Bright field Fluorescence

o .-
o .-

Figure 7-3 Bright field and GFP images of LNS cells transduced with LVV-GFP or non-

transfected cells. Images illustrate t LVV-GFP transduced cells three days after
transfection (bottom). Bright green fluorescence was observed, which typically reached
a plateau by 72-96 hours. Representative bright field and fluorescent microscopy
images are shown on the left and right, respectively. Control cells (top) did not exhibit
any green fluorescence. Cells in both conditions showed typical NS growth features.

Scale bar: 200pum
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The concentration of LVV-Crx-GFP was optimised using 1, 2.5 and 5 MOI. Crx
transfected cells from three vector concentrations are shown in Figure 7-4. The cells
exhibited much fainter GFP fluorescence compared to the control vector (LVV-GFP)
transduced LNS cells. The fluorescence also reached a plateau by 72-96 hours post-
transfection, and decreased gradually until it was undetectable after 7-10 days. All cells
showed typical NS growth features. However, the presence of more single floating
cells was observed in the cells transduced with an MOI of 5. This was possibly due to

cytotoxicity at this higher concentration.

Bright field Fluorescence

h --
h --
h --

Figure 7-4 Bright field and fluorescent microscopy images of LNS cells

transduced with LVV-CRX-GFP. Images illustrate cells transduced with LVV-Crx-
GFP at MOlIs of 1, 2.5 and 5 three days post- transfection. Weak green
fluorescence was observed using all three concentrations, which reached a
plateau by 72-96 hours. Representative bright field and GFP images are shown on
the left and right, respectively. Cell in both conditions showed typical NS growth

features. Scale bar: 200um
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7.3.2 Validation the Crx expression by RT-PCR

LNS cells were transduced by LVV in serum free medium containing 20ng/ml FGF2. No
further FGF2 was used to supplement growth medium. LNS started growing as
monolayers 5 days after transfection. Cells were then maintained in growth medium

with a low concentration of serum (1% FBS).

The primer pair (Crx_1, Table 7-1) amplifying encoding region of Crx gene, was use to
validate transduction of Crx into LNS cells. LVV have the advantages of prolonged gene
expression in vitro and in vivo [244], therefore, we tested whether Crx was expressed
in cells 10 days post-transfection. As shown in Figure 7-5, single strong bands were
observed on Crx transduced cells and neonatal retinal cDNA by RT-PCR. The size of
the amplification was close to the predicted 122bp. Whist transcript Crx was absent on

the GFP control and non-transduction control.

wn E—L
x—(\jm()e“"“
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Crx
B-actin

Figure 7-5 Validation of Crx transfection by RT-PCR

RT-PCR was performed to confirm the introduction of Crx on LVV-Crx transduced LNS
cells. Total RNA was extracted from LNS cells10 days post-transfection. The Crx gene
specific primers were utilized to amplify the encoding region of mouse Crx. RT-PCR
shows abundant expression of exogenous Crx on LNS cells following transduction with
1, 2.5 and 5 MOI LVV-Crx-GFP. Transcript Crx was absent on control conditions. The
extra bands observed on control conditions were unspecific amplification. GFP ctrl: LNS
transfected with LVV-GFP, Ctrl: non-transfected control. Positive control was neonatal

retinal. RT- omitting transcriptase. Internal control: B-actin.
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To investigate whether endogenous Crx was activated following transduction, a second
pair of Crx primers (Crx_2, Table 7-1) were designed to amplify a 500bp cDNA
covering both the untranslated and encoded region within the Crx gene as
demonstrated in Figure 7-6 A. The LVV-Crx-GFP vector used in this study did not
contain the Un-Translated Region (UTR). Therefore, only endogenous Crx can be
amplified using this primer pair. A single band was observed on LNS cells transfected
with 2.5 MOI LVV-Crx-GFP (Figure 7-6 B).
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Figure 7-6 Expression of endogenous Crx in LNS cells following transduction.
(A) A diagram illustrating the location of the primer pair (black arrows) used to detect
endogenous Crx expression at a transcript level only the encoded region of Crx was
cloned into the LVV. In order to detect endogenous Crx, the primer pair was designed
to cover the 5’ UTR. (B) Samples used were 10 days post-transfection. Total RNA was
extracted from LVV-Crx-GFP transduced LNS cells. RT-PCR showing expression of
endogenous Crx detected on LNS cells transduced by 2.5 MOI LVV-Crx-GFP. GFP ctrl:
LNS transfected with LVV-GFP, Ctrl: non-transfected control. Positive control was mouse
retinal cDNA, RT- omitting transcriptase. Internal control: B-actin.
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7.3.3 Expression of rod photoreceptor markers at a transcript level, but not at a

protein level following LVV-Crx-GFP transfection

The LVV encoding Crx was used in an attempt to reprogram limbal derived cells along
a photoreceptor differentiation pathway. The first question is whether LNS could
differentiate towards rod photoreceptor-like cells, upon exogenous expression of Crx.
After 10 days differentiation, RT-PCR and immunofluorescence staining were
conducted using rod specific markers including rhodopsin and rhodopsin kinase. RT-
PCR analysis for rhodopsin and rhodopsin kinase showed single strong bands present
in the LNS cells transduced with 1 and 2.5 MOI LVV-Crx-GFP, suggestive of the
expression of both rod specific markers at a transcription level. In the control
conditions or with the higher concentration of LVV-Crx-GFP (5 MOI), bands were much
weaker or absent at these markers (Figure 7-7). The expression of rod photoreceptor
markers decreased gradually, and was barely detected by 26 days post-transduction

using all viral vector concentrations.

No LNS cells were found to be immunoreactive with rhodopsin 10 or 26 days LVV-Crx-
GFP post-transfection. Rhodopsin staining was also not observed in control conditions
(cells transfected with GFP control vector or non-transfected cells). The GFP signal
decreased in the culture in all the transfection conditions. 26 days post-transfection,
GFP was detected in approximately 15% of LVV-GFP transduced cells, however GFP
fluorescence was barely detectable in LVV-Crx-GFP transduced cells using an anti-GFP

antibody.
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Figure 7-7 Rod specific markers detected on LVV-Crx-GFP transduced LNS cells by RT-
PCR. Total RNA was extracted from LVV-Crx-GFP transduced LNS cells, and RT-PCR was
conducted using gene specific primers. GFP ctrl: LNS transfected with LVV-GFP; Ctrl:
non-transfection control. Samples on the left are from 10 days post-transfection, and
samples on the right are 26 days post-transfection. Positive control was mouse retinal
cDNA, RT- omitting transcriptase. Expression of both rhodopsin kinase and rhodopsin
was detected on LVV-Crx-GFP transduced cells at MOl of 1 and 2.5 on the 10th day
post transduction. Bands were weaker or absent on the control conditions and 5 MOI
transduced cells. The expression of rod specific markers was barely detected 26 days

following transduction. Internal control: B-actin.
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Figure 7-8 Absence of rhodopsin expression on transduced LNS cells by
immunocytochemistry. (A) Rhodopsin immunostaining was conducted on LVV-Crx-GFP
transfected LNS cells (right) and controls (left) 26 days post-transduction. GFP
fluorescence was amplified using anti-GFP immunostaining (green). Immunostaining

analysis for rhodopsin did not show any positive cells on all conditions tested (red).
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GFP was barely detected on LVV-Crx-GFP transduced cells. Approximately 15% of
LVV-GFP transfected cells were GFP positive. Representative images of control and
LVV-Crx-GFP transduced are shown on the left and right, respectively, as indicated. Ctrl:
non-transfected cells. GFP: LNS transfected with LVV-GFP. Scale bar: 13um (B) P8-10
mouse retinal tissue was used as a positive control. Rhodopsin was detected in the
photoreceptor layer (red). Scale bar: 100 pm.
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7.3.4 Upregulation of cone photoreceptor markers at a protein level following
LVV-CRX-GFP transfection

We also investigated whether LNS could differentiate towards cone photoreceptor-like
cells upon forced expression of Crx. Immunocytochemical staining was conducted
using the cone specific marker blue opsin 26 days post-transduction. Approximately
23% of blue opsin positive cells were detected on LNS cells transduced with 2.5 MOI
LVV-Crx-GFP, and less than 10% on the cells transfected with 1 or 5 MOI LVV-Crx-GFP.
Blue opsin expression was also noted in 2-6% of cells transduced with the GFP control
virus and in cells which had not been transduced (Figure 7-9). In this study, 2.5 MOI
LVV-Crx-GFP shows the trend to increase the expression of cone marker expression. It
also changed the morphology of LNS cells, and neurite-like long cytoplasmic processes

were observed on the cells in this condition (Figure 7-9A, 2.5 MOI).
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Figure 7-9 Expression of blue opsin on transduced LNS cells detected by
immunocytochemistry. (A) Blue opsin immunostaining was conducted on LVV-Crx-GFP
transfected LNS cells and the control cells 26 days post-transduction. Immunostained
cells showed red staining in cytoplasm. GFP was barely detected on Crx transduced
cells. (B) Immunostaining analysis showed 23.3% of cells transduced with an MOI of 2.5
were positive for blue opsin. In the non-transfected control (Control), GFP control (GFP)
and 1 and 5 MOI LVV-Crx-GPF transduced cells, 2.2%, 6.1%, 9.0% and 5.0% of cells were
immunopositive for blue opsin, respectively. Results were from one experiment. For
analysis, 200-400 cells for each condition were analyzed from 3-4 randomly chosen

fields. Scale bar: 13um.
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7.4 Discussion

The results here present a single experiment of genetic modification on LNS. The
forced expression of Crx via a LVV in LNS cells activated endogenous Crx. In addition,
downstream regulation genes such as rhodopsin and blue opsin showed the trends of
upregulation at a transcript and protein level, respectively. The study performed the
initial optimisation on the concentration of LVV-Crx-GFP for transfection into LNS cells.
A concentration of 2.5 MOI LVV-Crx-GFP appeared to be an optimal transducing
condition. It activated endogenous Crx and induced highest percentage of LNS

expressing blue opsin.

Crx can bind to and trans-activate regulatory elements in various photoreceptor-
specific genes, which indicate that Crx may be able to directly control expression of
these genes [245]. The Crx gene alone has been transfected into a number of cells
sources in an attempt to promote cell differentiation along a photoreceptor-like
pathway. The successful generation of photoreceptor-like cells has been reported from
iris and CB epithelium cell, which have the same origin as the retina during embryonic
development [73]. The transduced cells were immunoreactive to photoreceptor specific
markers including rhodopsin, recoverin or blue opsin. A similar effect of driving non-
retinal cells towards a photoreceptor lineage was not observed using other
transcription factors such as NeuroD or Nrl, despite their important roles in

photoreceptor fate regulation [8,13,87,88].

In this preliminary genetic modification study, neural-crest derived LNS cells were
shown to have a high degree of plasticity. Through internal regulation with the
transcription factor Crx, rod and cone specific markers were detected by RT-PCR or
immunocytochemistry. This is consistent with the results from Chapter 4, which
demonstrated that photoreceptor-like cells can be generated from LNS cells via
exposure to a retinal development environment. The forced expression of Crx using
LVVs has been carried out on adult rat hippocampus derived NSC, which are capable of
self-renewal and differentiation into neuron and glial cells [88]. However no
photoreceptor markers were detected on NSCs upon transduction with the Crx gene
[228]. Akita et al. transplanted NSCs into E18 rat retinal explants [13]. The grafted NSC
expressed neuronal and glial markers, but failed to express retinal cell specific
markers. Therefore, neither transduction with Crx nor a microenvironment of
developing retina promoted NSCs differentiation along a retinal lineage. Plasticity

towards retinal-like cells does not widely exist in other source of adult stem cells.
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In this study, rhodopsin positive cells were not observed following LVV-Crx-GFP
transfection. However, to my knowledge, this is the first time that expression of
rhodopsin at a transcript level has been reported. Using gene specific primers which
covered both the UTR and coding region of the Crx gene, a single band was detected
by RT-PCR. This may indicate activation of endogenous Crx in limbus derived
progenitor cells following Crx transfection. However, the size of the amplicom
generated from Crx-LVV transfected cells is slightly larger than the positive control
retinal tissue, as shown on Fig 6-9. Therefore, whether endogenous Crx was
upregulated following the introduction of Crx remains to be proven. Further studies
using alternative methods, such as DNA sequencing or restriction digests, are
necessary to exclude the possibility of amplification from the insertion sequence of the
LVV vector.

A combination of other transcription factors such as Otx2, NeuroD or Nrl, may enhance
the generation of rod-like cells. The Nrl gene is essential for rod photoreceptor cell
specification. It is expressed in developing and mature rods. Nrl-eGFP transgenic
reporter mice provide a useful tool in the identification of a definite rod photoreceptor
cells fate [228]. Areas for future research include: 1) use of a combination of
transcription factors such as Crx with NeuroD, Chx10 or Otx2, which may improve the
strength and efficiency of transduction of LNS cells; 2) assessment of whether
transduced cells possess functional properties; and 3) assessment of whether
transduced cells are capable of integration into the ONL of the retina following

subretinal transplantation.

The results presented in this chapter were from a single experiment. This was due to
the limited time available towards the end of the project. Also the amount of LVV-Crx-
GFP vector available was inadequate for a replication study. Construction and
production of more LVV-Crx-GFP are planned in order to replicate this experiment and
verify the expression of endogenous Crx in the future. To summarise, the preliminary
data presented in this chapter shows the potential of LNS cells to differentiate into
photoreceptor-like cells through genetic modification. Further efforts using a
combination of other transcription factors may enhance the strength and efficiency of

driving LNS cells along retinal lineages.
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8 Chapter Eight - Final Discussion

8.1 Thesis summary

The studies detailed in this thesis characterize neural colonies (neurospheres) derived
from adult mouse and human limbus, and for the first time explore their potential for

transdifferentiation towards retinal like cells in vitro.

The investigations on self-renewal, neural potential, origin and ultrastructure, provide
comprehensive knowledge of the neurosphere cells derived from adult corneal limbus.
The cells displayed clonal expansion and expressed a wide range of stem cell and
neural lineage markers. Adult LNS cells appear to be stem/progenitor cells from neural
crest derived limbal stroma, instead of transformed limbal epithelial or bone marrow
derived cells. The studies also present the first ultrastructural characterisation of LNS.
They exhibited similar morphology and microstructure to neurospheres derived from
the CNS.

Following culture in a retinal development microenvironment, LNS derived cells
displayed mature neural markers and exhibited electrical excitability. For the first time
this demonstrates that neural crest derived limbal stromal stem/progenitor cells are
capable of transdifferentiation towards a retinal lineage, displaying photoreceptor /
RPE specific markers and electrical excitability in vitro. A subpopulation of LNS cells

integrated into the photoreceptor layer of retinal explants in vitro.

A further study was performed using human limbal tissue from donor eyes and from
patients undergoing pterygium surgery. Human LNS cells have been successfully
derived from donors aged up to 94-year old. A final preliminary study introducing
exogenous Crx, the key photoreceptor fate regulation transcription factor, has shown
an activation of endogenous Crx and a trend towards up-regulation of downstream
photoreceptor genes. This indicates that internal regulation may also be utilized to

encourage LNS cells to acquire photoreceptor-like properties.

Ultimately the results presented here highlight a valuable autologous cell resource to
generate retinal-like cells for tissue repair. Much of the work provides the first evidence
on the transdifferentiation potential of neural-crest derived limbal stromal
stem/progenitor cells as a candidate cell resource for retinal repair. This will allow us
and other research groups to pursue further work with the common goal of generating

functional autologous photoreceptor/RPE cells.
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8.2 Implications for stem cell therapy for retinal disease

Cell therapy is an attractive approach for the treatment of degenerative retinal diseases.
In many such diseases, the inner retinal neurons remain largely intact. The spatially
organised inner neural network is still functional for receiving and transmitting signals
to the CNS. Therefore, if photoreceptors can be transplanted at the optimal site and
form synaptic connections with the next neurons (bipolar cells) within retinas, visual
function may be restored. In addition, the retina possesses unique advantages due to
its anatomical features and the development of ophthalmic surgical techniques. The
SRS, the potential space between photoreceptors and RPE cells, provides an ideal site
for cell delivery. Synaptic integration and improvements in retinal function have been
demonstrated following photoreceptor precursor cell transplantation into animal
models of retinal degeneration [135]. Several studies have also demonstrated grafting

cells integration in to adult retina, displaying typical photoreceptor morphology [62].

Whilst the studies presented in this thesis used adult/aged corneal limbus derived
neurosphere cells, various sources of stem/progenitor cells are currently being
investigated in order to identify the ideal cell type for the treatment of degenerative
retinal diseases. However, there is still a lack of practical cell resources for clinical
application. Utilizing embryonic or foetal tissues is difficult due to limited resources,
ethical issues and risks associated with tumour formation [5,64,135]. In addition,
transplant rejection may occur due to chronic immune responses. As reported recently,
in the absence of immune modulation there is a 90% loss of integrated allogeneic
photoreceptors by 4 months, and this increases to almost 100% at 6 months [114].
iPSCs, generated from somatic cells via introduction of transcription factors, can
provide immune matched cells for transplantation. However, the possibility of
mutagenesis due to viral vector integration or tumour formation remains [120].
Although a small population of CB epithelial cells exhibit clonal growth and express
neural/retinal progenitor markers, the existence of true stem cells in the CB remains
controversial [124,125]. In addition, it is technically challenging to harvest autologous
CB cells.
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8.2.1 A new candidate autologous cell resource for degenerative retinal diseases

The results presented here highlight an attractive autologous cell resource derived
from corneal limbus, for the treatment of degenerative retinal diseases. This is a
readily accessible area between the conjunctiva/sclera and the transparent cornea,
where the superficial layers are amenable to tissue harvesting. In Chapter 3, it was
shown that neural colonies (neurospheres) were successfully derived from adult mouse
cells using a NSA, which is a bona fide serum-free culture system. The cells expressed
a wide range of neural stem/progenitor markers, and gave rise to mature neuron-like
cells following differentiation. LNS derived cells were also capable of self-renewal.
Robust expansion in vitro can therefore provide sufficient progenitor cells for further

manipulation and/or transdifferentiation.

LNSs in this study are likely to have originated from neural-crest limbal stromal cells
rather than epithelial cells or bone marrow derived cells. The result presented here
differs from observations by Zhao et al., which demonstrated that a NSA accompanied
with inhibition of BMP4 signaling encouraged limbal epithelial progenitor cells to
acquire neural properties [3]. These cells could also be subsequently differentiated into
either functional neurons or cells which expressed photoreceptor specific markers. The
author excluded the stromal origin simply by the observation that no neurospheres
were generated from rat limbal stroma in the NSA culture system. However, other
research groups have demonstrated that neurospheres can be generated from
corneal/limbal stroma from rodents, cows, rabbits and humans [6]. In addition it is not
possible to surgically separate epithelial from stromal layers in rodent eyes without cell
contamination. Therefore, the use of specific markers is necessary to identify cell
origin. In Chapter 3, following neurosphere generation, continuous expression of a
diverse range of neural-crest markers was shown. The neural crest markers were up-
regulated in synchrony with expression of neural lineage markers. While a down-
regulation of epithelial lineage markers was concurrent with elimination of over 90% of
cells within the first three days of culture. These observations suggest that LNS
generation is likely to be from neural crest derived corneal stromal progenitor cells.
Inhibition of BMP4 did not change the gene expression profile or affect LNS forming
capacity, which is suggestive that BMP4 inhibition is not critical in the generation or
maintenance of LNSs. In addition, on comparison of the ultrastructure of limbal
neurospheres with well characterised neurospheres derived from the CNS [30,32,33,90]
and the CB [104]. Tight- and desmosome junctions, typical in spheres of an epithelial
origin, were absent. This suggests that sphere formation was unlikely to be due to

reprogramming of epithelial cells to a neural lineage [202].
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Several studies have demonstrated that bone marrow derived cells can migrate to the
corneal/limbal stroma [30,90,148], with expression of the hematopoietic stem cell
marker (CD34) and leukocyte marker (CD45) in the stromal layer of the cornea and
limbus, but not in the epithelial or endothelial layers. In our study, we found that
limbal derived neurosphere cells expressed CD34, but were negative for CD45,
indicating that LNS are stromal keratocyte progenitor cells. This supports previous
studies suggesting that corneal/limbal stromal keratocytes are multipotent neural crest

stem cells capable of differentiating into a neural lineage [90,196].

Cell contamination from retinal cells and RPE cells is possible due to the small size of
the mouse eye. However we are confident that LNS cells were not derived from retinal
cells or RPE cells. In Chapter 3, a range of neural retinal markers and RPE markers
were found to be absent in freshly isolation limbal cells as well as LNSs cultured in
vitro. Therefore the acquisition of retinal-like cell properties observed in Chapter 4 was
not due to contamination from retinal/ RPE cells during dissection. In Chapter 6, the
generation of human LNS cells from live patients and donor limbal rims also confirmed

that LNS cells were from limbal tissues, rather than from tissues of a retinal origin.

8.2.2 Derivation of excitable retinal-like cells from adult LNS cells

Consistent with previous reports, our neural crest derived corneal LNS cells were
immunopositive for a range of neural lineage markers [90,148,172]. In this study, we
confirmed that following neural differentiation, a sub-population of cells displayed a
typical neural morphology and expressed mature neural markers, as detailed in
Chapter 3 and 4.

This is the first time that neurosphere cells generated from neural-crest derived limbal
stroma have shown the potential for transdifferentiation into photoreceptor and RPE
like cells. In Chapter 4, expression of retinal development transcription factors
including Lhx2 and Pax6 were observed in LNS cells following 3-4 days culture in a
retinal developing microenvironment provided by a co-culture system. The subsequent
expression of photoreceptor specific markers as well as other retinal/RPE markers was
observed at a transcript and/or protein level. Morphologically, differentiated LNS also
displayed putative presynaptic dense bodies and sensory cilia after differentiation. The
latter is the same subtype of cilia which is present in photoreceptor and RPE cells
[30,90,146,148]. These typical retinal cell features have not been observed in
transduced hippocampus-derived adult NSC or induced bone marrow stromal stem
cells [219].
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Furthermore, | demonstrate in Chapter 5, for the first time, that induced LNS cells
possess voltage-gated calcium channels capable of electrical excitability. The acute
calcium influx response was similar to the response seen in retinal cells, which were
used as a positive control. Voltage gated calcium channels and their mediated release
of neurotransmitters play an important role in the functionality of the retina
[88,146,160]. These channels also regulate calcium homeostasis, cell metabolism,
cytoskeletal dynamics, gene expression and cell death in photoreceptor [246-248].
Functional voltage-dependent channel has also been observed in iPSCs derived
photoreceptor-like cells [247,249]. Due to the limitations of fluorescent calcium
indicators for use in the assessment of light responsiveness, it remains to be seen
whether LNS cell acquired this unique function of photoreceptor cells.
Electrophysiological recording may be an ideal alternative method to utilise for further

investigation in vitro.

8.2.3 Transdifferentiation potential of human LNS cells towards a retinal lineage

| extended this study to human limbal cells, using tissue from aged individuals. In
Chapter 5, LNSs were generated from tissue from donors up to 94 years of age. These
cells expressed neural stem cell/progenitor markers including nestin, Sox2 and beta-lll
tubulin. This study also provided information on the derivation of limbal cells with

neural potential from 1mm? of superficial limbal tissues from live patients.

This is the first study on the transdifferentiation potential of human limbus derived
progenitor cells towards a retinal lineage. Although mature photoreceptor/RPE markers
were undetectable, human LNS expressed retinal progenitor markers including Pax6,
Lhx2 and Rx when co-cultured with developing mouse retinal cells or exposed to
extrinsic factors such as Shh, RA and Taurine. The use of extrinsic factor modulation is
valuable as it indicates the use of animal tissue/cells can be avoided in the future. It is
encouraging that endogenous retinal development transcription factors were shown to
be up-regulated in human LNS cells. These results suggest that in vitro expanded
human LNS cells may be a potential autologous cell resource for the treatment of
retinal degenerative diseases. Further research using extrinsic pathway regulators or
genetic modification to introduce intrinsic transcription factors, may promote LNS cells
to acquire retinal- like cell properties in vitro. To ultimately prove that LNS cells can
give rise to RPE cells and photoreceptors, comprehensive evidence is required. These
include expression of mature photoreceptor/RPE specific markers, and demonstration
of their functionality such as light responsiveness for photoreceptor cells, and ability to

phagocytose ROS for RPE cells both in vitro and in vivo.
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8.2.4 Genetic modification of LNS cells

Co-culture of LNS cells with animal tissue/cells in Chapter 3 and 4 explored the
potential for differentiation along retinal lineages. However, the use of animal
tissue/cells is not clinically applicable. A preliminary experiment was therefore
performed in order to investigate the effect of ectopic expression of Crx on LNS cells,
as detailed in Chapter 7. Possible endogenous Crx activation and a trend towards
upregulation of photoreceptor markers were observed. Ectopic expression of Crx was
however not sufficient to drive LNS cell differentiation to mature rod photoreceptor-like
cells. It should be noted that this potential has not been detected from other source of
non-eye field stem cells, such as neural stem cells derived from the hippocampus [223].
Therefore, LNS can be used more readily for retinal cell derivation than non eye-field
stem cell resources. Genetic modification by ectopic expression of retinal development
transcription factors has been shown to promote CB epithelial cells or IPE cells to
express photoreceptor-specific markers [13,88]. The efficiencies of 50-90% rhodopsin
positive cells from rat or primate CB and IPE cells have been reported previously by
introducing transcription factors including Crx, Otx2 and NeuroD [8,86,87,169]. The
derived photoreceptor-like cells hyperpolarised after light stimulation [86,88]. A more
recent study demonstrated introduction of factors Otx2 and Crx, with the modulation
of Chx10, led to a strong enrichment of functional photoreceptor-like cell from human
CB derived cells [88]. Therefore, combination with other retinal/photoreceptor
developing transcription factors may enhance the effect of driving the LNS towards

photoreceptor- like cells [169].

Despite the encouraging results from genetic modified CB and IPE, it remains
challenging to generation “true” photoreceptor cells from adult stem cells. Adult CB
epithelial cells were previously identified as retinal stem cells [86,168,169,213]. Their
stem cell properties and capacity for generation of photoreceptor cells have been
questioned [128]. Gualdoni et al. investigated the effect of previously reported
methods on driving CB derived cells into photoreceptor cells. None of the culture
conditions or introduced transcription factors including NeuroD, Chx10, Crx, and Nrl
can effectively activate Nrl-regulated photoreceptor differentiation program [3,135].
Therefore, the potential of CB cells to generate “true photoreceptor” cells are yet to be
determined. The author suggests reprogramming and/or trans-differentiation would be
required to use CB cells as a source for the generation of photoreceptors [135].

LNS cells would also be an optimal cell resource for reprogramming and/or trans-
differentiation. They are readily accessible, highly proliferative and multipotent. iPSCs
can be generated from mouse and human somatic cell by introduction of four

transcription factors including OCT4, SOX2, c-Myc and KLF4. Due to the risks such as
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insertional mutagenesis or tumor formation, it has been suggested to use a minimal
number of transcription factors and to eliminate oncogenic factors [135]. This goal can
be achieved through selection of optimal candidate cell resources. Kim et al. generated
iPSCs from adult mouse and human neural stem cells by ectopic expression of single
transcription factor Oct4 [250-252]. As demonstrated in Chapter 3, a diverse range of
neural stem markers including Sox2, were detected on LNS cells. The multipotential
capability of limbal stroma derived stem/progenitor cells have been reported by
different research groups [250]. Dravida et al. showed that stem cells derived from
human corneal-limbal stroma, expressed the ESC marker SSEA-4 (stage specific
embryonic antigen-4) and other stem cell markers important for maintaining an
undifferentiated state [29,30,90,148,149]. Therefore, LNS cells may become an ideal
cell resource for single-factor reprogramming or transdifferentiation due to their

existing stem/progenitor cell properties, multipotency and plasticity.
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8.3 Future Plans

The studies present in this thesis, provide the first information on LNS cells
transdifferentiation towards retinal-like cells. As a new candidate cell resource for
retinal repair, many new avenues have been opened up for further studies. The

following section describes some of the work which will be continued in our group.

8.3.1 Functional assessment - light responsiveness in vitro

The expression of photoreceptor specific markers is not sufficient to definitively prove
cell identity. Light responsiveness, a unique function of photoreceptor cells, needs to
be further investigated. Functional photoreceptors are partially depolarised in the dark.
This is due to positively charged ions entering cyclic-nucleotide gated channels when
cGMP is bound to those channels. Upon light stimulation, cGMP is hydrolyzed into GMP,
which causes closure of cyclic-nucleotide gated channels and stops positive ions
entering. Thus, photoreceptors become hyperpolarized. Electrophysiological recording
can be utilised to measure the change of membrane potential and detect light

responsiveness in single cells [149].

As a continuation of the work described in Chapter 5, electrophysiological recording by
patch clamp will be used to measure the electrical potential across cell membranes in
the light and dark. Neonatal mouse retinal cells cultured in vitro will be used as
positive control to validate the assay. Adult mouse LNS cells maintained in non co-

culture conditions will be used as negative control.

8.3.2 Investigation of Nrl-activation using gene reporter mice

Nrl is a basic motif-leucine zipper transcription factor that is expressed in developing
and mature rods. It has an essential role in rod fate specification [88]. A deletion of Nrl
(Nrl”) leads to loss of rod function and a change of photoreceptor layer morphology in
vivo [212-214]. The Nrl-eGFP transgenic reporter mouse model has been previously
used to select optimal cell for retinal repair [214]. In this mouse model, developing rod

photoreceptors are tagged with GFP.

Further work will assess definite rod generation from LNS cells using this mouse model
[62]. Nrl-eGFP mouse derived LNS cells will be subjected to co-cultured assay, extrinsic
factors stimulation or genetic modification with retinal development transcription

factors. We will monitor and quantify the percentage of GFP labelled cells in these
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conditions to assessed LNS cells’ capability in generation new photoreceptor cells
[62,135].

8.3.3 To enhance the efficiency of photoreceptor-like cell generation

8.3.3.1 Combined introduction of photoreceptor development transcription factors

Genetic modification is a high throughput method utilised to promote stem cell
differentiation toward a specific fate(s). Hence it has great potential in regenerative
medicine. Retinal specific neuronal differentiation is regulated by a complex
transcriptional network. The transcription factors Crx and Otx2 play an essential role
in retinal lineage commitment [135]. Combined transduction with Otx2 and Crx,
together with the modulation of Chx10, greatly enhanced the efficiency of generation
functional photoreceptor-like cell from human CB derived cells [73,82,83,213,253].
Electrophysiological and behavioural tests showed improvements in visual function,
following transplantation of transduced cells into animal models of retinal disease.
Whilst Nrl, NeuroD, Rx, Ngn2, or Mash1 did not affect rod nor cone photoreceptor
differentiation [169]. LNS cells are derived from the anterior eye; therefore they have
certain intrinsic factors leading them to become eye field cells. Ectopic expression of
combined transcription factors including Crx/Otx2 may enhance the strength and

efficiency of photoreceptor-like cell generation from LNS cells.

8.3.3.2 Regulation of signalling pathways

Several extrinsic factors have been reported for use in directing ESC differentiation
toward retinal progenitor cells and subsequently to photoreceptors through a stepwise
comprehensive differentiation procedure [169]. Factors used include Noggin (BMP4
inhibitor) DKK1, Shh, Activin A and Taurine.

The work presented in Chapter 6, suggests extrinsic factors including Shh, Taurine and
RA induce human LNS cell to express retinal progenitor markers such as Pax6, Lhx2
and Rx at a transcript level. This is similar to the effect of the co-culture assay. In the
case of heterogeneous progenitor cells differentiating into retinal neurons, extrinsic
factors have also been demonstrated to direct regulation or act synergistically with co-
culture assays. It has been reported that Activin A and Taurine can induce expression
of photoreceptor specific markers such as rhodopsin, opsin and recoverin from bone
marrow stromal cells [109]. Zhao et al. found that DKK1 and Shh significantly
increased the number of rhodopsin kinase positive cells when corneal limbal

progenitor cells were co-cultured with PN1 retinal cells [144]. Further detailed studies
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are however required to determine the functionality of these derived photoreceptor-like

cells.

The defined extrinsic factors and their effect on heterogeneous stem/progenitor cell
differentiation along retinal lineages may help us to understand the mechanisms
involved in retinal specific neuronal development. In addition, they also have a number
of advantages compared to other assays such as co-culture with animal tissue and

genetic modification in terms of safety for prospective clinical application.

8.3.4 Functionality and integration assessment following transplantation

8.3.4.1 |Invivo transplantation studies

Wild type mice (C57BL/6, P1) and a mouse model of retinal degeneration (Ccl2”
/Cx3Cr17) will be utilized for transplantation studies. Rod genesis peaks at PN day 1 in
mice. Therefore PN1mice will be used to provide an optimal microenvironment to
promote photoreceptor specific differentiation and to facilitate integration into the
ONL [6]. A degenerative retinal phenotype is present in Ccl27/Cx3Cr17is apparent by 5
weeks of age. We will therefore transplant cells into knockout mice at 6-8 weeks. If
photoreceptor-like cells can be derived from human and mouse LNS cells through
genetic modification as detailed in section 8.5.3.1, they will be transplanted into
retinal degeneration animal model. The GFP tagged donor cells will be dissociated into
single cells and transplanted into the SRS of recipient mice transsclerally. We will use
previously suggested immunosuppression to minimise the effect of inflammation or

rejection caused by allogeneic or xenogeneic donor cells [62].

We will set up three groups for transplantation experiments: a) control group on which
no surgical procedures will be conducted; b) a sham injection group in which the same
surgical procedure will be conducted, but without cell transplantation to eliminate
possible effect due to the surgical intervention; and c) cell transplantation group. We
anticipate that 6-8 animals per treatment group should be sufficient to obtain the

required results [120].

8.3.4.2 LNS cell differentiation and integration in vivo

The ability of transplanted cells to integrate within host tissue is crucial for cell therapy.
In Chapter 5, | performed a preliminary in vitro cell integration study using neonatal
retinal explants and Qdot labelled LNS cells. Due to the limitations of the Qdot tracking

assay, the majority of grafted cells were not fluorescently labelled. In addition, the
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retinal explants lost the typical laminated morphology in the organotypic culture

system.

In the future, in vivo transplantation will be used to assess cell integration and synaptic
connection. LVV-GFP, a generous gift from Dr. J Cooke and Prof A Dick will be used to
genetically label LNS cells. As shown in Chapter 7, bright GFP cells were observed
following transfection. Successfully GFP tagged LNS cells will be sorted for subretinal
transplantation into neonatal wildtype mice. LNS cells genetically modified with
combined retinal development transcription factors will also be tagged with GFP, and
transplanted into the SRS of Ccl2”/Cx3Cr1~.

Recipient mice will be sacrificed at a number of time points following transplantation.
Host retina will be examined at 1, 2 and 4 weeks post transplantation by
immunohistochemistry. Photoreceptor specific markers including rhodopsin and
recoverin will be used. The location and phenotype of transplanted cells (GFP tagged)
will be assessed too. We will also investigate photoreceptor specific synaptic

connections using anti-bassoon antibodies [62].

8.3.4.3 Assessment of visual function following transplantation

If optimal photoreceptor cell phenotypes and integration can be achieved, functional
studies will be performed to assess if transplanted cells are light-responsive and
functionally connected. Result from all three groups (control, sham injection and

transplantation) will be analyse to avoid bias.

The following experiments will be carried out 3-4 weeks post transplantation:
optokinetic drum test and electroretinography. The optokinetic drum has been used
as an appropriate tool to examine the visual perception and visual acuity of mouse. We
will investigate head-tracking responses. The measurement of extracellular field
potential may also be carried out as previously reported [62]. We will stimulate the
retinal tissue in vitro with light, and measure the electrical potential produced by

excitable cells using extracellular microelectrodes.

8.3.5 Studies on human LNS cells

The work presented in Chapter 6, provides information on isolation and culture of LNS
cells from aged human donor tissue. The presence of retinal progenitor markers at
transcript level on human LNS cells following culture in conducive environment
suggests their potential for transdifferentiation towards a retinal lineage. Future work

will continue the investigation on clonal growth, neural potential and ultrastructural
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characteristics of human LNS cells. More samples will be collected from live patients.
By using genetic modification, extrinsic factors and transplantation in to SRS of animal
models, it is hope that the feasibility of transdifferentiation human LNS cell along
retinal lineages will be revealed.
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