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Abbreviations

ABCG2 ATP-binding cassette sub-family G member 2
AlL jacalin (Artocarpus integrifolia),

AMD age-related macular degeneration

bmMSC bone marrow-derived mesenchymal stem cells
BMP-4 bone morphogenetic protein 4

CAM cell adhesion molecule

CB ciliary body

CBE ciliary body epithelium

CD cluster of differentiation

CD104/1tgp4 integrin 4

CD105/Endoglin endoglin

CD117/c-kit c-kit

CD144/VE-cadherin | vascular endothelial-cadherin

CD146/MCAM melanoma cell adhesion molecule
CD147/Neurothelin | neurothelin

CD166/ALCAM activated leukocyte cell adhesion molecule
CD29/ltgp1 integrinl1

CD31/PECAM platelet/endothelial cell adhesion molecule
CD44/HCAM homing cell adhesion molecule

CD49a/ltgal integrinal

CDA49b/Itga2 integrino2

CD49f/Itg 06 integrin a6

CD56/NCAM neural cell adhesion molecule

CD90/Thy-1 thymocyte differentiation antigen 1

CEC corneal epithelial cell

CFU colony forming unit

CHX10 ceh-10 homeo domain containing homolog
c-MYC v-myc avian myelocytomatosis viral oncogene homolog
CmMz ciliary marginal zone

CNS central nervous system

ConA concanavalin A (Canavalia ensiformis)
CRALBP cellular retinaldehyde-binding protein 1
CXCR4 C-X-C chemokine receptor type 4

DAPI 4',6'-diamidino-2-phenylindole

DBA horse gram lectin (Dolichos biflorus)

DMEM Dulbecco modified Eagle’s medium

DNA deoxyribonucleic acid

DSL Datura stramonium lectin (Datura stramonium)
ECL Erythrina cristagalli lectin (Erythrina cristagalli
EDTA ethylenediaminetetraacetic acid




EGF epidermal growth factor

ESC embryonic stem cell

FACS fluorescence activated cell sorter

FC fold change

FCS fetal calf serum

FGF fibroblast growth factor

Flmed fluorescence intensity median

FITC fluorescein isothiocyanate

FN1 fibronectin 1

FOXC1 forkhead box transcription factor

GFAP glial fibrillary acidic protein

GS glutamine synthetase
Griffonia (Bandeiraea) simplicifolia lectin 1l (Gfonia

GSLII simplicifolia)

H&E haematoxylin and eosin

HAM human amniotic membrane

HLA human leukocyte antigens

IOP intraocular pressure

IPE iris pigmented epithelium

iIPSCs induced pluripotent stem cells

ITG/Itg integrin

KLF4 kruppel-like factor 4

KRT keratin

KRT/CK cytokeratin

LC lens capsule

LEC lens epithelial cell

LEL tomato lectin (Lycopersicon esculentum)

LESC limbal epithelial stem cell

LESCD limbal epithelial stem cell deficiency

LMAF neural retina leucine zipper

LMX1B LIM homeobox transcription factor 1, beta

LR laminated retina

MITF microphthalmia-associated transcription factor

MKI67/Ki-67 gg}griﬂfgjrzggfrl]erde Ik;l;t/er(r;onoclonal antibody ki-

MSC mesenchymal stem cells

MTS 3-(4,5-dimethylthiazoI-2-y|)-5—(3-c§1rboxymethoxyp‘r;da)-
2-(4-sulfophenyl)-2h-tetrazolium, inner salt

NES/Nestin nestin

NLR non laminated retina

NPC neuroprogenitor cell

OCT optical coherence tomography




OCT4 POU class 5 homeobox 1

PAX/Pax paired box

PC adult/progenitor stem cell

Pcs peripheral cysts

PDGF-R3 platelet-derived growth factor recepfor

PFA paraformaldehyde

Pl propidium iodide

PITX2 paired-like homeodomain 2

Pla pars plana

Pli pars plicata

PNA peanut agglutinin (Arachis hypogaea)

PNN pinin, desmosome associated protein

PVR proliferative vitreoretinopathy

gPCR guantitative polymerase chain reaction

RCA Ricinus communis Agglutinin (Ricinus communis)
RD retinal detachment

RNA ribonucleic acid

RP retina periphery

RPC retinal progenitor cell

RPE retinal pigment epithelium

Rt room temperature

RT reverse transcription

S.D. standard deviation

SBA soy bean agglutinin (Glycine max)

SEMA3A semaphorin 3A

SERPINAS serpin peptidase inhibitor, clade A member 3
SHH sonic hedgehog

SOX2/Sox2 sex determining region y-box 2

STL potatoe lectin (Solanum tuberosum)

TAC transient amplifying cell

TGFp transforming growth factds

TP63/p63 tumor protein p63

TYR tyrosinase

UEA Ulex europaeus agglutinin (Ulex europaeus)
VEGF vascular endothelial growth factor
VEGER2/KDR \éz?r(]:;ilr?rrggg&?relial growth factor receptor 2/Kenassert
VIM/Vim vimentin

VVA hairy vetch agglutinin (Vicia villosa)

WGA wheat germ agglutinin (Triticum vulgaris)
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1. Introduction

Vision is the ability to interpret the surroundimmvironment by processing information

carried by the visible light. Visual perceptionrtawith light entering the eye through the

transparent cornea, which then continues its wagutih the lens and focuses on the
photoreceptor layer of the retina. The light isnthanslated into neuronal signals and further
transported and processed in the visual cortekenobtain.

According to the World Health Organization’s datsdathere were 285 million visually
impaired people worldwide in 2012, out of which 2#élion had low vision and 39 million
were blind. The leading causes for visual impairhweere uncorrected refractive errors and
cataract, while for blindness they were cataraiugpma, diabetic retinopathy and age-
related macular degeneration (AMD). Despite comckgfforts, many diseases that impair
vision have no definitive treatment yet. As quabtyvision tightly correlates with quality of
life, visual impairment and blindness have impdrtaocio-economic and healthcare
implications. Therefore, many attempts are beingdendo improve the therapeutic

possibilities for treating blinding diseases.



2. Theoretical Background

2.1. Anatomy of the Eye

The human eye is structured like a miniature camptaeed in the anterior half of the orbital
cavity. The eyelid is the shutter; the pupil colgrthe amount of light entering the eye; the
cornea and the lens act as a camera, the lens tesipgnsible for focusing the image onto the

retina; the latter acts somewhat like a film inamera.

The human eye is composed of three concentric .cbpfiorous coat consisting of a white,
opaque, tough sclera and a transparent corneaastular coat consisting of a heavily
pigmented vascular layer including the iris, ciidrody (CB) and choroid, and 3) a retinal

coat.

The cornea is a clear, dome-shaped tissue of tiegi@npart of the outer fibrous layer. It is
responsible for protecting the eye against injuaied infections; furthermore, it provides two-
thirds of the total refractive power of the eye.eTéornea consists of 6 layers (Dua et al.,
2013), which are from the surface to inside: cormgi#helium, Bowman’s membrane, stroma,
Dua’s layer, Descemet’s membrane and endotheliume. cbrneal epithelium is a stratified
non-keratinized squamous epithelium which acts dgnamic physical barrier for agents that
are potentially harmful to the intraocular struesiMantelli and Argueso, 2008). It consists
of 1-3 layers of superficial squamous cells withfate-extending microvilli allowing close
association with the tear film, 1-2 layers of cahsupra-basal cells and a single layer of
columnar basal cells. The corneal stroma accowntatfout 90% of the corneal thickness. It
is composed of several layers of collagen fibeas thn parallel to the surface, which thanks
to the periodical and equal organization give tbhenea transparency. Besides keratocytes
which produce collagen and hydrated proteoglycéibsoblasts, mesenchymal stem cells
(MSCs) and immune cells can be found among thegeli layers. A pre-Descemet’s layer
(also called Dua’s layer) has recently been disam€Dua et al., 2013); its presence was
noted using a big bubble technique during deeprianteamellar keratoplasty and it consists
of an acellular, approximately 5-8 lamellae thipkgdominantly, type | collagen. The corneal
endothelial cells form a monolayer on the innerfase of the cornea facing towards the
anterior chamber of the eye. The crucial functidntlos layer is to maintain corneal

transparency by regulating the hydration while wifgg nutrition of the cornea. The
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transparency of the cornea is due to its unifornucsire, avascularity and appropriate

function of endothelial cells.

The cornea continues into the fibrous sclera, wiicther goes into the dural sheath of the
optic nerve. The conjunctiva starts from the corseleral junction, also called limbal rim,
and covers the anterior surface of the scleralamgdsterior surface of the eyelids connecting

with the skin at the lid margin.

The middle vascular layer of the eye is the uvdackvconsists of the iris, CB and choroid. It
is responsible for the blood supply of the retinee CB and iris have similar structure: both
consist of pigmented and non-pigmented epithel@l layers which represent an anterior
extension of the neuroretina and retinal pigmerthepum (RPE), as well as a stroma which
contains vessels and muscles. The iris controlsaatheunt of light entering the eye ball by
adjusting the diameter of the pupil. Circular fibef the ciliary muscle affect the tension of
the zonular fibers resulting in changes in the shapd refraction of the lens. The non-
pigmented epithelial cells of the CB are respomsibl producing the aqueous humor which
circulates between the anterior and posterior clasnbf the eye and exits through the

trabecular meshwork near the limbus.

The lens is a biconvex, transparent structure \adjustable refraction of 3-20 Diopters.

Anterior to the lens are the anterior and postari@mbers, while posterior is the vitreous.

The innermost layer of the eyeball is the retindaciwhas a light sensitive and transducer
function. It extends anteriorly to the CB, endimfoi a ragged edge called ora serrata. The
retina consists of 10 layers out of which the infidayers are known as neuroretina. The
outermost layer is the RPE, a single layer of highigmented cells. Together with the
underlying Bruch’s membrane, this layer forms theob-retina barrier. Furthermore, the
RPE plays a key role in supporting the photoreaspfanction by regulating the amount of
light reaching them, as well as the rate of phatpsty of photoreceptor outer segments,
vitamin A turnover and secretion of growth factarsd cytokines. The photoreceptor layer
contains rods and cones. The rods are light seesind responsible for vision in the dark.
The cones are not that sensitive to light, butrasponsible for color vision. Inner to the
external limiting membrane is the outer nucleaetayhich contains the photoreceptor cell
bodies. The outer plexiform layer consists of tbarections of the bipolar, horizontal and
amacrine cells with the photoreceptors in it, white inner nuclear layer contains the cell

bodies. The inner plexiform layer consists of tlerections of ganglion cells with the
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amacrine and bipolar cells. Inner to the gangliefi kayer is the nerve fiber layer which
contains the ganglion cell axons that continue tdwdhe optic nerve. The internal limiting
membrane is the innermost layer of the retina, betwthe nerve fiber layer and the vitreous.
Mauller cells are the principal glial cells in thetina and are essential for the structural support
and maintenance of balanced extracellular environniehe cell bodies of these cells are
found in the inner nuclear layer and they proje&gularly thick and thin processes in either

direction - to the outer limiting membrane and itheer limiting membrane.

The choroid has 3 layers of blood vessels — witlheiasing lumen thickness dependent upon
their depth.

2.2. Eye Development

The eye is an organ in which an architectural pigsr of neural tube ectoderm, surface
ectoderm, neural crest and mesoderm form "machinéry achieving complex visual

response (Chow and Lang, 2001; Fuhrmann, 2010; G2&40; Zuber, 2010). Table 1
summarizes the embryonic origin of each part ofetye

All layers of the retina

Epithelial lining of the ciliary body and iris
Optic nerve

Vitreous

Lens

Corneal epithelium

Sclera

Neural crest Corneal stroma and endothelium
Connective tissue and bones of the orbit
Extraocular muscles

Vascular endothelial cells

Neural tube ectodermi

Surface ectoderm

Mesoderm

Table 1. Summary of the eye development and tissue origin. The neuroectoderm
differentiates into the retina, iris, and opticvesrthe surface ectoderm gives rise to lens and
corneal epithelium; the neural crest cells becomeneal stroma, sclera and corneal
endothelium; the mesoderm differentiates into tkeeaecular muscles and the fibrous and
vascular coats of the eye (modified from (Haradal.e2007)).

Initially, the eyes develop as a pair of outpoakgsi called optic vesicles on each side of the
forebrain at the end of the fourth week of pregwyaride optic vesicles subsequently come
into contact with the surface ectoderm and indwses Iplacode formation. The latter then
starts invaginating until it pinches off from thet@derm and becomes a lens vesicle. The lens

vesicle acts as an inducer to the optic vesicleaiasform into a double-walled optic cup and
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also signals or induces the ectoderm to transtertthe cornea. Periocular mesenchymal cells
derived from mesoderm and neural crest then migrdatethe space between the anterior
surface of the lens vesicle and the surface eatod&rainor and Tam, 1995). The migrated
cells form fibroblasts and melanocytes of the aotdris stroma, keratocytes of the corneal
stroma and the corneal endothelium. The mesenciyrinent of the lens vesicle is split into
an irido-pupillary membrane (inner layer) and sahst propria of the cornea (outer layer) by
the appearance of anterior chamber through vaaimiz The anterior and posterior
chambers communicate with each other through tipd ptier the irido-pupillary membrane
disappears. The surface ectoderm cells overlayiagrtesenchymal cells become the corneal
epithelium (Haustein, 1983).

The outer layer of the double-walled optic cup eamihg pigment granules develops into the
pigmented layer of the retina - the RPE. The infm&ural) layer differentiates into light-
receptive elements (rods and cones) and also gigesto neurons (bipolar, amacrine,
horizontal and ganglion cells) as well as suppgrtiells (Muller glia). The axons of the
ganglion cells form a nerve fiber layer which comes into the optic stalk which later
develops into the optic nerve. The anterior oni fuff the inner layer remains one cell layer
thick (non-laminated retina, NLR) and later dividet® thepars ciliaris retinaecharacteristic
of its folding (pars plana (Pla) and pars plic&h)], andpars iridica retinaewhich forms the
posterior layer of the iris. The mesenchyme ingkde optic cup forms the vitreous and the
hyaloid vessels which supply the lens during theaurterine life and also develop the
vascular layer on the inner surface of the retiBg. the end of the fifth week, loose
mesenchyme completely surrounds the eye primordwinige its inner layer forms a highly
vascularized and pigmented choroid, and the oaigrldevelops into sclera which continues

with the dura mater around the optic nerve (Sad@t2).

2.3. Molecular Regulation of Eye Development

One of the key regulators in eye development iseanber of the paired box (PAX) family,
PAX6, which expression begins before the neurulastarts, when a single eye field is
presented at the anterior part of the neural plateer transcription factors expressed in the

early eye-field are listed in Table 2.
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Gene Symbol Gene

RAX retina and anterior neural fold homeobox
SIX3 sine oculis-related homeobox 3

SIX6 sine oculis-related homeobox 6

LHX2 LIM homeobox 2

MITF microphthalmia-associated transcription factor
OTX2 orthodenticle homeobox 2

CHX10 ceh-10 homeo domain containing homolog
NES nestin

Table 2: Early eye field genes (modified from (Sadler, 2012)).

Sonic hedgehog (SHH) expression induces the separatf the two optic vesicles;
furthermore, it upregulates PAX2 and downreguld®é@s<6 genes in the centre of the eye
field that leads to the development of the optadkstPAX6 is further expressed in the optic
cup and the overlaying surface ectoderm, but gplale only in the lens formation together
with other transcription factors such as bone mogenetic protein 4 (BMP-4) (secreted by
the optic vesicle), sex determining region Y-boxS®X2) and neural retina leucine zipper
(LMAF).

Optic cup formation is regulated by fibroblast gtbvactors (FGF) and transforming growth
factor p (TGF B) beside other transcription factors like microphthia-associated
transcription factor (MITF) and ceh-10 homeo domasntaining homolog (CHX10). FGF is
produced by the surface ectoderm and plays a mokke development of the neuroretina,
while TGF B is produced by the surrounding mesenchyme andmigontant in the

development of the pigmented layer of the retina.

Hence, the neuroprogenitor cells (NPCs) expressqua pattern of transcription factors due
to their origin and developmental fate. The retipedgenitor cells (RPCs) can be further

specified according to their final cell type aswhan Table 3.

Cell type Gene Symbol| Gene Description
Ganalion PAX6 paired box 6
g MATH3 neuronal differentiation 4

PAX6 paired box 6
SIX3 sine oculis-related homeobox 3

Amacrine PROX1 prospero homeobox 1
NEUROD neuronal differentiation 1
MATH3 neuronal differentiation 4
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PAX6 paired box 6
Horizontal SIX3 sine oculis-related homeobox 3

LIM1 LIM homeobox 1

MATH3 neuronal differentiation 4

CHX10 ceh-10 homeo domain containing homolog
Bipolar MATH3 neuronal differentiation 4

MASH1 achaete-scute complex homolog 1

CRX cone-rod homeobox
Cone/rod | NEUROD neuronal differentiation 1

MASH1 achaete-scute complex homolog 1

RAX retina and anterior neural fold homeobox
Miiller HES1 hairy and enhancer of split 1

HES5 hairy and enhancer of split 5

HESR2 hairy/enhancer-of-split related with YRPW 1in®t

Table 3. Characteristic genes of retinal progenitor cells (modified from (Harada et al.,
2007)).

Development of the cornea requires specific gergulagory networks in which many
transcription factors and molecular signals areived. Detailed developmental networks are
still not well defined, but some contributing fact@are known, such as PAX6 (Davis et al.,
2003; Kroeber et al., 2010), paired-like homeodonza(PITX2), Forkhead box transcription
factor (FOXC1) (Cvekl and Tamm, 2004; Seo et @12 , LIM homeobox transcription
factor 1, beta (LMX1B) (Cvekl and Tamm, 2004), Kpeblike factor 4 (KIf4)
(Swamynathan et al., 2007) as well as pinin, desmesassociated protein (PNN) (Joo et al.,
2010). Wntg-catenin (Arkell and Tam, 2012; Gage et al., 26808) TGB pathways (Saika et

al., 2001) are also involved in the anterior segna@a cornea development in particular.

2.4. Stem Cdlls

Stem cells are unspecialized cells that have sekwal capacity maintained by asymmetric

division, forming a pool of cells and daughter proyg differentiating into special cell types.

Three types of stem cells can be distinguishedyetter: embryonic stem cells (ESCs), so-
called induced pluripotent stem cells (iPSCs) asalt4progenitor stem cells (PCs)(Alvarez et
al., 2012; llic and Polak, 2011). The main diffezes among them are in their origin, self-
renewal capacity and differentiation potential. H®Cs are pluripotent and show unlimited

capacity for self-renewal (Semb, 2005). The IPS@s somatic cells that have been
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genetically reprogrammed to an ESC-like state liygoforced to express genes, such as the
POU class 5 homeobox 1 (OCT4), v-myc avian myelmogtosis viral oncogene homolog
(MYC), KLF4 and SOX2, important for maintaining tipeoperties of ESCs (Takahashi and
Yamanaka, 2006). Similar to the ESCs, they havé hémewal capacity and pluripotency.
The PCs are multi-, oligo- or unipotent and hawgtkd proliferation capacity (llic and Polak,
2011).

Although stem cell biology has improved greatlythe last decade, its translation to the clinic
is a much slower process. Only a few stem cellajhies are now available due to the several

unsolved, yet important issues needed to develeptaefe stem-cell based therapies.

The fear of teratoma formation, immune-rejecticgues and ethical concerns are also slowing
down the progress of ESCs towards clinical trilel{ et al., 2008; Lo and Parham, 2009).
The iIPSCs have major safety concerns about thdviem@nt of retroviral or lentiviral vector
integration and the possibility for genomic chantges can lead to tumor development (Lin
et al., 2009; Stadtfeld et al., 2008; Zhou et a009). Some reports highlight that the
epigenetic memory from the somatic cell origin cbliit the success of redifferentiation of

these cells as well (Kim et al., 2010).

PCs can be found in many organs of the human kmay) as bone marrow, skeletal muscle,
heart, brain, skin and eye (Mimeault and Batra,8208s they have already undergone some
critical developmental stages, they can only défdiate to the certain cell types of the
organ/tissue they reside. PCs can be cultureditro, but only for a limited time due to their
limited proliferative capacity. The use of PCs édatively safer thanks to the possibility of

patient-specific autologous transplantation andatkaglability of ethical alternative sources.

PCs have been described in different parts of yeeiacluding the corneal epithelium and the
retina. They exist in low numbers in so-called fisteell niches” where they support tissue
and organ turnover throughout life (Power and Ragil; Snippert and Clevers, 2011).
Depending on the tissue origin they can be higldpva (limbus) or relatively quiescent

(retina).

Corneal epithelial cells are renewed or regener&tech the limbal epithelial stem cells
(LESCs), while retinal injuries can lead to perm@ndamage. Therefore, the retina is
considered to have limited regenerative capacltiipagh there is evidence for presence of

PCs in the retina as well.
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2.4.1.Limbal Epithelial Stem Cells

The most successful stem-cell-based therapy sdsftlre use of LESCs to regenerate the
corneal epithelium (Pellegrini et al., 1997). Thmldus is approximately 1.5-2 mm wide rim
where the cornea becomes continuous with the sdteransists of crypts and so-called Vogt-
palisades. The latter are radially-oriented pagillke fibrovascular ridges extending to the
sub-epithelial connective tissue (Goldberg and Bi®82). Davanger and Evensen were the
first in 1971 to suggest that corneal epitheliunmigintained and renewed from the limbus
(Davanger and Evensen, 1971). Histological secimpnof the corneo-scleral junction
confirmed the presence of PCs at the basal lay#reofrypts (Dua et al., 2005). The palisades
are believed to provide protective environmenttfa@se PCs by hiding the cells from shear
stress and supplying them with nutrients from tteod vessels (Boulton and Albon, 2004;
Schlétzer-Schrehardt and Kruse, 2005). [aal. proposed that limbal crypts are most
abundant in the nasal region (Shanmuganathan et2@07), while others found them
preferentially located in the superior and infeniegions of the limbus (Shortt et al., 2007a;
Wiley et al., 1991). It is believed that LESCs ghse to transient amplifying cells (TACs)
due to asymmetric division. TACs can further dividad their daughter cells become
terminally differentiated while they migrate ceityaand superficially until they finally shed
off (Pellegrini et al., 1999; Schermer et al., 1986

Huang and Tseng showed that only limited prolifgeatcapacity of corneal epithelium
remains in the absence of limbus (Huang and TsE®®1), which is in accordance with the
findings of Majoet al. who showed some evidence for the presence ofigot cells at the

central cornea in mice (Majo et al., 2008).

Unfortunately, there are no definitive markersittentifying PCs in general or specifically in
corneal stem cells (Takacs et al., 2009). The paser absence of various morphological
features (small cell size, high nucleus/cytoplastio), specific protein and gene expression
pattern are used in combination to identify andimiisiish stem cells from differentiated cells.
Establishment of a comprehensive panel of theseactaistics would let researchers

compare their data and specify better the subptpnsaof PCs.

2.4.1.1. Limbal Epithelial Stem Cell Deficiency

LESC deficiency (LESCD) is a disease in which LES&s lost or damaged due to
hereditary, acquired or sometimes unknown (idiopatlliseases (Espana et al., 2002;
Puangsricharern and Tseng, 1995). Maintenanceeotdinneal epithelium fails in LESCD,
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thus the corneal epithelial defects appear anddéaieal properly. The barrier function of the
limbus is also inappropriate, leading to cornealjanctivization, loss of corneal clarity and
visual impairment (Ahmad, 2012). The most commonegie background associated with
LESCD is aniridia where, among several other abatities, developmental dysgenesis of
the anterior segment including the limbus can beeoked (Ramaesh et al., 2005). Common
acquired causes include chemical and thermal binfl@mmatory diseases (such as Stevens-
Johnson syndrome, ocular cicatricial pemphigoid atonic limbitis), contact lens-
associated toxicity or mechanical irritation andeesive cryotherapy, radiation or surgery.
LESCD can affect one eye (monocular) or both (hitexg which can be partial or diffuse.
The diagnosis is mainly based on clinical symptofdamad et al.,, 2010) and can be
confirmed by corneal impression cytology (Dart, 79n brief, filter paper is placed on the
surface of the patient’s previously anesthetizetea and with the removal of the filter paper
the superficial cells are peeled off. Normally,yoobrneal epithelial cells can be found on the
paper; however, when corneal and conjunctival epéhcells are mixed or only conjunctival

cells can be found, LESCD is confirmed.

Definitive treatment requires the replacement dltgy LESCs. Due to lack of corneal donor
tissues and decreased chance for graft survivaguamlogous or homologous expansion of
human LESCs has been proposed, which can be camiedirectly via a piece of limbal
tissue harvested from the contralateral healthy(ay&logous graft) or dissected from living
tissue-matched eyes or non-matched cadaver eyleggatic graft) (Kenyon and Tseng,
1989; O'Sullivan and Clynes, 2007). These procexlofeharvesting relatively large limbal
tissue carry the risk of serious complications liksufficient wound healing or damage of
vision in the healthy eye, while side effects af immunosuppressive drugs used to prevent
rejection of the transplanted vascularized limisgue can cause other complications (Secker
and Daniels, 2008). Kenyon and Tseng were the fastise limbal transplants from the
healthy eye to treat the other eye of a patiert witilateral total LESCD (Kenyon and Tseng,
1989). Since then, the techniques of transplamtatiave been modified and advanced.
Transplantation of small biopsies ex vivoexpanded cells from these biopsies either from
living or cadaver donors can be an alternativenfmvesting limbal grafts. The biopsy needs
to be taken from a stem cell-rich region, yet,hbwd be small enough not to deplete the

population of stem cells in the living donor eyéG@llaghan and Daniels, 2011).

Pellegriniet al. were the first to take a biopsy from the limbusagfatient’s healthy eye and

culture LESCs from the graft to form a transplateadpithelial cell sheet. They used growth-

18



arrested 3T3 fibroblasts as feeder layer and tleeitappcontact lens to place the epithelial cell

sheet on the surface of the eye (Pellegrini eil8by).

Although cell therapies should ideally be animaltenal-free, most standard protocols for
culturing LESCs still use FCS, exogenous growthdia; hormones or cholera toxin in the
growth media (Baylis et al., 2011; Shahdadfar gt28l12; Shortt et al., 2007b) and/or mouse
3T3 fibroblasts as a feeder layer (Notara et 8l1,03. The use of animal material carries a risk
of transferring prions or as-of-yet unknown dissa&hahdadfar et al., 2012; Tekkatte et al.,
2011). Therefore elimination of the animal materiabould be a great advantage for

preventing safety issues.

Different carriers have been proposed for suppgrtiee growth of LESCs ranging from
synthetic sources like temperature responsive palgniNishida et al., 2004a), chitosan-
gelatin biopolymer (e la Mata et al., 2013), cohtans (Di Girolamo et al., 2009; Gore et al.,
2013) and compressed collagen (Mi and Connon, 2@d@3)atural materials as fibrin matrix
(Forni et al., 2013; Rama et al., 2001), human atrmmembrane (HAM) (Grueterich et al.,
2003; Koizumi et al., 2007a; Pauklin et al., 20a0)l LC (Galal et al., 2007).

Most of the clinical case reports use intact orutierd HAM either as a biologic drape to
cover the bare stroma after the removal of abnonoajunctival tissue (Gomes et al., 2005)
or as a carrier for transplanting the LESCs (Gmigheet al., 2003; Koizumi et al., 200743,
Pauklin et al., 2010). HAM is thought to inhibitrganctival overgrowth and provide a good
substrate for normal epithelial migration, whilevimg the advantage of containing growth,
anti-angiogenic and anti-inflammatory factors tlbah prevent or decrease fibrosis in the
healing tissue (Plummer, 2009). The use of denudiét has been found superior to the
intact form as a carrier for LESCs (Chen et al.1®0Koizumi et al.,, 2007b). Although
Pauklinet al. could successfully transplant cultured LESCs dadnHAM and restore the
corneal surface, thus providing significant incean visual acuity after 14-28 months
(Pauklin et al., 2010), (Grueterich et al., 2008j2Gmi et al., 2007a; Pauklin et al., 2010), the
main disadvantage of using HAM is its lack of oplitransparency.

2.4.2.Retinal Stem Cells

In humans, the neuroretina and other parts oféhéal nervous system (CNS) are considered
to have limited capacity for regeneration oncenamenesis/neurogenesis is completed.
Despite that, many attempts have been made to NiR€s in adult human retinas. CB

epithelium (CBE) has been considered as one optineary niches for NPCs (Ahmad et al.,

19



2000a; Tropepe et al., 2000) based upon the fattthie neuroretina and CBE develop from
the same neuroectoderm, and lower vertebratesrbaust renewal and regenerative capacity
within the retina (Perron and Harris, 2000). Stegtiscat the ciliary marginal zone (CMZ2)
persist throughout lifetime of these animals, agdiew cells as the eye grows and replacing
damaged or lost retinal cells. These stem celle gse to both neural retinal cells and RPE
cells in these species (Fischer and Bongini, 260! and Reh, 2010; Locker et al., 2009;
Moshiri et al., 2004). In addition to that, Fischedral. showed generation of new retinal
neurons at the retinal periphery (RP) in chickeaneafter one month of hatching (Fischer and
Reh, 2000).

NPCs are present in the CBE (equal to the CMZ)nduretinogenesis in humans, and
provided they are present in the adult mammalias ethey should be able to react to retinal
injuries and proliferate and migrate to the affdceea.

Most studies regarding isolation and characteopatif NPCs have been carried out in lower
vertebrates and rodents, not in humans. Althougthents represent ideal animal models for
studies of the CNS due to their ease of maintendaeecost, short breeding times and also
due to the shared similarities in anatomy and mhygy of the CNS with their human
counterparts, not all the results of the experimgm@rformed on rodents can be reflected in
humans. Due to the lack of definitive markers fd?@$, the combination of morphological
analysis, stem and mature cell marker detectioheeitat gene or protein level and

differentiation studies should be used to confine NPC phenotype.

Stem cells are thought to exist in niches wheré fireperties are carefully regulated by their
protective environmenin vivo. Spheres are referred tan“vitro niches” which provide
different stimuli and cues to the cells thereino@fr et al., 2011). NPCs are able to form
spheres from singe cell suspension in media cdntaimitogens (neurosphere formation
assay), while continued formation of neurosphenes anany passages confirms their self-
renewal and inducible proliferative capacity. Doethie physical and geometrical nature of
the spheres the nutrient and oxygen supply varigsnmhe structure (Pastrana et al., 2011)
may lead to differentiation of the cells (Arseniget al., 2001). Capability to differentiate
into mature retinal cells is also required to futhe criteria of retinal stem cells. Furthermore,
the desired tissue-specific function of the diffegrated cells is crucial for the successful stem

cell-based cell therapy (Liu et al., 2013).
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2.4.2.1. Degenerative Retinal Diseases

Millions of people worldwide are affected by degextee retinal diseases with varying
degrees of irreversible vision loss. These disefmes a very diverse and large group (e.qg.
AMD, retinitis pigmentosa, glaucoma and retinaladéiment (RD)) with progressive damage

and eventual death of the retinal cells.

The most common cause of blindness in people dnveage of fifty in developed countries is
AMD, which is characterized by central loss of @isi Although the exact cause of AMD is
not known, age is considered to be the major @sior for its development. AMD has two
forms: dry and wet type, based on the integritytted blood-retinal barrier. There is no
treatment for the dry type of AMD, but repeatedrantular injections of anti-vascular
endothelial growth factor (VEGF) can slow down firegression of the wet type of AMD
(Rofagha et al., 2013).

Retinitis pigmentosa is an inherited genetic diseasth primary photoreceptors (rods)
degeneration leading to gradual loss of night aedpperal vision, causing tunnel vision.
Later, loss of central vision leads to total blieds for which, unfortunately, no treatment is

available to stop the progression.

Glaucoma leads to a progressive damage of retarajlgpn cells with subsequent visual field
loss. In most of the cases, increased intraoculkzsspre (IOP) is a key modified factor, but
glaucoma can also occur with normal IOP. Drugssndical procedures can only slow down

the progression of glaucoma, but as of yet then® idefinitive cure.

RD can appear due to rhegmatogenous and non-rhegematus causes. Full-thickness defect
in the neuroretina allows fluid to move throw aéhok a break and separate the neuroretina
from the RPE, leading to rhegmatogenous RD. Cotbramf vitreoretinal membranes in
absence of a retinal break(s) is the cause ofidraitRD; alternatively, when RD involves
separation of the retinal layers by subretinaldflderived from vessels of the neuroretina or
choroid, both types of RD have been collectiveljechexudative RD.

Bleeding within the eye, increased inflammation daetrauma and previous RD surgery
increase the risk of proliferative vitreoretinopaitiPVR). Many of the factors that increase
the risk of PVR are the same as those of RD, suklnigh degree of myopia (short-

sightedness), family history and previous catasacyery. RD can also be caused by other

diseases in the eye such as tumors, severe inflaomwa complications from diabetes. Early
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detection and treatment of RD can prevent PVR fomeurring, so regular eye examinations
can play an important preventative role. Signs @spnce of NPCs would be expected in
PVR, due to the damage of retinal cells.
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3. Aims of the Studies

To isolate cells derived from the stem cell nicbethe human corneal limbus.

* To culture and expand the LESCs in media contaitiaoghan serum as the only
growth supplement.

» To characterize theex vivo expanded human corneal limbus-derived cells by
morphological analysis (light microscopy, histolpgyand molecular biology
techniques (transcriptional profiling, flow cytomegt immunofluorescent staining,
colony formation assay).

* To examine human lens capsule (LC) as a possilddical carrier for LESC

transplantation.

* Toisolate cells derived from human stem cell nicbECB and RP in PVR.

* To culture CB/RP- derived cells into non-adhergiteses or adherent cultures.

* To characterize thex vivoexpanded CB/RP-derived cells by morphological ysial
(light microscopy, transmission electron microsc@pieM)) and molecular biology

techniques (transcriptional profiling, immunofluscent staining).

* To investigate the above mentioned stem delstu.To explicate the relevance of the

above mentioned stem cells in physiology and deseas

23



4. Materials and Methods

4.1. Ethics

All human tissue collection complied with the Gdides of the Helsinki Declaration and was
approved by the Regional and Institutional Rese&ttiics Committee of the University of
Debrecen (DE OEC: 3094-2010) and by the Local Cdiess for Medical Research Ethics
of Oslo, Norway. Samples obtained from patientsgL\@treous) were collected after written
informed consents had been signed. Animal expetsnerre performed according to the
Association for Research in Vision and Ophthalmpl&gatement for the Use of Animals in

Ophthalmic and Vision Research.

4.2. Sample Dissection
4.2.1.Human Samples

4.2.1.1. Isolation of Limbal Epithelial Stem Cells
Limbal tissues were harvested from cadavers wittEnhours of biologic death. Male to
female ratio was 4:3 and the average age of theveasl was 7023 years.

After a profound povidone iodide eye wash, the goafiva was circumferentially incised and
separated from the limbal junction. Two concentiicles were drawn 0.25 mm far from

corneo-scleral junction, one in the clear cornehthe other in the sclera. Approximately 0.5
mm wide corneo-scleral rim was dissected with tbkp lof lamellar knife placed tangential to
the surface being cut and kept superficial witlia épithelial layer. The limbal rim was then
cut into 2x2x0.5 mm rectangular shaped grafts dadeg with the epithelial side up on tissue
culture plates, glass cover slips or denuded hub@sthat were obtained from uneventful
capsulorrhexis during cataract surgeries. LCs were-treated with 0.025% trypsin-

ethylenediaminetetraacetic acid (EDTA) (PAA, PasghiAustria) (20 minutes, 3C) to

remove any remaining lens epithelial cells.

4.2.1.2. | solation of Retinal and Ciliary Body Epithelial Cells

After removal of the anterior segment of the enateld human eyes, irrespective of known
PVR, the CB and retinal tissue were mechanicalpasged and placed into Leibowitz-15
medium (L15, Invitrogen, Carlsbad, CA) containingsfiase (1.2 U/ml, Roche Diagnostics,
Basel, Switzerland) or trypsin-EDTA (0.05%, Invigen) for 10 min followed by extensive
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pipette trituration. The dissociated suspension tlvas passed through a 70 um strainer (BD
Biosciences, San Diego, CA) and resuspended atesietls at a final density of 150 000
cells/mL.

4.2.1.3. Vitreous Samples

Vitreous samples were collected during vitrectonfie@sRD with (10 samples) or without (15

samples) confirmed PVR based upon evaluation oeveidgle images (Optomap P200TXx,
Optos, Dunfermline, UK). Cases where retinotomreinectomies or cutting of the retinal

tear was performed were omitted from the studyxdugle any retinal contamination. The

vitreous samples were centrifuged at 15000 rpnd fmin and the resulting pellets were either
fixed in 4% paraformaldehyde (PFA) directly and du$er immunostaining or cultivateith

vitro.

4.2.2.Mice Samples

To characterize the pathological changes in PVRn#&bion, intravitreal injection of the
proteolytic enzyme dispase was given to mice. Bispa known to induce glial activation as
well as both epi - and subretinal membrane formafioenzel et al., 1998; Soler et al., 2002).

Four to six months old, female wild type mice (7@, n=6) were anesthetized with
pentobarbital (90 mg/kg i.p.) followed by one drag 1% procaine hydrochloride
(Novocaine) for local anesthesia and one drop @fitamide (Mydrum) for iris dilatation.
Under microscopical control, 4 pL of dispase (Sigmdad U/mL, dissolved in sterile
physiological saline) was injected intravitreally the right eyes using an automatic pipette
fitted with 30G 1/6 needle, as previously descril§€dler et al., 2002). Control animals
received 4 pL of sterile physiological saline smltin their right eyes. All left eyes remained
untreated. Stratus Optical Coherence Tomographygesa(OCT, Zarl Zeiss Meditec,
DublinCA) were taken regularly after injectionsrtwnitor the progression of PVR. One to
two weeks after treatment, when signs of PVR foiomatvere evident, control and dispase

treated mice were sacrificed and their eyeballskated and used for immunostaining.

4.3. In Vitro Culturing of Cdlls

Limbal grafts were cultured in Dulbecco modifiedgleas medium (DMEM, Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 20% human #&8um (Human serum Type AB,
PAA, Pasching, Austria), 200 mM/mL L-glutamine (&ig-Aldrich), 10,000 U/mL penicillin-
10 mg/mL streptomycin (Sigma-Aldrich) at°87in 5% CQ. To grow LESCs on LC, a drop
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of medium was used to smooth-out the capsuledimdtthen the limbal tissue was placed in
the middle of the capsule. Following adherenceht ItC and/or the culture plate, the graft
was cultivated in total of 1 mL medium. Media wdsacged on every alternate day. Cell
growth was monitored under phase contrast micrascegularly. Only grafts which had cell

outgrowth within 24 hours were used further to dase the chance of fibroblast

contamination.

Human adherent retinal culture cells and sphereisetefrom CBE and isolated from the
vitreous of patients with PVR were cultured in DMENI2 containing B27 supplement (2%,
Invitrogen), epidermal growth factor (EGF) (20 ng/mR&D Systems), bFGF (10 ng/ml,
R&D Systems, MN), 1% fetal calf serum (FCS, Signidfgh), Heparin (2.5 mg/ml, LEO
Pharma, Denmark) and Penicillin/Streptomycin (10MLJ)Sigma-Aldrich, St. Louis, MO) at
37°C in 5% CQ. The formed spheres were supplemented with bF@FE&STF twice a week
and passaged every 2-3 weeks by incubation initnpBTA (0.05%, Invitrogen) for 2-4

minutes.

4.4. Characterization of In Vitro Cultured Cells
4.4.1.Cultured Limbal Epithelial Stem Cells

4.4.1.1. Assay for Cell Death Analysis

Cell death was assessed by the Annexin-V-fluorasc®dthiocyanate (FITC) Apoptosis
Detection Kit (MBL, Woburn, MA, USA) according to anufacturer's recommendations.
Proportion of stained Annexin?Vand Annexin-V/Propidium iodide (Pf) cells was
determined by fluorescence activated cell sorteékQ®) analysis on FACSCalibur flow
cytometer (BD Biosciences Immunocytometry SysteSa Jose, CA, USA) and data was
analyzed using WinMDI freeware (Joseph Trotter,Jodla, CA,USA). Alternatively, cell
viability was assessed using 3-(4,5-dimethylthigzgl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) asg&8ellTiter 96® AQueous One Solution
Cell Proliferation Assay, Promega, Madison, WI, USAccording to manufacturer’s
recommendations. Index of cell viability was cafdadl by measuring the absorbance of the
formazan product resulting from reduction of the $Mfetrazolium compound at 490 nm by
Wallac 1420 VICTOR2™ Counter (Perkin Elmer, Turkinland)).
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4.4.1.2. Histological and | mmunofluorescent Analysis
LESCs grown on the surface of glass-cover slipdaestuded human LCs were fixed in 4%

PFA for 20 min at room temperature (Rt).

The LC-grown samples were embedded in paraffinsequently, 3 um thick longitudinal
sections were made for staining with Hematoxylinl &vsin (H&E) according to standard

laboratory protocols.

LESCs grown on glass-cover slips were investigdigdanti-p63alpha (TP63/p63), ATP-
binding cassette sub-family G member 2 (ABCG2)0kgtatin (CK/KRT) 19, CK8/18,
vimentin (VIM/Vim) and antigen identified by monaclal antibody Ki 67 (MKI67/Ki-67)
primary antibodies followed by incubation with fhescently labelled secondary antibodies
and 4',6’-Diamidino-2-Phenylindole (DAPI) for nualestaining. Sections were visualized
under a ZEISS Axio Observer.Z1 (ZEISS, Oberkochgarmany) fluorescent microscope

(list of antibodies used for characterization isided in Table 4).

Antibody Clone Cat.No. Company
ABCG2 BXP-21 b7059 Sigma
CD14 134620 FAB3832P | R&D
CD29/1tgp1 P5D2 FAB17781P| R&D
CD31/PECAM 9G11 FAB3567P R&D
CD34 581 555821 BD
CD44/HCAM G44-26 555478 BD
CD45 HI30 555485 BD
CD47 472603 FAB4670A | R&D
CD49a/ltgal TS2/7 328304 Biolegend
CD49b/Itga2 HAS3 FAB1233P | R&D
CDA49f/Itg 06 GoH3 555735 BD
CD56/NCAM 301040 FAB2408A | R&D
CD73 AD2 550257 BD
CD90/Thy-1 5000000000®55595 BD
CD104/1tgp4 - 555720 BD
CD105/Endoglin 166707 FAB10971F R&D
CD117/c-kit 47233 FAB332P R&D
CD133 AC133 130-090-826 Miltényi
CD144/VE-Cadherine 55-7H1 560410 BD
CD146/MCAM 128018 FAB932A R&D
CD147/Neurothelin HIM6 555962 BD
CD166/ALCAM 105902 FAB6561P | R&D
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CXCR4 44717 FAB173A R&D

CK 8/18 5D3 ab 17139 abcam

CK 19 - rb-9021-P NeoMarkers
HLA-DR L203 FAB4869F R&D

Ki-67 - RM-9106-S | NeoMarkers
p63u Ab-4 Ms-1084-P NeoMarkers
PDGF B PR7212 FAB1263P R&D
VEGFR2/KDR 89106 FAB357P R&D

Vim SP20 RM-9120-S | NeoMarkers

Table 4. Details of the antibodies used for immunohistochemistry and/or flow cytometry
analysis of limbal epithelial stem cell.

4.4.1.3. Detection of Cell Surface Markers by Flow Cytometry

To analyze the phenotype of the cultured LESCstionlbr flow cytometric analysis was
performed. FITC, R-phycoerythrin (PE) and allophyggamin (APC) conjugated antibodies
were used to measure the expression of CD34, Cbddfty cell adhesion molecule
(HCAM), CD45, CD49f/Integrin (ITG/Itg)a6, CD73, CD144/Vascular endothelial (VE)-
Cadherin, CD147/Neurothelin (all from BD Bioscieac&an Jose, CA, USA); CD49a/lid
(Biolegend, San Diego, CA, USA), CD14, CD29/Ifd, CD31/platelet/endothelial cell
adhesion molecule (PECAM), CD47, CD49b/ig, CD56/neural cell adhesion molecule
(NCAM), CD90/thymocyte differentiation antigen 1 hy-1), CD104/itg P4,
CD105/Endoglin, CD117/c-kit, CD146/melanoma cell hesion molecule (MCAM),
CD166/activated leukocyte cell adhesion moleculeGAM), C-X-C chemokine receptor
type 4 (CXCR4), human leukocyte antigens (HLA)-DBtatelet-derived growth factor
recepto3 (PDGF-R), vascular endothelial growth factor receptor EGFR2)/Kinase insert
domain receptor (KDF) (all from R&D Systems, Minpeds, MN, USA) and CD133
molecules (Miltenyi Biotech, Gladbach, Germany)r (forther details refer to Table 4). For
comparison, a well characterized mesenchymal orgialt stem cell type - bone marrow

derived mesenchymal stem cells (omMSCs) were used.

Lectin analysis kit from Vector Labs (BurlingameA)XCwas used for detecting specific
carbohydrate structures on the surface of cultitEe8Cs. The following lectins were tested:
sialic acid (WGA: Wheat germ agglutinin (Triticunulgaris)); N-acetylglucosamines (STL:
Potatoe lectin (Solanum tuberosum), DSL: Daturanstmium lectin (Datura stramonium),
ECL: Erythrina cristagalli lectin (Erythrina crigalli), LEL: Tomato lectin (Lycopersicon

esculentum), GSL II: Griffonia (Bandeiraea) sinsgblia lectin 1l (Griffonia simplicifolia));
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mannose (ConA: Concanavalin A (Canavalia ensifopmgalactose N-acetylgalactosamines
(RCA: Ricinus communis Agglutinin (Ricinus communi®NA: Peanut agglutinin (Arachis
hypogaea), AIL: Jacalin (Artocarpus integrifolidyVA: Hairy vetch agglutinin (Vicia
villosa), DBA: Horse gram lectin (Dolichos biflonysSBA: Soy bean agglutinin (Glycine

max)) and fucose (UEA: Ulex europaeus agglutinitexti&uropaeus)).

Samples were measured by FACSCalibur flow cytom@&BrBiosciences Immunocytometry
Systems) and data were analyzed using WIinMDI freewadoseph Trotter, La Jolla, CA,
USA).

4.4.1.4. Microarray and Data Analysis

Affymetrix GeneChip Human Gene 1.0 ST Array (Affytme, Santa Clara, CA) containing
28869 gene transcripts was used for the microaamaglysis. For whole genome gene
expression analysis, 150 ng of total ribonucleid &8NA) isolated from cultured LESC and
control samples (differentiated cornea epithel@lscscraped from the central part of the
cornea) were subjected to Ambion WT Expression(Kihbion) and GeneChip WT Terminal
Labeling Kit (Affymetrix, Santa Clara, CA, USA) amding to the manufacturers’ protocols.
After washing, the arrays were stained using FS-#&dics station (Affymetrix). Signal
intensities were detected by Hewlett Packard GemayAScanner 3000 7G (Hewlett Packard,
Palo Alto, CA, USA). The scanned images were praegsusing GeneChip Command
Console Software (AGCC) (Affymetrix) and the CElUe§ were imported into Partek
Genomics Suite software (Partek, Inc. MO, USA). itbmicroarray analysis was applied for
normalization. Gene transcripts with maximal signalues of less than 32 across all arrays
were removed to filter for low and non-expressediege reducing the number of gene
transcripts to 23190. Differentially expressed gebetween groups were identified using
one-way ANOVA analysis in Partek Genomics SuitetBaife. Clustering analysis was made

using the clustering analysis module in Partek Gao® Suite Software.

4.4.1.5. Colony Forming Assay

To investigate the colony forming properties of IESS cells grown on either culture plate or
human LC (n= 4) were dissociated and seeded at 88icm2 density onto 0.1% Gelatine
(Sigma-Aldrich), 10 ng/mL Fibronectin (BD Bioscia®) or MethoCult (Stem Cell
Technologies, Vancouver, Canada) coated 6 weleglaStandard growth medium for the
LESCs was used and changed every other day. Samples fixed in 4% PFA prior to
staining with crystal violet (0.5% wi/v) or labelyjrthe cytoskeletal actin (phalloidin-FITC)
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and nuclei (Hoechst 33342) of colonies formed at laExamination was carried out under
an Olympus IX81 inverted microscope with MT20 stati(Olympus, Munster, Germany),
acquired and analysed by ScanR (Olympus) software.

4.4.2.Cultured Retinal, Ciliary Body Epithelial and Vitre ous Samples

4.4.2.1. Histological and | mmunofluorescent Analysis

Before fixation in 4% PFA and paraffin embedmentmature of human plasma and
thrombin (Sigma Aldrich) was used to clot the sple3um sections were cut and stained
subsequently. H&E staining according to standalmbdatory protocols was performed for
morphological examination. Spheres were investijaby N-cadherin, Claudinl, glial
fibrillary acidic protein (GFAP), Nestirg-11l-tubulin, Rhodopsin, Ki-67, Sox2, Pax6, RPE65
and ABCG2 primary antibodies followed by the inciya with fluorescently labelled
secondary antibodies and Hoechst 33342 for nuslke@ming. Sections were analyzed using
an Olympus BV 61 FluoView confocal microscope (Opma, Hamburg, Germany) and a
ZEISS Axio Observer.Z1 fluorescence microscope &EIOberkochen, Germany). List of

antibodies used for characterization is providedable 5.

Antibody Company

ABCG2 Sigma-Aldrich

Claudinl LabVision

GFAP Santa Cruz Biotechnology
Ki-67 Neo Markers

N-Cadherin | DAKO

Nestin Sigma-Aldrich

Nestin Santa Cruz Biotechnolog)
Pax6 Chemicon

Rhodopsin Sigma-Aldrich

RPEG65 Millipore

Sox2 Chemicon

B-111 tubulin | Sigma-Aldrich

Table 5. Details of the antibodies used for immunohistochemical analysis of cultured
retinal, ciliary body epithelial and vitreous samples

4.4.2.2. Transmission Electron Microscopy

Freshly prepared aldehyde-fixative containing 0.1 dddium cacodylate buffer, 2%
glutaraldehyde, 2% PFA and 0.025% calcium chlofpd¢ 7.4) were used for 30-60 min at Rt
to fix the spheres, then fixation was continuedroight at 4C, post fixed in 1% osmium
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tetroxide and dehydrated through a graded seriestluinol washes up to 100%. After
immersion in propylene oxide for 20 min, the speewere embedded in Epon (Electron
Microscopy Sciences, Hatfield, PA). Ultra-thin sens (60-70 nm thick) were cut on a Leica
Ultracut Ultramicrotome UCT (Leica, Wetzlar, Germggnstained with uranyl acetate and
lead citrate, and followed by examination usingeziail2 transmission electron microscope

(Phillips, Amsterdam, the Netherlands).

4.4.2.3. Quantitative Polymerase Chain Reaction

Quantitative polymerase chain reaction (QPCR) wadopmed to compare spheres at P1
formed from vitreous cells of patients with PVRtwo well-characterized cell populations of
the adult human eye that previously have been thoioghave NPCs properties: cultures of
retinal cells with a Muller glia phenotype (Bhagtial., 2011; Lawrence et al., 2007) and CBE
cells forming pigmented spheras vitro (Coles et al., 2004; Moe et al., 2009). Total RNA
was extracted using TRIzol Reagent according to rienufacturer's protocol, RNA
concentration and purity was measured using NampodMilmington, DE). Reverse
transcription (RT) was performed using the High &aty cDNA Archive Kit (Applied
Biosystems, Abingdon, U.K.) with 200 ng total RNAr@20uL RT reaction. The qPCR was
performed using the StepOnePlus RT-PCR system {@gp@iosystems) and Tagman Gene
Expression assays following protocols from the nfiacturer (Applied Biosystems). The
thermo cycling conditions were 95 for 10 min, followed by 40 cycles of 45 for 15 sec
and 60C for 1 min. The data were analyzed by tHé% method as the fold change in gene
expression relative to CBE spheres which was ardigrchosen as calibrator and equaled
one. All samples were run in duplicates (each reac.0 uL copy-deoxyribonucleic acid
(cDNA), total volume 15 pL). Primers used for gP@&fe listed in Table 6.

Gene Symbol | Assay ID

GAPDH Hs99999905 m1
KLF4 Hs00358836_m1
OCT4 Hs03005111 g1
Nanog Hs02387400_g1
SOX2 Hs01053049_s1
c-MYC Hs00905030_m1
GFAP Hs00157674_m]1
PAX6 Hs01088112 ml
RAX Hs00429459 m1l
SIX3 Hs00193667_m1
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LHX2 Hs00180351_m1
MITF Hs01117294 m1l
CHX10 Hs01584046_m1
OTX2 Hs00222238_m1
NES Hs00707120_s1
TYR Hs00165976_m1
Notch1l Hs01062011 m1
CRALBP Hs00165632_m1
MKI67 Hs01032443_m1
GS Hs00365928_g1

Table 6. List of primers used for qPCR.

4.5. In Situ Analysis

To localize and show the characteristic proteinreggion pattern of the stem cells of interest
in situ, and to compare it to the cultured LESCs, crossiesgs of the human limbus and axial
sections of the posterior segment of cadavericraice eyes with or without PVR formation
were used.

The full thickness cadaveric limbus grafts wereéixn 4% PFA and embedded into paraffin.
Longitudinal sections (3-7um thick) perpendiculaithe surface of the corneo-scleral tissue,
were obtained for H&E staining and immunofluoredclabelling with anti-CD34, CDA45,
CD144/VE-Cadherin, CD144/HCAM, CD146/MCAM and CD1ABCAM antibodies (list

of primary antibodies is provided in Table 4).

The posterior segments of the human cadaveric witbsor without PVR were embedded
into paraffin after fixation in 4% PFA. Axial seatis (3-10 um thick) were cut from the iris to
the mid-peripheral retina and stained for N-cadhe@ilaudinl, GFAP, Nestin, Rhodopsin,
Sox2, Pax6 and ABCG2 using LabVision Autostainer@&b Vision Corporation, VT).

The entire mice eyes (controls and eyes treatdd dispase for PVR induction) were fixed in
4% PFA, embedded in freezing medium (Tissue-TEKsug&a Finetek, CA), then 1@m
frozen sections were thawed onto Super Frost/Plassgs (Menzel-Glaser, Braunschweig,
Germany) and stored at <ZD before immunohistochemical analysis for ClaudiGEAP,
Nestin and Sox2 was performed.
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4.6. Statistics

Each experiment was performed at least three tandseach sample was tested in triplicate
(exceptions were marked accordingly). The percentayf cells positive for the
immunofluorescent markers was calculated from daagrit00 cells from 5 different sections,
and the expression pattern was evaluated by twepirmbent investigators. Results are
presented as meanstandard deviation (S.D.). Differences betweemgsovere tested by the
two-tailed independent sample t-tests. The sigmiioe level was set to p<0.05=*, p<0.01=**,
p<0.001=*** Data were analyzed using SPSS Verdid.
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5. Results

5.1. Cultured Limbal Epithelial Stem Cells

5.1.1.Cultivation and Viability Testing

Migration and proliferation of cells from the hasted limbal tissue were observed within 24
hours of cultivation. The outgrowing cells showealtigelial morphology with intact actin
cytoskeleton (Figure 1A2 and 1A4), and confluenlfuzes were obtained after 14 days.
Furthermore, grafts grown on denuded human LC medistratified epithelial layers within

7 days of cultivation (Figure 1B).

Figure 1. Limbal graft cultured on cell culture plate or denuded human lens capsule.
Limbal graft (*) cultured on cell culture plate (A human lens capsule (LC) (B) shows
epithelial cell outgrowth. (A) representative pies of 3 days cultivation on culture plates
(Al and A3 are bright field images, A2 and A4 shBiworescent labelling against actin
cytoskeleton (red) and nucleus (DAPI, blue)); (BInitoxylin and Eosin staining of limbal
graft-derived stratified epithelial layers grown b@ after 7 days of cultivation. (Scale bars:
Al: 100 um; A2, B1: 50 um; A3, A4, B2: 20 um).

34



According to the MTS assay, the cell viability detoutgrowing LESCs under both growth
conditions was more than 97% at the two checkpdady 7 and 14) (Figure 2A), while the
number of apoptotic cells investigated by Annexui=-M'C Apoptosis Detection Kit (early
apoptotic: annexin V-FITC<2%; late apoptotic: annexin V-FIT®I" <1%) remained low

up to day 14 (Figure 2B), respectively.
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Figure 2. Cell viability and death of the cultured limbal epithelial stem cells. (A) Under both
growth conditions (culture plate: black bar, leapsule (LC): grey bar) the outgrowing cells
showed more than 97% viability after 7 or 14 dafysultivation (n=4), (B) Annexin-V-FITC
cells (early apoptotic cells, dark grey bar) andéxin-V-FITC'/Propidium iodidé cells (late
apoptotic cells, light grey bar) remained less tB&h at the two check points (n=3). Data
shown are meanStD, * =p<0.05, **= p<0.01.
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5.1.2.Histological and Immunofluorescent Analysis

Although there are no definitive markers for idgntig either adult stem cells or corneal stem
cells, characterization by a consensus-based pamkfferent markers (Schlétzer-Schrehardt
and Kruse, 2005) combined with some, previously,described putative stem cell markers

were used.

Immunohistochemistry was performed to detect CK&{iE87, CK19, ABCG2, p6a/Vim on
LESCs grown on human LC (Figure 3). Strong stainnhgCK8/18 was present and co-
localization with the proliferation marker Ki-67 wld be observed in some cells (Figure 3A
insert), confirming the proliferating and transitiopotential of these cells towards
differentiated corneal epithelium. Putative sterhmarkers such as CK19 showed a scattered
cytoplasmic staining throughout the outgrowing stléet; ABCG2 was observed in both the
cell membrane and cytoplasm of LESCs; the nucleatem p63. and the cytoplasmic Vim
showed co-localization and positivity in most o thESCs grown on human LCs, confirming

their progenitor nature.

In situimmunostaining of human limbal sections revealetiton-hematopoietic, -endothelial
and -mesenchymal stem cell phenotype of the LE®€gative data are not shown) and the
localization of specific markers such as CD44/HCAdVthe apical-, CD146/MCAM and
CD166/ALCAM in the basal cell layer of the humamlial epithelium (Figure 4).
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MERGED

Figure 3. Immunofluorescence staining of epithelial-, stemness- and proliferation specific
markersin limbal epithelial stem cells grown on human lens capsule.

Immunohistochemistry was performed to detect andalipe the (co)-expression of
CK®8/18/Ki-67, CK19, ABCGZ2, Vim/p63in the limbal epithelial stem cells grown on human
lens capsule. Left column: bright field-; Centenmunofluorescent; Right column: merged
image. Colors of the text correspond to the cotdrthe markers examined, while all nuclei
are stained blue with DAPI. *: refers to the codtization of CK818 and Ki-67; arrows:
show expression of vimentin in the basal cells. TThages are representative of at least 3
independent experiments, scale bar: 50 um.
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NUCLEI BRIGHTFIELD MERGED

Figure 4. In situ immunohistochemical analysis of human limbal epithelium. Yet
uncharacterized putative markers of limbal epitielstem cells could be localized:
CD44/HCAM in the apical layer, and CD146/MCAM an®T56/ALCAM in the basal layer.

Magnification: 600x.
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5.1.3.Phenotyping of Cell Surface Markers by Flow Cytomaty

LESCs grown on LC were investigated by flow cytomewith well-known cell surface
markers corresponding to hematopoietic-, endothediad mesenchymal lineages and also
compared to bmMSCs. The results are summarizedalsleT7, while the representative

histograms are presented in Figure 5.

LESCs showed absence of common hematopoieticurdéiice markers such as CD45, CD34,
CD133 and HLA-DR. The expression of CD14, CD11%td#n early progenitor/pluripotent
stem cell marker) and CXCR4 (characteristic for natign) were slightly, but significantly
higher in LESCs than bmMSCs (p<0.05, p<0.01). Héxipression of CD47 refers to the

viability and immunocompetence of both cell types.

No common endothelial cell markers such as CD31ACor VEGFR2/KDR were

detectable in LESC cultures, excluding any endaheéll contamination, while significantly
more LESC expressed CD144/VE-Cadherin (p=0.032d)Gn104/1tgp4 (p=0.0458) when
compared to bmMSCs.

Significant differences (p<0.001) were found regagdthe most important MSC-markers:
only 12% of LESCs expressed CD90/Thy-1 (p=0.0000agaf less than 50% were
CD105/Endoglin positive (p=0.0006). In contrastthat, no significant difference in the
expression of CD73, CD147/Neurothelin and PDGFiRas found between LESCs and
bmMSCs.

The presence of cell adhesion molecules (CAMs) kgl were also tested, due to their
importance in cellular attachment to the extra¢atlumatrix and maintenance of growth
supporting environment. The expression of CD29fiig CD49a/ltgal, CD56/NCAM,
CD146/MCAM and CD166/ALCAM were similar, while LESGxpressed CD44/HCAM at
lower (p=0.00052), and CD49b/Itg (p=0.038) and CD49f/Itg6 (p=0.008) at higher levels
compared to bmMSCs.
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LESC bmMSC
Hematopoietic and CD14 12.134.85 0.386.1 *
Monocyte markers CD34 00 040
CD45 040 040
CD47 98.986.10 96.976.81
CD133 00 040
CD117/c-kit 17.984.53 00 *
CXCR4 27.814.41 00 *x
HLA-DR 0+0 040
CD31/PECAM 0o 040
Endothelial markers CD144/VE-Cadherin 81.938t57 41.559.57 | *
VEGFR2/KDR 00 0+0
CD104/1tgp4 75.876.18 38.4910.31| *
MSC CD73 87.911.24 90.591.80
Fibroblast markers CD90/Thy-1 12.254.29 90.136.96 | ***
CD105/Endoglin 42.094.91 81.901.96 | ***
CD147/Neurothelin 97.13%33 75.21¥.81
PDGF BB 54.934.68 75.36¥.80
CD29/ltgp1 97.010.40 92.771.65
CD44/H-CAM 16.554.95 87.902.48 | ***
CD49a/ltgal 71.736.09 71.42%.15
Integrins and CAMs CD49b/Itg a2 91.164.27 60.55¥.19 | *
CDA49f/ltg 06 68.388.18 00 *xk
CD56/NCAM 2.174.03 24.68%.57
CD146/MCAM 82.408.11 87.282.18
CD166/ALCAM 98.020.20 86.576.26

Table 7. Expression of hematopoietic-, endothelial-, mesenchymal stem cell markers and
adhesion molecules on limbal epithelial stem cells. The expression pattern of different
groups of cell surface markers was compared betwewral epithelial stem cells (LESCs)
and bone marrow derived mesenchymal stem cells @) Significant differences were
found in the expression of CD14, CD117/c-kit, CXCRahich are markers of special
progenitor cell types; CD90/Thy-1 and CD105 whichtedmine the MSC phenotype;
CD44/HCAM, CD49b/Itga2 and CD49f/I1tgn6. Data represent percentage of positive cells
within the total LESC culture shown as me&tB. (n=7; p<0.05 *, p<0.01 **, p<0.001 ***)
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Figure 5. Representative histograms of the expression of hematopoietic-, endothelial-,
mesenchymal stem cell markers and adhesion molecules. (A) hematopoietic (CD14, CD34,
CD45, CD47, CD133, CD117/c-kit, CXCR4, HLA-DR), (Endothelial (CD31/PECAM,
CD144/VE-Cadherin, VEGFR2/KDR, CD104/1f$#4), (C) mesenchymal stem cell markers
(CD73, CD90/Thy-1, CD105/Endoglin, CD147/NeurothelPDGF-RB) and (D) adhesion
molecules (CD29/Itgpl, CD44/HCAM, CD49a/ltgal, CD49b/itg a2, CDA49f/Iltg a6,

CD56/NCAM, CD146/MCAM, CD166ALCAM) on limbal epithelial stem cells.
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Characterization of the lens epithelial cells (LE®y flow cytometry was carried out to
exclude a possible LEC origin of the significandypressed markers on LESCs grown on
denuded human LC compared to bmMSCs. The LECs ssgudeno CD34, CD45 and
CD144/VE-Cadherin, while they showed Ilower expmssiof CD166/ALCAM
(74.1946.07%), similar CD146/MCAM (74.22423%) and higher CD44/HCAM
(50.43+29.28%) expression compared to the cultured LE®GS3]. The LESCs are therefore
a distinct cell population from the LECs originafiyund on LC, further supporting the fact

that LCs were denuded of LECs before use.

It is known that stem cells can be characterizedhleyr unique surface carbohydrate pattern
which shows changes during differentiation (Dodlale 2011; Wearne et al., 2008). Lectin-
based screening of the most common terminal cefése glycolipids and glycoproteins was
carried out on LESCs (Figure 6 and Table 8) anéakad presence of subpopulations within
the cell culture. Staining with  WGA showed high lisiaacid content (Median =
1423.198.08), while more than 50% of the cells (51.8%f%) showed strong ConA
(Fluorescence Intensity Median (Fimed) = 2125Z299) positivity due to the presence of
branched a-mannosidic structures on the surfac8CsBEwere also positive for the galactose
and/or N-acetylgalactosamine binding lectins (RCAL and PNA), although lower
fluorescence intensity could be detected by PNAn@d = 185.75%.06) regarding low T-
antigen expression (FImed =850.7%+96). UEA-lectin exhibited moderate fluorescence
intensity on 61.1%.97% of the cells, indicating low levels of detdate fucose molecules on
LESCs.
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Lectin Cells (%) |Median of FI [Affinity
GIcNACB1-
4GIcNAB1-
4GIcNAc. Neu5A(d
(sialic acid)
STL 97.68+.64 |335.3885.63 | GICNAC oligomers
(b-1.4) linked  NA
DSL 98.944.23 |190.044.23 [acetylglucosamine
oligomers
galactosyl (b -1.4) N
acetylglucosamine
N-acetylglucosamine
oligomers
alpha- or betdinked
N-acetylglucosamine
high-mannose  type
hybrid  type  anc
biantennary complex
type N-Glycans
RCA 98.284.35 |850.7944.96 | Galp1l-4GIcNAPB1-R
Galp1-3GalNAal-
PNA 97.924.51 |185.754.06 Ser/Thr (T-Antigen)
(Sia)Gap1-
AIL 98.994.01 |687.85#.61 |3GalNAwl-Ser/Thr
Galactose (T-Antigen)
N-acetylgalactosamine alpha- or betdinked
binding lectins VVA 94.494.38 |61.4945.32 terminal N-
acetylgalactosamine
N-
acetylgalactosamine
a- or b-linked Nj
SBA 97.11460.60 |211.114.32 :
acetylgalactosamin

Fucose binding lectins| UEA 61.104.97 |148.396.91 |Fuml-2Gal-R

Sialic acid WGA 97.3740.33 |1423.198.08

N-acetylglucosamine

L ) ECL 95.642.79 |59.4540.16
binding lectins

LEL 83.39414.23| 38.154.22

GSL I 82.522.66 |24.6340.27

Mannose binding

i ConA 51.5943.10 |2125.0226.00
lectins

DBA 89.93+2.54 |12.2440.10

Table 8. Lectin-based staining of surface carbohydrate molecules on limbal epithelial stem
cells. The surface of limbal epithelial stem cells (LES@shtained high amount of sialic
acid, N-acetylglucoseamine and galactose molecutgproximately 50% of the cells
contained mannose and two-thirds contained fucaseaules on their surface. WGA: Wheat
germ agglutinin (Triticum vulgaris), STL: Potatatin (Solanum tuberosum), DSL: Datura
stramonium lectin (Datura stramonium), ECL: Erytlari cristagalli lectin (Erythrina
cristagalli), LEL: Tomato lectin (Lycopersicon esmtum), GSL IlI: Griffonia (Bandeiraea)
simplicifolia lectin 1l (Griffonia simplicifolia), ConA: Concanavalin A (Canavalia
ensiformis), RCA: Ricinus communis Agglutinin (Rics communis), PNA: Peanut
agglutinin (Arachis hypogaea), AIL: Jacalin (Artggas integrifolia), VVA: Hairy vetch
agglutinin (Vicia villosa), DBA: Horse gram lecti(Dolichos biflorus), SBA: Soy bean
agglutinin (Glycine max), UEA: Ulex europaeus adigin (Ulex europaeus) (Data shown are
mean.D., n=3).
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Figure 6. Expression pattern of carbohydrate molecules on the surface of limbal epithelial
stem cells. Lectin-based staining of carbohydrate specific mualkes on the surface of limbal
epithelial stem cells (LESCs). WGA: Wheat germ aggin (Triticum vulgaris), STL:
Potatoe lectin (Solanum tuberosum), DSL: Daturanstmium lectin (Datura stramonium),
ECL: Erythrina cristagalli lectin (Erythrina crigfalli), LEL: Tomato lectin (Lycopersicon
esculentum), GSL II: Griffonia (Bandeiraea) simgbtia lectin Il (Griffonia simplicifolia),
ConA: Concanavalin A (Canavalia ensiformis), RCAciRus communis Agglutinin (Ricinus
communis), PNA: Peanut agglutinin (Arachis hypogaeAlL: Jacalin (Artocarpus
integrifolia), VVA: Hairy vetch agglutinin (Vicia ilosa), DBA: Horse gram lectin (Dolichos
biflorus), SBA: Soy bean agglutinin (Glycine mak)EA: Ulex europaeus agglutinin (Ulex
europaeus) (Data shown are meaii>. of the median of fluorescence intensity, n=3).
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5.1.4.Transcriptional Profiling

Microarray analysis was performed to compare thesriptional profile of cultured LESCs
and differentiated corneal epithelial cells (CEC3he intensity profiles of the lgg
transformed signal values of the 28869 transcripése obtained, out of which 1830
transcripts had more than 2 fold change (FC) irsgea decrease in expression (955 and 875
transcripts), indicating a relatively high tranptional difference between the two cell types
(n=3, p<0.01).

Figure 7 and Table 9 show the heatmap and theifunadtclustering of 67 selected genes
based on their high or low FC or previously docutedrrelation to LESCs (n=3, p<0.01).
These genes were mostly involved in ion-, nuclestmt protein binding, as well as receptor-
or enzyme activities. Among the general epithelrkers, limbal epithelium recognizing
markers (KRT8/KRT18 and KRT14) could be distingeidhalong the ones specific for
differentiated corneal epithelium (KRT3/12). KRTBdaKRT14 showed similar or slightly
higher expression levels in the limbal tissue-deticells compared to the differentiated
CECs (FC: 4.0 and 1.9, respectively) indicating toenmitment of LESCs towards the
corneal epithelial lineage. Meanwhile, the specditferentiated CEC markers KRT3 and
KRT12 showed decreased expression (FC: 231.0 ai@j @spectively), probably due to an
earlier differentiation state or preserved multggmty of the LESCs (Table 9). Higher
expression of putative stem cell markers (KRT19:(6©) and VIM (FC: 4.4) was found in
the LESCs compared to the differentiated CECsngthening their stem-like character. The
high proliferation capacity of the cultured LESCasnalso confirmed by higher expression of
the proliferation-specific marker MKI67 (FC: 3.0)gble 9).
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Figure 7. Transcriptional profiling in the limbal epithelial stem cells. Heatmap of the
transcripts and functional clustering of 67 gersdected on the basis of their high or low fold
change or previously documented relation to lindgathelial stem cells (n=3, p<0.01). Red
and blue colors indicate high and low expressiespectively.

Gene symbol | Gene description FCQ RegulationMolecular function

Structural constituent of

KRT14 Keratin 14 2 | Up cytoskeleton
Serpin peptidase inhibitar. -
SERPINA3 | © A member 3 21 | Up DNA binding
KRT19 Keratin 19 6 | Up f;ggf(‘gi'toflonsmue”t of
ALCAM Actwa_ted leukocyte  ce I20 Up Receptor binding
adhesion molecule
KRT7 Keratin 7 31| Up iért:ﬁ;ra' moleculp
KLK6 Kallikrein-related peptidase 671 | Up ?r?ggs:gt?dease activity
FMO2 Flavin containing 75 | Up Monooxygenase activity
monooxygenase 2
SEMAS3A Semaphorin 3A 40 Up Receptor activity
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Kallikrein-related peptidas Serine-type
KLK10 10 29 Up endopeptidase activity
. . N Serine-type
SERPINB7 Serpin - peptidase |nh|b|tor29 Up endopeptidase  inhibitor
clade B member 7 .
activity
EN1L Fibronectin 1 75/ Up Extracellular ' matrix
structural constituent
KRTS Keratin 8 4 | up Strgqtural molecule
activity
I . Serine-type
KLK7 Kallikrein-related peptidase [57 | Up endopeptidase activity
VIM Vimentin 4 |Up Structural constituent of
cytoskeleton
Antigen identified by . -
MKI67 monoclonal antibody Ki-67 3 |Up Nucleotide binding
KRT18 Keratin 18 1 | pown |Stucwral molecule
activity
KRT12 Keratin 12 6 | Down |Stuctural molecule
activity
ITGA9 Integrin, alpha 9 1 | Down Receptor activity
TP63 Tumor protein p63 1| Down DNA binding
KRT3 Keratin 3 31| Down Strggtural moleculp
activity
NTRK2 Neurotrophic tyrosine klnas%o Down Nucleotide binding
receptor, type 2
CRTAC1 Cartilage acidic protein 1 72 Down Calciion binding
DCDC5 Doublecortin domaif, s | pown Tubulin binding
containing 5
RASGRE1L Ras pr_oteln-spec_lflc guaning, | 5o o Guanyl-nucleotide N
nucleotide-releasing factor 1 exchange factor activity
CPXM?2 Carboxypeptidase X, membe2r5 Down Me@llocarboxypepﬂdase
2 activity
Alcohol dehydrogenase
ADH7 Alcohol dehydrogenase 7 64 Down (NAD) activity
Aldehyde dehydrogenase Aldehyde dehydrogenase
ALDH3AL family, member Al §0 Down (NAD) activity
DAPL1 Death associated proteln—llk§3 Down Epithelial _dlfferentlatlor
1 or apoptosis
CA6 Carbonic anhydrase VI 33 Down ggir\tl)i?;ate dehydratase

Table 9. Transcripts and functional clustering of selected genes in limbal epithelial stem
cells compared to differentiated corneal epithelial cells (n=3, p < 0.01).
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5.1.5.Colony Forming Assay

Colony forming potential was tested to confirm gheripotency signature of cultured LESCs
supposed by the previously shown gene and protgression levels of putative stem cell
markers (Table 9, Figure 3). All the tested epitiedheets (n=3) were capable of forming
epithelial holoclone-like colonies on Gelatin anbrBnectin within 7 days of cultivation as
previously described (Kolli et al., 2008; Pellegret al., 1999) (Figure 8), but not on
MethoCult coated plates (Figure 8C).

A B B I_Iarg_‘e CI_:U_ _ Small CFU
.. Y ;. ' IE\IEb / :T. o5

HOECHST

20 olLarge
sSmall

CFUlwell

Gelatin Fibronactin MethoCult

Figure 8. Colony-forming potential of limbal epithelial stem cells. The limbal epithelial stem
cells (LESCs) were cultured at 3000 cellscdensity and early epithelial holoclone-like
colony formation was read after 7 days of cultivati (A) Representative picture of LESC
colonies on Gelatin-coated plates after crystdetif®.5% wi/v) staining. Two types of colony
forming units (CFUs) could be distinguished: lal@BUs containing >50 cells, and small
CFUs containing <50 LESCs. (B) The CFUs are shosvstained for actin (phalloidin-FITC,
green) and nuclei (Hoechst 33342, blue). (C) Th8CE& formed no colonies when seeded on
MethoCult. No significant difference of CFU types mumbers could be detected between
LESCs seeded on Gelatin or Fibronectin matricesa(Blaown are meastD., n=3).
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5.2. Retinal, Ciliary Body Epithelium and Vitreous Samples
5.2.1.Histological and Immunofluorescent Analysis

5.2.1.1. In Situ Characterization of Peripheral Retina and Ciliary Body Epithelium of
Control Human Eyes and Eyes with Proliferative Vitreoretinopathy
In control human eyes, Nestin positivity was fowidhe inner surface of the retina and in a
few cells with Muller glia morphology at the certtaminated retina (LR) (Figure 9B-E).
Nestin was not found at the peripheral Pla or theggions (Figure 9A, 9D and 9F), except
for cells lining the wall of peripheral cysts (P¢Ejgure 9C). Cystic degeneration of RP is a
common finding in elderly; however, the pathologicansequences remain unknown. Cells
lining the cyst wall were also positive for Paxég{ire 9G) and Sox2 (Figure 9l), two central
transcription factors controlling eye developménirthermore, positivity for ABCG2 (Figure
9H) in the Pc and N-cadherin in the Pli (Figure 9&s observed, while GFAP (Figure 9C)
expression was only detected around the Pc of theTRe CBE of normal eyes expressed
Claudin (Figure 9D) and N-cadherin (Figure 9F), keas of differentiated epithelial cells,
whilst no NPC markers or Rhodopsin could be detectehat part of the eye. Rhodopsin was
only expressed by differentiated photoreceptoth@t R (Figure 9E) and by few cells at the
periphery of NLR (Figure 9F insert).
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Figure 9. In situ characterization of the retina and ciliary body epithelium of the adult
human eye. (A) Representative light microscopic image of thestrperipheral retina, ciliary
body epithelium (pars plana (Pla) and pars pli¢gtg), iris pigmented epithelium (IPE) and
peripheral cysts (Pc, *). Solid line represents tha serrata. (B) Nestin staining of the
laminated retina (LR) (C) Nestin and GFAP exprassimothe non-laminated (NLR) of the far
peripheral retina with Pc. (D) Nestin and Claudupression in the Pli. (E) Rhodopsin and
Nestin expression in LR and NLR (insert). (F) N-@adn staining in the Pli and Pc (insert).
(G) Nestin and Pax6 staining of cells lining thdlwé Pc of the proximal Pla. (H) Nestin and
ABCG?2 staining of cells lining the wall of Pc ofetiiPla. (I) GFAP and Sox2 staining of the
proximal PIli with Pc. Nuclear staining with Hoec3®842 (blue). Scale bars: 50 pum.
Author's contribution: clinical selection of donoand preparation of bulbus for
immunohistochemistry (50% contribution).

In eyes with PVR, Nestin staining extended to thexjmal Pla (Figure 10C). Around the ora
serrata, cells were positive not only for Nestinf blso for Sox2 and GFAP (Figure 10C).
Nestiri and GFAP cells could be detected at the proximal Pla (R¢0C and 10D). No
positivity for Nestin, GFAP or Sox2 could be fouird either peripheral Pla, Pli or iris
pigment epithelium (IPE) (Figure 10B, 10D and 10HK).response to PVR formation,
remarkable proliferation of non-pigmented CBE whseayved mainly at the transitional zone
between Pla and Pli as confirmed by Ki67 positiyfjgure 10D, 10E and 10F). Clusters of
Rhodopsin positive cells were found in the NLR elds the area of photoreceptor loss
(Figure 10G), but no such positivity was detecte@ither peripheral Pla, Pli or IPE even in

eyes with extensive retinal damage (Figure 10F).
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Figure 10. In situ characterization of the most peripheral neural retina and ciliary body
epithelium of the adult human eye with proliferative vitreoretinopathy formation. (A) Light
microscopic overview showing detached retina, etegland adenomatous-like extension of
the pars plicata (Pli) CBE, two images are merdgiggert: Thick central retina with PVR scar
formation stained with GFAP and Nestin. (B) GFARI &festin staining of the Pli CBE and
iris pigment epithelium (IPE, insert). (C) GFAP aNeéstin staining of the peripheral non-
laminated retina (NLR), ora serrata (line) and paama (Pla). The left rounded elevation of
the surface (*) is also stained with Nestin andKifleft insert), while the right elevation (**)
is stained with Sox2 (right insert). Ki-67 and NegD), Sox2 and Ki-67 (E) and Rhodopsin
and Nestin (F) staining of the CBE PIli, respectivéG) Rhodopsin staining of the peripheral
laminated retina (LR) and NLR. Nuclear staininghMioechst33342 (blue). Scale bars: 50
pm. Author’'s contribution: clinical selection of donoand preparation of bulbus for
immunohistochemistry (50% contribution).

5.2.1.2. Immunohistological Analysis of the Ciliary Body Epithelium and Peripheral Retina
of Mice Eyeswith Proliferative Vitreoretinopathy
In control mice eyes, only a few Nestin positivdlscgvere found in the CBE (Figure 11E)

with no Pax6 or Sox2 (negative data are not shobui,robust Claudin positivity (Figure
11F).

Similar to our findings in humans, gliotic reactiohthe retina was marked by an increased
GFAP staining (Figure 11G) accompanied by nuclegrelplasia and adenomatous-like

proliferation of the CBE following PVR induction ifure 11C and 11D). In contrast to

humans, Nestin was upregulated in CBE upon PVR dtion (Figure 11G). SoXMNestin'
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(Figure 11H) and NestifGFAP" (Fig 11H insert) clusters were found in the pegiath
vitreous probably due to development of PVR.

Figure 11. In situ characterization of peripheral retina and ciliary body epithelium of
control mice and mice with proliferative vitreoretinopathy formation. Optical coherence
tomography (OCT) images of control retina (left @anand retina with dispase-induced
proliferative vitreoretinopathy (PVR) (right pane(A) Light microscopic appearance of a
control eye with Hematoxylin and Eosin (H&E) staigj and (B) close-up of ciliary body
epithelium (CBE). (C) Light microscopic appearaméea PVR eye with H&E staining, and
(D) close-up of the CBE, showing nuclear hyperplaand adenomatous-like proliferations.
(E) GFAP and Nestin staining of the peripheraln@t{PR) and CBE of control eye. (F)
Claudin and Nestin staining of CBE in control ef@) GFAP and Nestin staining of PR and
CBE of PVR eye. (H) Nestin and Sox2, and Nestin GR&P (H insert) staining of CBE and
peripheral vitreous in PVR eye. Nuclear staininghwiloechst 33342 (blue). Scale bars: E:
100 um; F, G, H: 50 pnAuthor’s contribution: establishment of PVR indoatin mice and
microsurgical injection, OCT examination, prepaaatiof bulbus for immunohistochemistry
(70% contribution).
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5.2.1.3. Characterization of the Sphere-Like Structures I solated from Vitreous of Patients
with Retinal Detachment

Sphere-like structures were isolated from vitreotipatients undergoing vitrectomy for RD

with and without confirmed PVR development preopeedy (Figl2A, 12B and 12C).

Immunohistochemical characterization of their cahtgas aimed to detect NPCs. The theory

behind is that these cells should be able to sandemigrate towards CNS lesion such as

those in RD, thus, while performing vitrectomy f&D with PVR, the surgeons would

recognize sphere-like structures in the far perpltse to the vitreous base (Figure 12D).

Most of the cells inside the isolated sphere-likeictures showed Nestin (Figure 12F) and
GFAP (Figure 12F insert) positivity, some cells &v@ositive for Sox2 (Figure 12G) and for
Pax6 (Figure 12H insert). No cells were positivetfee photoreceptor marker Rhodopsin or
RPEG5, but a few cells revealed to be positivaderimmature neuronal markgsill-tubulin
(Figure 12H).

RPE65

Figure 12. Characterization of sphere-like structures isolated from the vitreous of patients
with proliferative vitreoretinopathy. (A) Primary retinal detachment (RD) with retinaaten
upper temporal quadrant. (B) Postoperative appearaafter initial successful primary
buckling surgery. (C) Three months postoperativetensive proliferative vitreoretinopathy
(PVR) formation has occurred. (D) During vitrectowfyPVR RDs, sphere-like structures can
be visualized close to the vitreous base. (E) Ligitroscopic appearance of isolated sphere
like structure of eye with PVR formation. (F) Nestind RPEG65, (F insert) Nestin and GFAP,
(G) Nestin and Sox2, (H}-llI-tubulin and Nestin and (H insert) Pax6 stamiof sphere-like
structures isolated from the vitreous of patienthwVR. Nuclear staining with Hoechst
33342 (blue). Scale bars: E, F, G, H: 50 pm.
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5.2.2.Characterization of In Vitro Cultured Retinal, Ciliary Body Epithelial and
Vitreous Samples
Single cells obtained from vitrectomies for RD attipnts with preoperatively confirmed PVR

formed spheres in more cases than cells isolabea fratients with no PVR (Table 10).

Retinal Numbers of Age mean Sex Sphere
detachment patients (range) female/male | formation
with PVR 10| 56 (17-82) 1/9 7/10
with no PVR 15 62 (45-87) 7/8 2/15

Table 10. Clinical information and sphere-forming capacity of cells isolated from the
vitreous of patients with retinal detachment with/without proliferative vitreoretinopathy.
Spheres could be passaged up to P2 (no attempés memle for further passages) (Figure
13A). Transmission electron microscopy revealed spheres are composed of elongated and
polarized cells at the periphery (Figure 13B) amghyented and non-pigmented polymorphic
cells with high nuclear/cytoplasmic ratio in thentral areas (Figure 13B insert). Robust
Nestin (Figure 13C and 13D) and GFAP (Figure 13D$itvity were detected inside the
spheres, while some cells at the periphery expdgssid-tubulin (Figure 13C).

QPCR was performed to compare the spheres at Ritfre vitreous cells of patients with
PVR to cultures of retinal cells with a Miller glghenotype (Figure 13F) and CBE cells
forming pigmented sphereas vitro (Coles et al., 2004; Moe et al., 2009) (Figure J13Ehe
last two cell types being well-characterized cedpplations of the adult human eye and
previously thought to have NPC properties.

Out of the examined nine early eye-field transasipfactors, only OTX2 and MITF showed
significant (p<0.05) difference between the Ct ealof retina and CBE. OTX2 was found to
be more expressed in retinal cultures, while MITéaswnore expressed in CBE cultures (n=3,
Table 11). CHX10 was highly expressed in retinal BWVR samples as well, but no statistical
difference could be detected. Although immunoflsosnt staining revealed that only the
cells around Pcs are Nestin and Pax6 positive (Bi®G), the mRNA expression was

comparable in all three groups aftevitro culturing (Table 11).

In agreement with the immunofluorescent staininghef sphere-like structures derived from
PVR eyes (Figure 13D), the differentiation markeFA® showed a 40.4 times higher
expression in PVR cultures compared to CBE cultudesdifference in glutamine synthetase
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(GS) expression could be detected. Tyrosinase (TWRich was previously found |
differentiating RPE cellsMartinez-Morales et al., 2003Nakayama et al., 19), showed
comparable expression in CBE and PVR spheres (B2¥({Table 11)

These indings further support the previous observatiaat tharkers found in NPCs may
upregulated in epithelial cells of CBE origin dgispher-promoting cultivation(Bhatia et
al., 2011; Cicero et al., 200Ephno et al., 20C; Moe et al., 2009)Table 1)).

Figure 13. Sphere-forming capacity and expression of neuroprogenitor markers in cells

isolated from the vitreous of patients with proliferative vitreoretinopathy. (A) Appearance of
spheres isolated from eyes with proliferative \dteginopathy (PVR) at PO, P1 aP2. (B)

Transmission electron microscopic appearance aplperal (B insert) and central PO P\
spheres. (C) Nestin afidlll-tubulin, and (D) Nestin and GFAP staining of PVRe at P1
(E) Pigmented ciliary body epithelium (CE-derived sphere stainedith Nestin and GFAI
and (F) adherent retinal cells stained with Soxd &lestin at P1. Nuclear staining w
Hoechst 33342 (blue). Scale bar: 10 pym; C: 50 um, D: 100 pm.
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Gene symbol Up/downregulation
(fold change) Retinal PVR-derived
cultures spheres
Pluripotency
OCT4_ 2.65 -1.35
SOX2 4.25 7.28
MYC 1.39 -1.44
KLF4 -1.36 -1.62
Nanog 3.46 -1.11
Notchl 1.74 1
Early eye-field
PAX6 -1.85 -1.85
RAX 1.44 1.75
SIX3 -1.16 -1.21
SIX6 1.54 2.17
LHX2 1.86 1.99
MITF -3.32 1.57*
OTX2 6.57 2.66
CHX10 85.97 8.3
NES -1.02 1.77
Differentiation
GFAP 26.18 40.42
CRALBP 31.37 7.51
MKI67 6.88 3.21
GS 9.3 2.52
NRL 77.42 3.54*
TYR -11.25 1.34

Table 11. Comparative mRNA expression of genesin adherent retinal cultures and spheres
isolated from vitreous of patients with proliferative vitreoretinopathy normalized to the
human ciliary body epithelium derived spheres.
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6. Discussion

At present, the promise of regenerative mediciremsemore realistic when it comes to
treating injuries or degenerative diseases. Limoitgt of the use of ESCs or iPSCs in the
clinical practice naturally force research towatdds use of adult stem cell therapy. Adult
stem cells are ideal target for achieving significamprovements in the visual acuity and

discomfort in LESCD as well as degenerative retthsgases.

Our key aims were to isolate and culture adult stefts from the limbus or the CBE of
human eyes with the purpose of future transplamafrhe replacement of lost or damaged
cells by stem or progenitors can be achieved eitivectly after isolation, after aex vivo
expansion (Bi et al., 2009; Dahlmann-Noor et a@1® or following full or partiain vitro
differentiation (Meyer-Blazejewska et al., 2011; Mjaet al., 2010). The theory behind the
first two is to achieve a paracrine effect, wheréhg transplanted stem cells would secrete
trophic factors which can induce the recipientuesso self-renewal and proliferation, while
the latter case would allow transplanted differstetil cells to integrate and restore function
(Baglio et al., 2012).

6.1. Limbal Epithelial Stem Cells

LESCD is a disease in which the stem cell- andbtireier function of the limbus fail (Ahmad
et al., 2010) due to genetic causes or acquiradtmsihe loss or absence of LESCs lead to
repeated and persistent surface breakdown and fiepaionjunctival epithelium - the latter
results in neovascularization, chronic inflammated scaring with significant decrease in
visual acuity and severe discomfort (Ahmad, 2012jlathd and Schwartz, 1996; Tseng,
1995). Replacement of defective or deficient LESfyshealthy ones can rescue vision
(Secker and Daniels, 2008).

Ex vivoexpanded LESCs can be transplanted with the Hedpraers, such as denuded HAM
(Grueterich and Tseng, 2002; Lekhanont et al., 20@@mnan lens capsule (LC) (Galal et al.,
2007) or bioengineered membranes (Nishida et @04&; Rama et al., 2001; Sangwan et al.,
2011).

In a recent study, we took advantage of using hudesnuded LC to develop a transplantable
graft of ex vivoexpanded LESCs. Galat al. have previously introduced the advantages of
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this material (Galal et al., 2007) . LC is easMaidable and can be obtained during one of the
most common ophthalmological procedures (cataraogesy) or alternatively, it can be
obtained from enucleated human cadaveric eyesadtéhlimited size and usually is not
completely flat, yet the main advantages of LC ddA&M are its transparency and thinness —

a property which is superior to any other biomalesras well.

We combined the use of human denuded LC as aicandthe use of human serum as the
only growth supplement for culturing LESCs exclygdany animal material from the culture
system.

Since no single, reliable marker has been fountithaapable of discriminating stem cells
that maintain the corneal epithelium from the sunding cells or tissue (Mort et al., 2012), a
consensus-based panel of LESC markers was usedr istudy (Schldtzer-Schrehardt and
Kruse, 2005), with some additional, previously described markers to confirm the LESC

features of thex vivocultured cells.

The expression of known putative stem cell marlgrsh as TP63p63u (Arpitha et al.,
2005; Parsa et al., 1999), ABCG2 (Chen et al., 2ddu et al., 2001), CK19 (Sacchetti et
al., 2005; Schlotzer-Schrehardt and Kruse, 2008)\AM/vimentin (Sacchetti et al., 2005;
Schlétzer-Schrehardt and Kruse, 2005; Stepp el@85) were confirmed at both gene and

protein level proposing the presence of stem aelike culture.

Interestingly, Ramaet al. discovered that the percentage of intensely slap&3: positive
cells can be used to predict the outcome of transalion. More than 3% p63dright cells in
the culture have been associated with better sscwde of transplantation (Rama et al.,
2010). Therefore, this group uses only transplanépared from cultures containing more
than 3% of the pGBbright cells (Rama et al., 2010), while otherseéhased the percentage of
p63u-bright cells to evaluate the purity of their cuél{Shahdadfar et al., 2012).

Based on the ability of the LESCs to efflux HoecB3842 dye via the ABCG2 transporter, a
so called ‘side population’ of cells can be distiistped (Kim et al., 2002). It has been shown
that the side population of cells which display&edrsger ABCG2 expression, also expressed

higher p68& and showed greater colony forming efficiency (devR et al., 2005).

Regarding CK19 expression, there are controvexdh in the literature - some groups
describe CK19 as marker for conjunctival epitheli(donisi et al., 2003; Elder et al., 1997;
Sacchetti et al., 2005), while others use it as CESarker (Sacchetti et al., 2005; Schldtzer-
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Schrehardt and Kruse, 2005). Our gene array asatgsiealed an upregulation of CK19 in
the ex vivocultured LESCs compared to differentiated cormgathelium (Table 9). Beside
the stem cell marker positivity, our LESCs showedliferative potential (higher MKI67
expression/Ki-67) and formed small and large colonies on differertracellular matrix-
coated plates, which strengthened the pluripotahira of these cells. Knowing the fact that
stem cells are slowly proliferating cells, it shiblde noted that owex vivoexpanded LESCs
are a mixture of stem cells and highly proliferatiVACs; indeed, some of the cells express
stem cell markers and show slow proliferation ratieile others are committed to the corneal

epithelial cell fate and are highly proliferatiwowing remarkable migratory potential.

Immunofluorescent staining of the cultured LESCsvetd presence of CK14 and CK8/18,
confirming the corneo-conjunctival origin of thesells (Dua et al., 2005; Figueira et al.,
2007; Merjava et al., 2011; Merjava et al., 200@8)jch together with the low expression of
terminally differentiated cornea epithelial mark€é@K3 and CK12 (Chaloin-Dufau et al.,
1990; Schermer et al., 1986)) confirm the undiffitieed limbal epithelial cell character and
their commitment to become corneal epithelium. Thgratory capacity of these cells is
reflected in the expression of IT@, CK8 and CXCR4. During characterization of the
cultured LESCs, some yet not described markers ieued to be expressed, such as
CD44/HCAM, CD144/VE-Cadherin, CD146/MCAM and CD1B86CAM. These markers
could also be localized in the limbal epitheliumsitu CD44/HCAM was found expressed in
the cells of the apical layer, while CD146/MCAM a@®166/ALCAM were detected at the
basal layer of the limbus.

The expression pattern of terminal carbohydratethercell surface in the form of glycolipids
and glycoproteins has not yet been investigated larger extent before. We examined 14
carbohydrates: 1 sialic acid, 5 N-acetylglucosasiidiemannose, 6 galactoses and 1 fucose on
the surface of LESCs. Although previously LESCsehbeen shown to express unsialynated
galactose and had a lack @2,3-bound sialic acid (Wolosin and Wang, 1995), bESCs

had lower F}eq of PNA compared to WGA, ConA, RCA or AL, while @8of the LESCs

were PNA positive.

Genome-wide profiling also revealed some genestwhinction has not been defined yet in
LESCs: Serpin peptidase inhibitor, clade A memb¢éSBRPINA3) (FC: 21.1) that has been
investigated previously for its anti-angiogenic anti-inflammatory effects during corneal

injury (Liu et al., 2011); Semaphorin 3A (SEMA3AJ: 40.2), which has been shown to be
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involved in the development of mouse cornea anférmiftiation of corneal epithelial cells
(Ko et al., 2010) and Fibronectin 1 (FN1) (FC: J4wWhich is involved in cell adhesion and
migration processes during wound healing (Nishidaak, 1983), were found to be
overexpressed in the LESCs. Altogether, these markan be added to the LESC
‘fingerprint’ and be used to better identify thesdls within the basal limbal epithelium. Flow
cytometry showed that LESCs are of non-hematopaeigin, express lower levels of MSC
markers than bmMSCs and express no CD31, which dvadsess the endothelial
characteristic. CD49a/ltgl, CD49b/Itg a2, CD49f/Iltg a6 and CD29/ltgBl have been
previously reported as basal limbal and basal @roel markers (Notara et al., 2010; Stepp
et al., 1993) - we found high expression of thesekersin situ as well in the cultured
LESCs.

In conclusion, our data suggest that our limbalgmwing cells are a mixture of slowly
proliferating LESCs and highly proliferating, migjray and potentially differentiating TACs,
based upon the distinct surface marker fingergrninluding positive and negative markers
together. From practical point of view, the tramspation of a mixed population of stem cells
and pre-committed cells would be a highly desiratiedition toward successful corneal
transplantation. Furthermore, the use of LC asraetdor ex vivoexpanded LESCs can be a
good and prominent alternative to HAM due to iengparency and protective effect on the
cultured cells. Alternatively, transplantationeof vivoexpanded oral mucosal sheets (Burillon
et al.,, 2012; Nakajima et al., 2013; Nishida et @D04b) and transdifferentiated bone
marrow-derived stem cells (Cai et al., 2010; Ka&ildy et al., 2013; Yao and Bai, 2013) are
a possible substitute for corneal epithelial caildilateral LESCD (Nakajima et al., 2013;
Yao and Bai, 2013). Transdifferentiation of haitlibe stem cells to substitute corneal
epithelial cells (Blazejewska et al., 2009; Meyda#®jewska et al., 2011) may be a more
promising process due to the resemblance of thditwages, however, such experiments are
yet to go beyond thia vitro stage (Eberwein and Reinhard, 2012).

6.2. Progenitor Cells of the Posterior Segment

Stem cell therapy holds great promise for retins¢ases (Tibbetts et al., 2012). The proof of
this are the several ongoing clinical trials usimgnan embryonic-, fetal-, umbilical cord- and
bone marrow-derived stem cells for treating visdeorders such as AMD and retinitis

pigmentosa (Cramer and MacLaren, 2013; Ramsddn 204a3).

60



Tropepeet al.and Colet al. were the first to propose that human CBE contiiREs which
are able to make new neural cell types (Coles.ef@04; Tropepe et al., 2000). Due to its
easy accessibility, CBE would be an ideal sourddRCs.

Retinal NPCs by definition should have the abilitly self-renewal, ability to respond to
injuries by targeted migration into the lesion, &&mto how NPCs do in other parts of the
CNS (Imitola et al., 2004; Olstorn et al., 2007rkPat al., 2002), and should be able to
differentiate into functioning cells. Recently seal studies have questioned the presence of
NPCs in the CBE of the adult human eye (Bhatid.e2@11; Bhatia et al., 2009; Cicero et al.,
2009; Gualdoni et al., 2010; Moe et al., 2009).

Relatively common CNS lesions in ophthalmology es&nal breaks and holes with the
consequent RD and PVR development. Hence, if NREpi@esent in the adult human eye,

they should be able to respond to RD and PVR faomats well.

In order to clarify whether NPCs exist in the aduliman eye, we carefully investigated the
CBE and RP for NPC markers in enucleated eyesavithithout previously confirmed PVR.
The expression of NPC markers were analyzed inca miodel of PVR as well. Finally, we
looked for signs of targeted migration of NPC-Igals to the vitreous of patients in samples

obtained during vitrectomy due to PVR.

In situ staining of control, non-PVR human cadaveric ey@msaled the presence of both
neural stem cells markers (Pax6, Sox2, Nestin)eguitthelial stem cell markers (ABCG2, N-
Cadherin), but only within the wall of periphergists at the most proximal Pla and RP, while
GFAP positivity was found only in cells at the Ry3ts. Cystic degenerations are common in
the uninjured human eye and are frequently founelderly, but with no known pathological
consequence (Fischer and Reh, 2001; O'Malley almhA1967). In agreement with previous
findings (Bhatia et al., 2009), we could not detany cell division or Ki67 positivity in

uninjured human retinia situ (negative data are not shown).

In response to PVR formation, proliferation wasesled in either the GFARI the GFAP
cells at the proximal Pla and RP (Figure 10C). €hfasdings partially correspond to the
results of Ducournaet al. although this group described a few Rhodopsiills next to the
GFAP pigmented cells in eyes with extensive PVR formatibucournau et al., 2012). Since
no neuroprogenitor marker or Rhodopsin positivipuld be detected within the CBE of
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control or PVR eyes, the probability of new photetor production by NPCs at the CBE is
therefore low.

In contrast to the human findings, CBE of mice skdwiot just nuclear hyperplasia, but
increased Nestin expression after PVR inductionninavitreal injection of dispase, raising
awareness to other groups’ findings from other igse&nd the need for careful comparison to

humans.

During neurosphere formation assay, free-floatingsters developed from single cell
suspension under specific culture conditions. Thia widely used method to confirm NPC
properties such as self-renewal and inducible feraliive capacity (Coles et al., 2004; Mayer
et al., 2003; Xu et al., 2007), although the metisodot specific for stem cells as some other
cell types like epithelial cells can also form smse(Cicero et al., 2009). There is also
evidence that small spheres are not derived framlesicells but develop as aggregation of
cells (Pastrana et al., 2011). Therefore, selfswwahenust be demonstrated by extended time
of cultivation and for several passages. On theroltland, it is hard to distinguish the cell
types within a sphere, due to its physical and ge#om nature, which also affects the
nutrients, growth factors and oxygen supply wittie sphere (Pastrana et al., 2011). It also
means that the population of cells within the spher heterogeneous in terms of their
differentiation stage and commitment (Arsenijevicak, 2001). The lack of a standardized
protocol for neurosphere formation assay and thee afsdifferent cell density and media,
different concentration of mitogens, hormones armtlitional supplements make the

comparison of the results obtained from differatdratories difficult.

The capability for self-renewal and proliferatioh@BE-derived cells has been confirmed by
several research groups (Ahmad et al., 2000b; Gblak, 2004; Mayer et al., 2003). Cotds
al. found that spheres formed only from the CB ansl such spheres or cells could not be
isolated from the neuroretina or RPE; Magearl. could isolate spheres from the neuroretina
and CB regardless of sex, age or post-mortem tiMayé¢r et al., 2003). Xuet al.
characterized spheres derived from CB which consfsproliferating cells expressing
immature neuronal and glial markers (Liu et al.Q20Xu et al., 2007). Our findings indicate
that more spheres form when cells are isolated fitmanvitreous of human eyes with known
PVR compared to non-PVR eyes. These spheres ceypddsaged up to two times, although
no attempt was made to continue passaging furtiaer this.
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Stem cells can be identified by a specific markattgsn, including markers expressed
exclusively by the stem cell (positive markers}layse absent on stem cells but expressed by
their progenitors (negative markers). In most & tdases, due to the lack of one definitive
marker, a combination of positive and negative merkare used. CBE is derived from the
neural tube ectoderm, so it should be investigateether it keeps the epithelial phenotype in

spheres, in parallel to checking its neural anal gharker expression.

Moe et al. demonstrated that CBE spheres contain prolifegaépithelial-like cells with
decreased expression of NPC markers compared toréM®spheres, which is in agreement
with Ciceroet al. who showed that CBE-derived spheres are pigmestelddisplay more
epithelial characteristics (Cicero et al., 2009;eMi& al., 2009). Gualdomeit al. showed that
cells derived from CBE express significant amoudmiBC markers but fail to differentiate to
photoreceptors (Gualdoni et al., 2010). Battial. separated pigmented and non-pigmented
epithelial cells of CBE and found that only non+pented CBE proliferate to form spheres in
culture, expressing high level of epithelial maskand limited level of NPC markers (Bhatia
et al., 2009).

Spheres derived from the vitreous of patients W¥R showed GFAP and Nestin positivity
at their central part anf-lli-tubulin positivity at the periphery in eithen situ or in vitro
conditions. These spheres comprised of pigmentednan-pigmented cells, while the RPE

origin of the pigmented cells could be excludedsbgwing RPE65 negativity.

ESC markers like OCT4, SOX2 and Nanog have beeectbet in several different PCs
before, although their role has yet to be fullyedetined (Lengner et al., 2008). The ESC
markers are considered as essential for showingpptency, and we could demonstrate
varying, low levels of all three markers in the sps obtained from vitrectomy of eyes with
PRV using RT-PCR (Table 11). The presence of Pag6Sox2 could further be confirmed at

a protein level by immunofluorescent staining (Fegi2G and 12H insert).

The most common NPC marker is Nestin, which israaermediate filament protein and can
be upregulated in pathological conditions like gi$o(Gilyarov, 2008). During neuro-and
gliogenesis, Nestin is replaced by tissue-spetifermediate filaments like neurofilaments or
GFAP (Gilyarov, 2008; Lin et al., 2009). GFAP playsole in the formation of glial scars in
the CNS.
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ABCG?2 is a widely used general stem cell markeictvifunctions as a xenobiotic transporter
and plays a major role in multi-drug resistancesdghon the ability to efflux the DNA
binding dye (Hoechst 33342), a so called ’side peipan’ can be isolated which is
considered to be a heterogeneous population oepitug-like cells (Challen and Little, 2006;

Wan et al., 2010) as mentioned before.

Claudin is a tight junction protein which contratee flow of molecules in the intercellular
space between epithelial cells, while N-Cadherima isalcium dependent cell-cell adhesion
glycoprotein which plays a key role in the devel@omof the neural plate. N-Cadherin and
ABCG2 have both been found to be expressed by fhithelial and neuroepithelial
stem/progenitor cells (Ding et al., 2010; Watanabal., 2004). Froept al. showed Nestin
and Claudin positivity, but not double positivity eells in spheres derived from CBE (Froen
et al., 2011), which suggest that the spheres arxtare of two different cell types: epithelial
and neural progenitor-like cells. In contrast t@tthCiceroet al. showed homogeneous

population of epithelial cells in the spheres ofECicero et al., 2009).

We show that sphere-like structures isolated frbm \itreous of patients with PVR show
high GFAP positivity as well (Figure 12F insertgiie 13D). PCR could also reveal that
GFAP is expressed significantly higher in PVR sphehan in CBE spheres (Table 11). No
RPEG65 (RPE marker) (Figure 12F) could be deteatethe spheres, which rules out any

contamination of RPE cells.

GFAP" Milller glia cells are suggested to have latentro@generative capacity in humans
(Bhatia et al., 2011; Bhatia et al., 2009; Dasl.e2806; Lawrence et al., 2007). Furthermore,
it has been recently shown that Miller glia isadabe®m the human RP during vitrectomies
can be an efficient source for producing photorearsp(Giannelli et al., 2011) which
correlates well with our findings: we detected Riwsin cells in the NLR peripheral to the
areas of photoreceptor loss in human eyes with RARough this cannot be concluded as
sign of active neurogenesis yet. Some additionakedtigations as clonal expansion,
differentiation studies of NPCs isolated from thieous are needed to further support these

findings.

Based on the previously stated findings, we supiharthypothesis that the adult human eye
may contain two different populations of neuroegiid PCs: non-glial (GFAR population

located close to Pc in the proximal Pla and angtlegulation with Mller glia characteristics
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(GFAP"). So far, we only found evidence that the gligbylation is able to respond to retinal

injury by targeted migration into the vitreous.

Protein and gene expression of mature markersmiti@ spheres derived from CBE is not a
definitive proof for functional differentiation. Finermore, it would be necessary to
demonstrate the morphological and functional idgrtf differentiated cells like post-mitotic

action potential firing and neurotransmitter rekas
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7. Summary

Stem cell therapy holds great promise for treatingeases arising from sight-threatening
injuries and disorders such as chemical and thelonals, AMD or retinitis pigmentosa. Due
to ethical issues or the fear of cancer developrttemtuse of adult stem cells seems more

plausible compared to ESCs or iPSCs.

We isolated, cultured and characterized succegdflECs which are responsible for corneal
epithelial regeneration, and confirmed the plaligybiof using thin, transparent LCs as
biological carriers for future LESC-transplantatiorhe main benefit of our work is the
exclusion of animal materials during cultivationgtuse of human serum as the only growth
supplement and the extension of the charactensticker pattern of LESCs with previously
not identified markers: CAMs (CD44/HCAM, CD146/MCANCD166/ALCAM) and surface
glycoproteins. Limbal grafts showed viable cellgroivth which formed stratified epithelium
on LCs within two weeks. The outgrowing cells shdvegem cell characteristics (ABCG2,
CK19, TP63/p63, VIM/Vim), high proliferation cap&gi(MKI67/Ki67) and positivity for
markers related to the corneal epithelial commitn{@K8/CK18, low CK3/CK12), giving

the benefit of having a mixed population of sterfscand TACs.

CBE is thought to contain NPCs which can identiéirral injuries like those in RD and
consequent PVR, and respond by targeted migratimhfanctional differentiation. In our
experiments, no NPC markers in human eyes couttetexted, except within peripheral cysts
of the proximal Pla and RP; furthermore, GFAfRIIs could only be detected at the RP. Our
findings confirm proliferation of GFAPCBE cells in response to PVR formation, but show
no evidence for stemness or photoreceptor diffextom. Only some clusters of Rhodopsin
cells in the NLR could be found peripheral to tamk areas of photoreceptor loss after PVR.
In contrast to that, CBE of mice showed hyperplasid increased Nestin positivity in PVR.
Surgeons can often visualize sphere-like structatake far periphery of the vitreous during
vitrectomy for RD with PVR. To identify the origiand characteristics of these spheres, direct
isolation from the vitreous and staining before aaiter cultivation were performed.
Immunostaining and TEM of the spheres revealedepias of pigmented and non-pigmented
cells, Nestin and GFAP positivity at the centrattpgelll tubulin positivity at the periphery
and RPEG65 negativity excluding contamination witPERcells. The non-glial and glial
response to PVR formation could be confirmed, wet,evidence for targeted migration of

glial cells into the vitreous could be confirmed.
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8. Osszefoglalas

Az 6ssejt-therapia igéretesnek mutatkozik az olyanosiigtasromlast okozé karosodasok ill.
betegségek kezelésében, mint a vegyi sérilésekelég@skori macula degeneracié vagy
retinitis pigmentosa. Az embrionalissejtek kapcsan felmetiktikai kérdések és az indukalt
pluripotens sejtek esetleges tumor-k&palajdonsagatdl valé félelem miatt a félhszoveti
6ssejtek hasznalhatdésaga sokkal valGgder

Munkank soran sikeresen izolaltunk, tenyészettimkarakterizaltunk a szaruhartya epithel
regenerécidjaért feléb limbalis epithelidlisissejteket (LESC), valamint a vékony és attetsz
tulajdonsaggal biré lencsetokrdl (LC) bizonyitottllogy az LESC-transzplantacido szamara
alkalmas biologiai hordozé.

Legfébb eredményeinknek tartjuk az allati erédeinyagok teljes kivonasat az LESC-
tenyésztési procedurabdl. A tenyésztés soran a mwsmérum, mint egyetlen tapanyag-
kiegészitforrast hasznaltuk. Emellett az LESC jellemzése@gald panelt kordbban nem
vizsgalt sejt adhézios molekuldkkal (CD44/HCAM, CGIBIMCAM, CD166/ALCAM) és
sejtfelszini glikoproteinekkeldvitettiik ki.

A limbalis graftokbol kiindulo sejtek a LC felszim@ hét alatt tobbrétéchamot hoztak Iétre.

A kinbvo sejtek felszinikonéssejt (ABCG2, CK19, TP63/p63, VIM/Vim), a cornea
epithelidlis iranyba valé elkotelédés (CK8/CK18, alacsony CK3/CK12) valamint a nagy
proliferacios kapacitasra (MKI67/Ki67) utal6 mar&ket expresszaljak, igy |étrehozva egy
6ssejtekibl és tranziensen amplifikalodo sejtek keveréhéddld populaciot, annak minden
elényével.

Irodalmi adatok alapjan feltételezzik, hogy a stegdrepithelsejt rétege (CBE) olyan
neuronalis pluripotens sejteket (NPC) tartalmazelgek érzékelve a retina karosodasat, pl.
retina levalasnal és kovetkezményesen kialakuldifgrativ vitreoretinopathia (PVR) esete,
célzott migracidval és funkcionalis differencidcabveagéalnak.

Kisérleteink soran azonban nem sikerilt NPC-t déteknk az emberi szemben, a pars plana
ill. reitna periférian talalhato an. periférias tijjson kiviil. Mi tobb, GFAPsejteket is csak a
retina periférias részén detektaltunk. Eredményailditamasztjak a human GFAgejtek
proliferaciojat PVR-ben, de azokéssejt mivoltara vagy fotoreceptorra valo
differencialodasanak képességére nem talaltunknpitgkot. Csupan néhany Rhodogsin
sejt csoportosulast figyeltink meg a PVR okozteenjgs fotoreceptor karosodastol

perifériasabban.
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Szemben a huméan eredményekkel, egerekben PVR iiddulké&veten a CB kifejezett
hyperplasijat és emelkedett Nestin pozitivitisasataltunk.

PVR-es retina levalas miatti vitrectomia soran aeratrok gyakran észlelnek, a retina
perifériahoz kozeli vitreusban gombszestruktirakat. Azert, hogy kideritsik, ezeknek a
szférdknak az eredetét és jelléimza vitreusbol nyert mintédkat tenyésztésétiebs utan is
megfestettilk. Az immunfluoreszcens festés és traisszios elektron mikroszképia alapjan a
szférak pigmentalt és nem pigmentalt sejtékibalamint Nestin és GFAP pozitiv centralis és
B-1ll tubulin® kilss részil allnak, tovabba retina pigment epithelsejtes &omihacio-
mentesek.

Munkank soran a PVR-re adott glialis és nem-glightasz megésitést kapott, de a glialis
sejtek vitreusba valé migracidja tovabbra sem byitott.
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