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Chapter 1: Introduction and Literature Review

|| CHAPTER 1 - INTRODUCTION AND LITERATURE REVIEW ||

1.0 INTRODUCTION:

The ocular surface is a complex continuum responsible for the maintenance of corneal
clarity, elaboration of a stable tear film for clear vision as well as protection. The
integrity of this self-renewing epithelium relies on the existence of limbal stem cells
(LSCs). Severe ocular surface injuries such as alkali burn, thermal injury, Stevens-
Johnson syndrome, contact lens related epitheliopathy and ocular cicatricial pemphigoid
causes limbal stem cell deficiency (LSCD). Severe LSCD can finally result in reduced
visual acuity, even blindness. Limbal stem cells deficiency can be caused by a variety of
hereditary or acquired disorders. (Dua et al, 2000; Thoft et al, 1989; Tseng et al, 1989).
Various surgical techniques have been developed to treat LSCD. Treatment is mainly
through the transplantation of ex-vivo expanded corneal limbal stem cells on human
amniotic membrane matrix. The diseases and conditions as mentioned above affect the
vision of approximately 3000 patients every year in India. Usually during such damages,
the corneal limbal stem cells present in the limbal area spontaneously multiply and
replace the corneal epithelium. However, when the damage due to disease is very severe
or when the stem cell themselves are damaged, such repair is not feasible. At present the
treatment options available for limbal stem cell damage consists of either full thickness
corneal transplant (only one among every 10 person waiting for a transplant gets the
corneal transplant done, due to shortage of available cadaver corneas) or limbal autograft

from the other normal eye, when the damage is minor or the recent technique of corneal
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epithelial transplant, where the limbal explants are which are grown on homologous

biological materials like the human amniotic membrane.

The aim of the thesis is to standardize the culture protocols for the cultivation of corneal
limbal stem cells and also to understand the biology of the cultured corneal limbal stem

cells.

1.1 THE STRUCTURE AND FUNCTION OF OCULAR SURFACE

The cornea forms the front ocular surface of the eye and acts as a window to the world. A
clear healthy cornea is very essential for the visual acuity. The development of the cornea
is a terminal inductive event in eye formation, with the corneal epithelium derived from
the head surface ectoderm overlying the lens after invagination. The complex multi-
layered structure of the cornea allows it to fulfill its role, namely, transparency,
refraction, photoprotection and protection of internal ocular structures from the external

environment.

Corneal organogenesis has been extensively reviewed in chicks by Hay (Hay, 1979) and
in humans by Sevel and Isaacs (Sevel and Isaacs, 1988), and Barishak (Barishak,
2001).In vertebrates the development of cornea begins as the layer of ectodermal cells
covering the lens. This primitive epithelium, two cells in thickness, is first apparent at
about five weeks in the human embryo and is contiguous with the surface ectoderm.
During the next one to- two weeks in humans, the epithelium stratifies to three-to-four

cell-layers thick, the lens completes its formation and detaches from the ectoderm, and
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the eyelids form and fuse. Almost immediately after the separation of the lens from the
corneal epithelium, waves of neural crest cells migrate into the space between the lens
and epithelium. These cells become the corneal endothelium and the stromal keratocytes.
This migration of cells appears to be species specific. For example, in reptiles, birds, and
primates, including humans, two waves are observed - first, endothelial cells then
keratocytes. However, in rodents, cats, rabbits, and cattle, a single migration of cells,
resulting in both cell types, is observed (Cintron et al., 1983 ;). In the chick, the epithelial
cells secrete a collagenous matrix (termed the primary stroma) prior to the influx of
neural crest cells (Hay, 1979). This primary stroma is not observed in rabbits, mice, or
primates (Cintron et al., 1983). Following fusion of the eyelids, the primitive corneal
epithelium decreases to two cell layers and remains constant until the time of eyelid
opening (twenty-four weeks in humans). During the period of eyelid closure, the cornea
gradually enlarges and matures. Upon eyelid opening, a number of developmental events

occur that result in a mature cornea.

1.1.1 Cornea

The mature cornea is composed of 5 layers viz., Epithelium, Basement membrane,
Bowman’s layer, Stroma, Descemet’s membrane and Endothelium. (Figure 1.1) The role
of corneal epithelium which forms the 10% corneal thickness is to; absorb nutrients and

oxygen while protecting the eye.
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Figure 1.1 Layers of Cornea

Cornea H&E anterior corneal epithelium &
stratified squamous

corneal stroma

posterior endothelium

Adapted from www.googleimages.com

This figure shows the Hematoxylin and eosin stained section of the entire cornea.
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The corneal epithelium consists of approximately five to seven cell layers. The
superficial layer of this epithelium includes a layer or two of squames cells with
extensive apical microvilli. Underneath the superficial layer are the suprabasal or

wing cells and the final layer is the basal cells. Beneath the corneal epithelium lies the
basement membrane and Bowman’s layer followed by the stroma. Descemet’s membrane
is directly below the stroma, which in turn overlies the corneal endothelium. The
superficial squames of the corneal epithelium have a unique surface with extensive
microvilli, called microplicae that serve to increase the cells surface area and to facilitate
the close association of the squames with the tear film. The presence of lateral tight
junctions between squames prevents the entry of harmful substances into the intraocular
tissues. The wing cells are located beneath the apical squames and have lateral, wing-like
extensions. These cells are not directly involved in the spreading of the tears and do not
undergo frequent cell division; however, recent studies have shown that wing cells do
participate in re-epithelialization during wound healing and sometimes can be found at
the leading edge in contact with the basement membrane (Danjo and Gipson, 2002).

(Figure 1.2)

The innermost cells in the corneal epithelium are called basal cells. These cells are a
single layer of columnar cells with several important functions in the cornea (Farjo and
Soong, 2004). They proliferate to generate new wing and squames, secrete numerous
matrix molecules that are incorporated into the underlying basement membrane and

stroma, organize the hemidesmosomes that maintain stable attachment to the underlying
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Figure 1.2 Corneal epithelium layers
Corneal Epithelium

Superficial cells

Wing cells

¢ Basal cells

Adapted from www.stemcell.org

Electron microscopic picture showing the layers of corneal epithelium
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basement membrane and, finally, organize the more transient cell-matrix attachments
called focal complexes that are important in mediating cell migration in response to an

injury.

While the basal cells generate all of the cells that make up the other layers of the corneal
epithelium, they themselves are derived from cells that are located at the limbus, a region

between the cornea and conjunctiva.

Bowman’s layer, which has unknown functions, is present from limbus to limbus, and
consists of both the underlying basement membrane zone and the acellular zone
immediately beneath it. Beneath the epithelial basement membrane is the stroma. The
cells that reside in the stroma are called corneal fibroblasts and are specialized in
producing and organizing the stromal extracellular matrix (ECM). In humans, the stroma
makes up over 90% of the bulk of the entire cornea. This dense connective tissue serves
primarily as a structural support, but, unlike cartilage and tendon, it is transparent. By
mechanisms still not fully understood, stromal fibroblasts regulate the synthesis,
organization and spacing of the various types of collagen fibers and proteoglycans that

make up the stromal matrix and function to maintain stromal transparency.

In addition, data also show that the stromal fibroblasts produce corneal crystallins that,
similarly to the crystallins in the lens, participate in maintaining the clarity of the
fibroblast cytoplasm (Jester et al., 1999; Piatigorsky, 2000). Without a transparent

cornea, light would not come into focus on the retina and vision would be impaired.
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Beneath the stroma is another basement membrane known as Descemet’s membrane,
which overlies the corneal endothelium, a single layer of flattened cells connected by
tight junctions. The endothelial cells pump nutrients from the aqueous humour into the
stroma and pump excess water out of the cornea. The aqueous humour is made primarily
by the cells that make up the ciliary processes and is secreted into the anterior and

posterior chambers of the eye.

1.1.2 Conjunctiva:

Surrounding the cornea is the sclera, which is covered by the layer of glandular epithelial
tissue called conjunctiva. The conjunctiva is highly vascularized and contains goblet cells
that secrete a mucin-rich fluid. This fluid is particularly important in keeping the cornea
moist and reflective, as well as giving the avascular tissue some nutrition. It is essential
critical to maintaining the integrity of the eye, and allows unrestricted movement of the
eye and is reservoir for tears. It also contributes goblet cell-secreted mucin to the tear film
and provides a source of immune tissue and antimicrobial agents to protect the ocular
surface. Abnormalities of the conjunctiva may lead to restriction of ocular movement,
abnormalities of the tear film, and decreased host resistance of infectious agents. In
addition, the cornea may ultimately be affected in severe conjunctival disease. This
conjunctiva extends from the corneoscleral limbus to the mucocutaneous junction on the
eyelids. The conjunctival sac forms a fornix on three sides and an extendible plica

medially. Allowing for independent movement of the eye and eyelids. Conjunctival
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surface folds increase the surface area of the conjunctiva, decrease the area of contact,
and reduce friction between the bulbar and tarsal conjunctiva.

1.1.3 Limbus

The term limbus denotes a border between two different types of tissues. Most commonly
it refers to the border zone between the cornea and sclera. Despite its small size the
limbus excites everyone interest because it demarcates the optically clear cornea from the
conjunctiva and opaque sclera. It maintains the nourishment of the peripheral cornea; it
contains the pathways of aqueous humor outflow; and it is the site of surgical incisions
into the anterior chamber for cataract and glaucoma. It is a specialized region, which is
highly vascularized, innervated, and protected from potential damage by UV-light by the

presence of melanin pigmentation.

Gross anatomy reveals that, the radius of curvature abruptly changes at the junction of
corneal and sclera creating a shallow furrow or sulcus externally, external scleral sulcus.
The internal scleral culcus, formed by the scleral spur contains the canal of schlemm and
aqueous humour outflow apparatus. Internally, the limbal zone begins at the junction of
the peripheral extension of Descemet’s membrane and corneal endothelium and most
anterior extent of the trabecular meshwork identifiable gonioscopically as Schwalbe’s

line. (Tero Nishida et al, 1997 ;)

The histological limbus relates to the identifiable junction of cornea and sclera observed
in histological cross section. Both of them primarily consist of collagen. The corneal

collagen fibers typically less than 600A in diameter and they are arranged in highly
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regular lamellar pattern that lends a crystalline quality of the tissue and contributes to its
transparency in comparison to scleral fibers which are more thicker in diameter and are

not arranged in regular fashion.

The concept of the limbal location of corneal SC was first proposed by Davanger and
Evensen (1971) suggesting that the limbal ‘palisades of Vogt’ (Goldberg and Bron, 1982)
contained the proliferative cells that maintain the corneal epithelium. Since then,

numerous reports have supported the limbal SC concept (Figure 1.3).

1.1.4 Sclera

It envelops abut 90% of the surface of the eye. It is a dense, white fibrous connective
tissue that ensheathes the eye extending from the corneal limbus anteriorly to dural
sheath of optic nerve posteriorly. The sclera, like the corneal stroma, is of mesenchymal
origin and develops uniformly from the anterior to the posterior region. The exterior side
of the anterior region of the sclera is covered by a transparent epithelial tissue the bulbar
conjunctiva. The principle function of sclera is to provide a strong eye and to withstand
the considerable expansive force generated by the intraocular pressure. The fibrous
tissues of the sclera also limit the size and shape of the eye during development.
Anatomically, the sclera can be divided into three layers episclera, stroma and lamina

fusca. (Foster et al, 1994 ;)
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Figure 1.3 Palisades of Vogt

Figure 1.3A shows unique pigmented structure can be identified on the flat mount
preparation of Dispase-isolated human limbal epithelial sheets & Figure 1.3B shows the
presence of the pigmented palisades of Vogt in the darker skinned donor. Adapted from

Cell Research (2007) 17:26-36
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1.1.5 Tear film

The tear film is constituted by aqueous humor and to a lesser extent by the serum because
both contribute fluid to the tear film. The contribution of the aqueous humor to the
aqueous component of the tear film was first recognized by the Mishima et al, 1968; The
hydrostatic pressure exerted by the aqueous and the osmotic gradient that develops across
the cornea between the aqueous humor and tears as a result of tear evaporation cause a
continuous flow of water from the aqueous humor side of the cornea to the external

surface.

Membrane bound subsurface vesicles that contain glycoprotein in the conjunctival
epithelium rise to the tear-side surface of the cell and fuse with the cell membrane to
distribute glycoprotein over the epithelial cell surface, contributing to the glycocalyx.
These glycoproteins are densly packed on the microplicae and microvilli extending from
the free surface of the corneal and conjunctival cell; these structures contribute to the

maintenance and retention of an evenly distributed mucous layer. (Prydal J et al, 1992 ;)

1.2 STEM CELLS:

The term ‘stem cell’ has acquired a rather more restricted meaning in cell biology than in
embryology as a result of studies on the growth kinetics of renewing tissues in adult
organisms. It is normally used in an embryological context as a synonym for

‘progenitor/founder ‘cell. (Gardner & Beddington, 1988)
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In all the renewing tissues the cellular losses are taken care by the discrete subpopulation
of cells which are relatively undifferentiated. These stem cells give rise to progeny which
progress along a particular lineage such that at the latter stage these progeny can be of
limited proliferation prior to differentiation. In early embryonic tissues there is no

obvious partitioning of cells into dividing versus differentiating sub-populations

1.2.1 What are stem cells?

Stem cells are undifferentiated or unspecialized cells which have high proliferative
potential and they undergo self renewal and able to undergo terminal differentiation
which generate mature cells of different cell lineages. Two properties are generally
considered to define a stem cell

1. The ability of the cell to undergo numerous cycle of cell division while maintaining

the undifferentiated state, which is also know as the ability of self renewal.

2. They also have the capacity to differentiate into any mature cell type. They may be

either totipotent or pluripotent.

Potency specifies the differentiation potential (the potential to differentiate into different

cell types) of the stem cell.

1.2.2 Types of stem cells
> Embryonic stem cells come from embryos (<6 weeks). Stem cells from
Blastocysts (2 weeks) and they are virtually “immortal”.
> Fetal stem cells come from fetuses (> 6 weeks)

> Stem cells are present in some adult tissues, including brain, spinal cord
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and bone marrow, eye, etc.

1.2.3 Embryonic stem cell

Embryonic stem cell is defined by its origin. It is derived from the blasotcyst stage of the

embryo. The blasotcyst is the stage of embryonic development prior to implantation in

the uterine wall. At this stage, the preimplantation embryo of the mouse is made up of

150 cells and consists of a sphere made up of an outer layer of cells (the trophoectoderm),

a fluid-filled cavity (the balstocoel), and a cluster of cells on the interior (the inner cell

mass).

Defining properties of embryonic stem cell

>

>

Derived from the inner cell mass/ epiblast of the blastocysts

Capable of undergoing an unlimited number of symmetrical divisons without
differentiating (long term renewal)

Exhibit and maintain a stable, full (diploid) normal complement of chromosome
(karyotype)

Capable of integrating into all fetal tissues during development

Capable of colonizing the germ line and giving rise to egg or sperm cells
Clonogenic that is a single ES cell can give rise to a colony of genetically
identical cells or clones, which have the same properties as the original cell.
Expresses transcription factor Oct-4 which then activates or inhibits the host
target genes.

Can be induced to continue proliferation or differentiation

Lacks G1 checkpoint in cell cycle.

Do not show X chromosome inactivation
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1.2.4 Adult stem cells

> Stem cells can be derived from various tissues in adults. To date, stem cells have

been found in bone marrow, blood, skin, muscle, liver, brain, the cornea and

retina of the eye, the lining of the gastrointestinal tract, liver and pancreas.

» The primary role of tissue stem cells is to maintain and to repair the tissue in

which they are found.

» Tissue stem cells usually only produce cells specific to the tissue in which they

are found. Normally, adult tissue stem cells only have the potential to make a

limited range of cell types in the body.

» The possibility that an adult stem cell from one tissue may give rise to cell types

of another tissue. This is a phenomenon called “plasticity

Table 1.1 gives the difference between embryonic and adult stem cells.

Table - 1.1

Difference between embryonic and adult stem cells:

Adult stem cells

Embryonic stem cells

Easily accessible

Ethical debate

Less potential for proliferation and

differentiation

Robust proliferation and differentiation

potential

Autologous transplantation

Graft rejection

Limited quality for clinical need

therapeutic cloning

Questionable plasticity & dedifferentiation

issue

Scaleable culture for clinical need

Teratoma or tumor issue
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1.3 CORNEAL STEM CELLS

1.3.1 General features of corneal stem cells

Unlike the rest of the body surface, the ocular surface is designed to be wettable so as to
maintain comfort while providing a smooth optical surface. On the ocular surface, the
cornea is most unique in being both avascular and transparent so as to allow the light to
be transmitted to the retina. Therefore, in order for us to enjoy seeing the outside
beautiful world, the corneal epithelium needs to withstand constant attrition caused by

exposure-induced dryness and potential light-induced damage.

Stem cells are a subpopulation of cells capable of extensive self-renewal that upon
division gives rise to progeny (transit amplifying or TA cells) that have limited renewal
capability (Potten and Loeffler, 1990). Additionally, stem cells divide relatively
infrequently in mature tissues and are structurally and biochemically primitive. In cases
of tissue injury, stem cells can proliferate to repopulate the tissue. The TA cell divides
more frequently than the stem cell and ultimately all of the TA cells differentiate in the
scheme of ‘‘stem cell -TA cell — terminally differentiated cell’”” (Lavker and Sun,

2000; Potten and Booth, 2002).

The unique properties of stem cells allow their identification in various tissues (Miller et
al, 1993). In many cases the identification of stem cells provides new insights into the
growth and differentiation properties of the tissue in question. In the case of corneal
epithelium, this tissue has long been known to have several unusual and puzzling

features. For example, almost all corneal epithelial neoplasias are associated with the
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peripheral cornea in a rim called the limbus, which represents the transitional zone
between the transparent cornea and the white conjunctiva (Waring et al, 1984). Another
well known and peculiar feature of corneal epithelium is that the peripheral corneal
epithelial cells seem to be able to migrate centripetally toward the center of the cornea
(Davanger and Evensen, 1971; Buck, 1979). In addition, the basal cells of central cornea
are more mature looking than the basal cells of all other stratified squamous epithelia

(Kuwabara et al, 1976; Buck, 1979; Srinivasan and Eakins, 1979).

1.4.2 Limbal stem cells niche

Stem cells in all renewable tissues are usually located in a specialized niche that offers
protection and nourishment to these essential cells. The corneal epithelial stem cell niche
is not an exception. Evidence suggests that the limbus is a potential stem cell niche for
the corneal epithelium has been presented in many studies. The cells from the limbal
niche have been shown to be slow-cycling (Cotsarelis et al., 1989), relatively
undifferentiated cells (Chaloin-Dufau et al., 1990; Schermer et al., 1986), and when
isolated have a higher proliferative potential in vitro than central or peripheral corneal
epithelial cells (Ebato et al., 1988; Lindberg et al., 1993; Pellegrini et al., 1999).
Additional support for the limbal stem cell location is the ability of limbal transplants to
generate a stratified corneal epithelium (Dua & Azuaro-Blanco, 2000a, b; Koziumi et al.,
2001a, b) and the inability to establish a permanent corneal epithelium in the absence of
limbal epithelium (Chen & Tseng, 1990, 1991; Huang & Tseng, 1991; Kruse, Chen, Tsai,

& Tseng, 1990) resulting in abnormal re-epithelialization by the adjacent conjunctiva.
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The limbus, physically, offers the stem cells a protective environment as the niche is set
in the deep undulations of the Palisades of Vogt, thereby hidden from the hostile external
environment. It has both anatomic and functional dimensions. Before functional
dimension can be addressed, it is necessary to understand where the limbal niche is.
Anatomically, the limbal SC niche is located at the Palisades of Vogt. (Figure 1.3A & B)
which is highly pigmented because of melanocytes, (Davanger and Evensen et al 1971;
Coroneo et al 1991; Higa et al 2005) and is infiltrated with antigen-presenting
Langerhan’s cells (Baum er al., 1970 ;) and suppressor T-lymphocytes (Vantrappen,
1985). The non-uniform junction between limbal epithelium and stroma also protects the
cells from shear forces. Melanin accounts for the pigmentation in these cells, offering
protection against possible carcinogenic insults of ultraviolet light and the generation of
reactive oxygen species. The anatomical closeness to the limbal blood vessels in the
underlying stroma ensures that nourishment is available. Stem cell fate, whether it is
quiescence, apoptosis, division or differentiation is under the control of interactions
between the stem cell and its microenvironment or niche (Morrison et al., 1997; Watt and

Hogan, 2000).

Unlike that of the cornea, the basement membrane of the limbus is undulating with
papillae or ‘pegs’ of stroma extending upward ( Gipson et al, 1989;) and fenestrated (Dua
et al 2005; Shanmuganathan er al 2006) these anatomic features in the limbus suggest
that limbal epithelial SCs might closely interact with cells in the underlying limbal
stroma (Figure 1.4). Thus, the underlying stroma and cells within, as well as the local

blood supply, are all likely to contain factors that determine stem cell fate. When the stem
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Figure 1.4 Hypothetical scheme of limbal stem cell niche

SONJUNCTIVA LIMBUS CORNEA
= TDC

«” TDC: Terminal differentiated cells

BV => PMC: Post mitotic cells

& M: Melanocytes @ ITAC: Late transient amplifying cells
@ LC: Langerhan’s cells © ¢TAC: Early transient amplifying cells
= BM: Basement membrane © SC: Stem cells

® N: Nerve = MC: Mesenchymal cells

® BV: Bood vessels i BO: Bowman's membrane

(Adapted from Cell Research (2007) 17: 26-36 Wei et al)
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cell exits its compartment, the factors that maintain its ‘stemness’ are no longer available,
and the cell is likely to enter the differentiation pathway as a result of new local
environmental influences. The precise molecular mechanism by which the stromal niche

regulates limbal stem cells is unclear.

The limbal SCs interact with unique extracellular components in the niche. (Turoi et al.,
1996; Ljubimov et al., 1995). These limbal basement membrane components might help
determine SC distribution in the niche as suggested in the intestinal crypt villus
(Kedinger 1998 ;) Furthermore, like that of other SC niches (Quesenberry et al 1998;
Peifer et al 1999) the limbal basement membrane might help sequester and hence
modulate concentrations of growth factors and cytokines that are released from limbal

niche cells for efficient and precise targeting onto limbal SCs.

There are evidences that supports that adult germ and somatic stem cells are regulated by
their niche, i.e., a special microenvironment consisting of other cellular and extracellular
components in the vicinity. (Fuchs et al 2004; Moore et al 2006; Li et al 2005) Therefore,
similar to what has been carried out in other types of SCs; one important way of
exploring the biological regulation of limbal SCs is to understand how they are regulated

by their niche.

Limbal epithelial stem cells (SC) are located at the limbal basal layer. In this epithelial
level, there are several other cell types in the vicinity such as the immediate progeny, i.e.,

early transient amplifying cells (¢TAC), melanocytes (M), and Langerhan’s cells (LC). It
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remains to be determined whether these cell types act as niche cells. It is believed that
TAC will be destined for progeny production by differentiating into late TACs (ITAC)
located at the corneal basal layer, then into suprabasal post-mitotic cells (PMC), and
finally into superficial terminally differentiated cells (TDC). The limbal basement
membrane (BM) separating the epithelium from the underlying stroma has several unique
components. The subjacent limbal stroma contains mesenchymal cells (MC), which may
also serve as niche cells. Because the limbal stroma is highly innervated and
vascularized, the respective role of nerves (N) and blood vessels (BV) in the niche

remains to be defined.

1.3.3 Proliferation and differentiation

The corneal epithelium is a rapidly regenerating stratified squamous epithelium.
Homeostasis of corneal epithelial cells is an important prerequisite not only for the
integrity of the ocular surface but also for visual function. Under both normal conditions
as well as following injury, the maintenance of the corneal epithelial cell mass is
achieved by a distinct population of unipotent stem cells (SC) located in the basal
epithelium of the corneoscleral limbus (Davanger and Evensen, 1971; Schermer et al.,
1986; Tseng, 1989). These cells simultaneously retain their capacity for self-renewal and
maintain a constant cell number by giving rise to fast-dividing progenitor cells, termed
transit amplifying cells (TAC) (Lehrer et al., 1998). The highest mitotic rates are seen in
the cells in more central cornea away from the limbus, indicating that the majority of
proliferation occurs within an intermediate population of transient amplifying cells.

(Schermer et al, 1986; Beebe and Masters 1996). These TAC make up the majority of the
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proliferative cell population in the corneal/limbal epithelium. It is believed that corneal
TAC can undergo only a limited number of cell divisions before they leave the
proliferative compartment to become terminally differentiated (Figure 1.5) (Tseng, 1989,
1996; Dua and Azuara-Blanco, 2000; Sangwan et al, 2002; Lavker et al., 2004; Sun and
Lavker, 2004). The stem cells are therefore considered to undergo asymmetric cell
division, with one daughter cell remaining within the stem cell microenvironment, and

other leaving to become a transient amplifying cell.

Studies of cell movements within the corneal epithelium suggests that the transient
amplifying cells moves in the centripetal fashion at the basal level across the cornea and
then upward while further differentiating into mature corneal epithelium replacing the
older cells lost from the corneal epithelium. (Davanger and Evensen 1971). Thoft and
Friend (1983) described a formula to explaining this process in the healthy cornea; X
+Y=Z, In this hypothesis X represents the proliferation of the basal cells and Y represents
the proliferation and migration of the cells from the limbus and Z represents the loss of
the cells from the corneal surface. Therefore the proliferation and migration of cells from

the limbus and basal layers normally balance the cell loss on the corneal surface.

1.3.4 Isolation of limbal epithelial stem cells:

Once the limbal niche is identified, the next obvious step is to isolate it from the in vivo
habitat so that cells in the niche can be further investigated. To this end, intact limbal
epithelial sheets can be successfully isolated by digestion with dispase from several

species (Espana et al 2003a, 2003b; Kawakita er al 2005) Single cells rendered by a brief
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Figure 1.5: Corneal limbal stem cell Homeostasis

CONJUNCTIVA LIMBUS CORNEA

Terminally
differentiated
Postmitotic cells
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ransient
armplifying

(Adapted from Experimental eye research, 2005; 247 — 264)
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treatment with trypsin and EDTA of such isolated limbal epithelial sheets have been used
by many investigators as the primary source of limbal epithelial SCs for subsequent
manipulations including fluorescent-activated cell sorting (FACS) and culturing. It
remains unknown whether different protocols of dispase digestion actually remove the
entire limbal epithelial SCs, niche cells or both. This concern is raised because a recent
study showed that there is invading ‘crypt-like” structures in human limbal palisades of
Vogt (Dua et al 2005). Furthermore, this concern is justified because as described above
limbal basal progenitor cells can invade into the limbal stroma (Kawakita et al, 2005) If
indeed both limbal SCs and their niche cells were completely removed from the in vivo
habitat by dispase digestion, it remains unknown whether subsequent trypsin/ EDTA
treatment might disrupt their intrinsic intercellular connections, and whether such
disruption might then affect the success of subsequent cultivation/expansion. If however
only limbal SCs were isolated, there has not been any attempt made to isolate niche cells

from the remaining limbal stroma.

Based on the principle that many adult somatic SCs preferentially express Breast cancer
resistant protein 1 (Berpl) /ABCG2, a member of ATP binding cassette transporters, they
can be isolated as the side population (SP) using FACS via the unique property of
effluxing Hoechst 33342 dye (Zhou et al, 2001; Goodell et al 1996; 1997). Using this
method, SP cells have been isolated from human (Watanabe et al, 2004; Budak et al,
2005; de Paiva et al, 2005), rat (Umemeto et al, 2005;) and rabbit (Budak er al 2005,
Umemoto et al 2006 Park et al, 2006;) limbal tissues. The frequency of SP cells from the

freshly isolated limbal epithelium varied from 0.2% to 0.64% in humans and from 0.4%
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to 1.21% in rabbits, while no SP cells were detected in human and rabbit central corneas.
Interestingly, a recent study showed that 4.6% of SP cells are isolated from the rat central
corneal epithelium, which is significantly higher than 0.4% from the rat limbus
(Umemeto et al, 2005). Future studies are needed to determine whether ABCG2 is
expressed not only in the limbal tissue, whether other members of ABC transporter
family may be expressed by some corneal cells, and whether cells other than SCs can also
express ABCG2. Although epidermal SP cells have been proven devoid of melanocytes
or dendritic cells (Redvers et al, 2006), a preliminary study did show that both human
and rabbit limbal SP cells contain non-epithelial cells such as lymphocytes, raising the

question whether it is valid to use SP as a source of limbal SCs.

1.3.5 Identification and Characterization of stem cells

Due to the lack of an SC marker, the characterization of limbal SC has been based on the

following criteria, which also apply to other types of SC:

i) Low level of differentiation with a primitive phenotype: Initial
immunohistochemical data suggested that limbal basal cells have the lowest level of
differentiation among all corneal epithelial cells. In particular, it was noted that both
cytokeratins K3 and K12, specific markers for the corneal epithelial phenotype,
were not expressed in limbal basal epithelial cells (Schermer et al., 1986; Kurpakus
et al., 1990). Since then, numerous studies have confirmed the undifferentiated
phenotype of limbal basal cells (Kiritoshi ez al., 1991; Liu et al., 1993; Kurpakus et

al., 1994; Matic et al., 1997).
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i1)

iil)

Slow cell cycle and the ability to retain labelled DNA precursors over a
prolonged period: Experimental evidence has been provided by demonstrating the
presence of slow-cycling and label-retaining cells preferentially in the basal layer of
the limbal basal epithelium in several animal models (Bickenbach, 1981; Cotsarelis
et al., 1989; Lavker et al., 1991; Tseng and Zhang, 1995; Lehrer et al., 1998).

High proliferative potential after activation by wounding or in vitro culture
conditions: Studying the proliferative potential with and without wounding and
in the presence of differentiation-inducing agents has further supported the concept
of the limbal location of corneal epithelial progenitor cells (Ebato et al., 1988;
Cotsarelis et al., 1989; Lavker et al., 1991, 1998; Lindberg et al., 1993; Kruse and
Tseng, 1993a, 1994; Kruse, 1994; Tseng and Zhang, 1995; Tseng, 1996; Lehrer et
al., 1998; Hernandez Galindo et al., 2003). Further support of the limbal SC
concept has come from clinical observations of abnormal corneal epithelial wound
healing after removal of the limbal epithelium (Chen and Tseng, 1990, 1991; Huang
and Tseng, 1991) and from the transplantation studies pioneered by Tseng and
colleagues, who demonstrated that the limbal epithelial cell population can be used
to reconstitute the entire corneal epithelium in cases of severe ocular surface injury
(Kenyon and Tseng, 1989; Tseng, 1989; Tsai et al., 1990). Finally, the limbus
represents the predominant site of corneal tumour formation (Waring et al., 1984).
These observations are in good agreement with earlier data concerning centripetal
migration of epithelial cells originating from the limbus (Davanger and Evensen,

1971; Buck, 1985).
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iv) Capacity for unlimited self-renewal: Studies investigating the clonogenic
potential of human corneal epithelial cells, mostly in the presence of feeder cells,
have shown that cells that generate holoclones and survive SC transplantation are

present only in the limbus (Lindberg et al., 1993; Pellegrini et al., 1999).

Other features that distinguish SC from TAC refer to morphologic criteria, e.g.
differences in cell size. Confocal microscopy and flow cytometry have been used to
demonstrate that the smallest cells are located in the limbal basal epithelium as compared
to the basal corneal epithelium (10.1G0.8 vs. 17.1G0.8 mm) (Romano et al., 2003,
Arpitha et al 2005). Another striking morphological feature of limbal basal cells is their
pigmentation, which results from intrinsic melanogenesis and protects the cells from solar
damage (Davanger and Evensen, 1971; Wolosin et al., 2000). Electron microscopy shows
that the basal cells of the limbal epithelium express features of immature cells such as
small cell size with a cytoplasm rich in tonofilaments, euchromatin- rich nuclei, barely
detectable nucleoli, and a high nuclear-cytoplasmic ratio (Chen et al., 2004, Arpitha et al
2005). Along with morphological criteria, limbal basal cells have been also described to
possess basal cytoplasmic processes to connect with the underlying matrix (Gipson,

1989; Chen et al., 2004).

Little is known about the spatial arrangement of limbal SC within the basal epithelial cell
layer. As in most stratified epithelia, SC is believed to be interspersed throughout the
basal cell layer, most likely in small clusters. From the percentage of radiolabelled

thymidine retaining cells present in the limbal zone, it has been concluded that SC may
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represent less than 10% of the total limbal basal cell population (Lavker et al., 1991).
Lehrer et al. (1998) showed that the limbal basal epithelium contains both slow-cycling
SC and early TAC, which may display some characteristics of SC, in close neighborhood.
As cells move centripetally across the limbal-corneal demarcation, they may
concomitantly develop late TAC features and initiate de novo expression of
differentiation markers. Lehrer et al. also demonstrated a hierarchy of TAC in the corneal
epithelium with cells in the periphery capable of multiple divisions and cells in the

central cornea dividing only once.

By transmission electron microscopy, Kruse ef al, 1994; has observed groups of small,
roundish, densely packed cells at the bottom of the epithelial papillae forming the limbal
palisades of Vogt. Within these clusters, they have demonstrated two different cell types
that can be distinguished: one to few small, primitive appearing putative SC, which are
surrounded by larger melanin-containing early progenitor cells (putative TAC). The
putative SC rest on a delicate basement membrane without forming cytoplasmic
processes and are characterized by a high nuclear-cytoplasmic ratio, heterochromatin-
rich nuclei without distinct nucleoli, and a sparse cytoplasm containing minute melanin
granules, few mitochondria, ribosomes, and few intermediate filaments;
hemidesmosomes and intercellular junctions are largely absent. In contrast, the putative
TAC disclose nuclei with increased euchromatin and distinct nucleoli, prominent melanin
granules and tonofilament bundles, cell processes interdigitating with the underlying
matrix, and numerous (hemi) desmosomes. Groups of similar types of cells, but without

pigment granules, can be additionally found in the transition zone between peripheral
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cornea and limbus. Two centrioles, associated with the process of mitosis, can often be
observed in these cells, which might correspond to late TAC or the TC described by

Lauweryns et al. (1993a).

Collectively, there is several convincing evidence documenting the existence of adult
limbal SC in close spatial relationship to their early progenitor cells within the palisades
of Vogt. However, comparing findings from different studies, species-specific differences
should be taken into account. For instance, the location of human corneal epithelial SC is
different from the area where mouse SC are located (Moore et al., 2002; Hsueh et al.,
2004). In contrast, a shortage of consistent data exists regarding the molecular
characteristics and protein expression patterns in this tissue-specific SC population,

making identification and purification of these cells variable and difficult.

1.3.6 Markers for identification of corneal stem cells:

Although there are several putative stem cell markers for the identification of corneal
limbal stem cells but there are several controversies still exists. But several workers have
contributed to the identification of the corneal limbal stem cells. The markers used for the
identification are listed in the table 2.

There is no standard criterion for the establishment of a protein or group of proteins as a
marker(s) for a specific cell type or disease state. For the Corneal Epithelial Stem Cells, it

was proposed that the following as criteria for markers.
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(1) While the markers do not have to be present exclusively on cells of the ocular
surface, their presence or absence alone or in combination must provide a reliable means
for the enrichment and/or isolation of the CESCs.

(2) The markers must also allow for the identification of the CESCs cells within their
native tissue in healthy individuals.

(3) The number of CESCs bearing markers must remain relatively constant throughout
the life of the organism in healthy individuals. Treatments or conditions that increase cell
proliferation in the corneal epithelium should not increase the numbers of CESCs
expressing markers in the long term.

(4) The markers should identify fewer CESCs in individuals presenting with LSCD. Once
markers are identified, the isolated cells need to show proof of their inherent ‘stemness’.
This could be done for CESCs as rigorously as it is for other adult stem cell populations,
and should include demonstrating longterm repopulation, restoration of a clear cornea,
expression of cornea-specific markers such as K3 and K12, and showing evidence for

clonogenicity, in vitro.
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Table 1.2: Semiquantitative immunohistochemical localization of putative stem cell
marker in human ocular surface epithelia

Markers Corneal epithelium Limbal epithelium Conjunctival epithelium
Basal Suprabasal Basal Suprabasal Basal Suprabasal
Cytoplasmic
and nuclear
markers
Keratin 3/12 ++ ++ - + - -
KeratrinK5/14 - or - + (+) ++
(+)
Keratin 19 - - ++ - +) ++
Vimentin - - ++ +) - -
o enolase (+) - ++ (+) ++ -
Metallothionine - + (+) + - +
P63 (+) - ++ (+) (+) -
Nestin ++ ++ - - - -
Cell surface ++ + - + - -
markers
Connexin 43
E-cadherin ++ ++ (+) ++ (+)or+ ++
P-cadherin (+) - -or (+) - (+) -
B catenin ++ ++ ++ ++ ++ ++
Integrin o2 ++ + -or ++ + ++ ++
Integrin o3 ++ + -or ++ + ++ +
Integrin o6 ++ + -or ++ + ++ +
Integrin av ++ + ++ + ++ +
Integrin 1 ++ + ++ + ++ +
Integrin 2 + + + + + +
Integrin 4 ++ + -or ++ + ++ +
Integrin B5 + - + (+) + -
Integrino3p3 1 ++ + - or++ + ++ +
EGFR ++ + ++ + ++ +
KGF-R bek - - (+) - - -
HGF-R met (+) - (+) - - -
NGF-R TrkA + (+) + - -or (+) -
Transferrin R -or + -or (+) + -or (+) -
CD71 (+)
TGF-B-R1 ++ + ++ + ++ (+)
TGF-B-R11 ++ + ++ + ++ -
ABCG2 - - ++ - - -

(Adapted from Experimental Eye Research 81 (2005) 247-264)
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A number of markers have been proposed as potential LSC markers. Nevertheless, a
definitive marker remains elusive. All methods presently used for the identification of
LSCs are indirect.
Currently available molecular markers for LSCs can be classified as:

1) Cytoskeletal proteins

(i1) Cytosolic proteins

(i1i1))  Nuclear proteins

(iv)  Cell surface proteins

V) Cell to cell and cell to matrix interaction molecules

(vi)  Growth factor receptors

(vii)  Transporter molecules

(viii) Cell surface glycoconjugates

(ix)  Neuronal marker
Some of the important markers which are commonly used for the identification of the

LSCs are mentioned here.

p63

p63 has recently been proposed as a keratinocyte stem cell marker. p63 is a transcription
factor belonging to the p53 gene family. (Lohrum et al, 2000) However, unlike p53, it is
not a tumour suppressor gene. p63 is normally expressed in the nuclei of keratinocytes
with proliferative potential, including skin, cervix, prostate and cornea. (Pellegrini et al,
2001; Yang et al, 1998) It plays a key role in morphogenesis by regulating epithelial

development and differentiation. (Yang et al, 1999) p63-knockout mice have a
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remarkable absence of stratified squamous epithelia and their derivatives, which may be
related to a failure to maintain stem cells. (Yang et al, 1999) Pellegrini et al, 2001,
investigated the expression of p63 in human corneal and epidermal cells using clonal
analysis and western blotting. They demonstrated that p63 was expressed strongly in
epidermal and limbal holoclones (stem cells) and weakly in meroclones (young TACs),
but was undetectable in paraclones (TACs). Immunohistochemistry showed abundant
expression in the limbal basal layer, where numerous p63-positive cells were interspersed
with fewer p63-negative cells. Corneal epithelium did not show any detectable levels of
expression although very low levels of expression were observed in occasional basal cells
of the peripheral cornea adjacent to the limbus. Most of the cells expressing p63 in the
limbal basal layer also expressed proliferating cell nuclear antigen (PCNA), a specific
marker of proliferating cells. (Bravo et al, 1987 ;) However, not all the cells expressing
PCNA also expressed p63, and these were often found adjacent to p63-positive cells.
Furthermore, cells expressing high levels of p63 frequently did not express PCNA. Thus
to conclude that p63 is expressed by keratinocytes that possess proliferative potential
rather than by keratinocytes that are actively proliferating. Therefore, although much
higher levels of p63 expression are found in the stem cell compartment, it is not
expressed exclusively by stem cells. It appears likely that young TACs also express p63.
Galindo et al 2003. investigating the expression of p63 in human limbal epithelial cells
expanded on intact amniotic membrane, concluded that p63 expression was localized to
cells with high proliferative capacity, including both LSCs and TACs. Dua et al, 2003,
found that in addition to limbal basal cells, most of the basal cells of central cornea in

adult humans also expressed p63. They concluded that p63 was too ubiquitous to be a
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stem cell marker. In their work on human corneal epithelial cells expanded ex vivo, Kim
et al. reported that smaller cells that resembled the phenotype of limbal basal cells
expressed higher levels of p63 than larger cells that were thought to represent more
differentiated phenotypes. However, they could not definitely state that the smaller cells
were indeed stem cells. Kim et al. also made the observation that p63 was expressed by
groups of cells rather than by individual cells, suggesting that p63 was expressed not just
by stem cells but also by TACs. Thus p63 is expressed by both the limbal stem cells and

early TACs.

Isoforms of p63:

The functional significance of p63 in regulating cell proliferation in various stratified
epithelial cells has previously been proposed. More than six isoforms have been reported
for this protein; however, it is not yet clearly understood how functionally different these
isoforms are. Investigations of these isoforms were done in the ocular surface epithelia.
(Kawasaki et al, 2005). He has studied the spatial distribution of the p63 isoforms within
the human ocular surface epithelia. In his study he has concluded that ANp63a most
dominant isoform within the human ocular surface epithelia. This isoform may
contribute, at least in part, to the maintenance of cell proliferative capacity within the
ocular surface epithelia. Di Iorio et al (2005) has studied the isoforms of ANp63 and

studied their role in the migration of the limbal cells in human corneal regeneration.
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Integrins

Integrins are a group of transmembrane proteins that play a pivotal role in cell-to-
basement membrane adhesion. In mice, integrin 09 has been localized to the basal cells
of epidermis, conjunctiva and limbus, but not in central cornea. (Stepp et al, 1995) In
human corneas, integrin 09 has been localized to a small subset of cells in the limbal
basal epithelium. (Chen et al, 2004) This expression pattern may provide strong adhesion
of limbal basal cells to the underlying basement membrane and help to explain its
considerable resistance to shear forces. The specificity of integrin a9 as a marker of LSCs
in humans requires further investigation. Integrin 1 has been proposed as keratinocyte
stem cell marker.(Jones et al, 1995) In cultures of human corneal epithelial cells
expanded ex vivo, more small cells (presumed to be stem cells) have been found to
express integrin B1 as compared with larger cells (representing more differentiated cells).
In human cornea, integrin 1 is uniformly expressed by basal cells of both limbus and
cornea and lacks any real specificity in distinguishing human limbal from corneal basal

cells. (Chen et al, 2004)

ATP-binding cassette subfamily G, member 2

ATP-binding cassette subfamily G, member 2 (ABCG2), otherwise known as breast
cancer resistance protein 1 (BCRP1), is a member of the adenosine triphosphate (ATP)-
binding cassette (ABC) transporters. It has been identified as a molecular determinant for
haematopoietic stem cells (HSCs), and has been proposed as a universal marker of stem
cells. (Zhou et al, 2001) Authors have demonstrated that this protein is immunolocalized

to the cell membrane and cytoplasm of some human limbal basal epithelial cells, but not
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in most limbal suprabasal cells and corneal epithelial cells.(Chen ef al, 2004; de Paiva et
al, 2005; Wolosin et al, 2004; Budak er al, 2005; Schrehard et al, 2005;) ABCG2-
positive cells possess LSC-like characteristics, such as higher colony-forming efficiency
than ABCG2-negative cells and greater expression in primary cultures of human limbal
compared with corneal epithelium. ABCG2 expression is thought to be a common
attribute of stem cells to protect them against drugs and toxins. The validity of ABCG2 as

a marker of LSCs remains to be clarified.

Nestin

Nestin is an intermediate filament protein and has been proposed as a neural stem cell
marker. As limbal epithelium and central nervous system are both derived from neural
ectoderm, investigators have explored the possibility that LSCs express this neural
progenitor. Seigel et al. 2003 observed that p63 and nestin colocalized to a small subset
of cells derived from limbal explants cultured in vitro. These cells were also shown to

have functional neuronal properties.

Nerve growth factor receptor:

Nerve growth factor (NGF) is a neurotrophin that has been shown to play a role in the
proliferation and differentiation of human corneal epithelium. (You et al, 2000;) The
high-affinity receptor for NGF is known as TrkA. Stimulation of TrkA is thought to
promote cell survival. TrkA expression has been demonstrated in the basal epithelial cells
of normal cornea and conjunctiva with little or no expression in their corresponding

stroma. (Lambiase et al, 1998) The low-affinity NGF receptor is known as p75NTR.has
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been postulated as a neural stem cell marker (Stemple et al, 1992) and its stimulation in
the absence of TrkA is thought to promote apoptosis. Grueterich et a [ 2003. noted high
expression of TrkA in both limbal and corneal basal and suprabasal epithelia, with greater
expression noted in the limbus. In contrast, p7SNTR was expressed in the suprabasal
limbal epithelium and entire corneal epithelium, but absent from the limbal basal
epithelium. The selective expression of TrkA but not p75NTR in limbal basal epithelium
suggests that NGF signalling favours LSC survival. Their findings also demonstrate that
TrkA lacks the specificity to be considered a LSC marker, whereas p7SNTR can be

considered a differentiation marker of corneal epithelium.

o Enolase:

The glycolytic enzyme o-enolase is a multifunctional protein, which may exert a variety
of cellular functions in addition to its primary role in the glycolytic pathway. (Pancholi, et
al, 2001). Although originally considered a cytosolic protein, it can be also expressed on
the cell surface of various cell types serving as a plasminogen-binding receptor. It has
been reported that the expression of a-enolase increases in mitotically active, growing
cells, but remains almost at an undetectable level in quiescent cells. Alpha-enolase was
originally reported to immunolocalized preferentially to limbal basal cells of rat, rabbit
and human corneas and was proposed as a marker of limbal SC. Zieske et al. 1992
initially developed a monoclonal antibody (4G10.3) that bound a 50-kDa cytoplasmic
protein immunolocalized to limbal basal cells in rat corneas. This protein, later identified
as a-enolase, (Zieske et al, 1992;) demonstrated reciprocal binding with the

differentiation marker K3, suggesting that a-enolase was a marker of undifferentiated
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corneal epithelial cells. However, it seems unlikely that a-enolase is stem cell-specific, as
the majority of basal cells (non-stem cells) of other stratified squamous epithelia also

express this protein, including basal cells of the peripheral cornea.

Metabolic enzymes

Several metabolic enzymes such as Na+/K+ ATPase, carbonic anhydrase and cytochrome
oxidase have been found in higher concentrations in limbal basal cells than in basal cells
of the central corneal epithelium (Zieske et al, 1994;). This would suggest that limbal
basal cells are more metabolically active than central corneal basal cells, a notion
discordant with the concept that stem cells are slow-cycling and biochemically primitive.
However, it is more likely that the higher concentrations of enzymes are associated with
the more proliferative early TACs of the limbal basal layer, rather than with LSCs. This
would imply that LSCs comprise only a small percentage of the total limbal basal cell
population. This is in keeping with current thinking that stem cells comprise only a small
percentage of the total cell population they serve, ranging from 0.01% for HSCs to 10%
for epidermal stem cells.(Alison et al, 2002;) Indeed, only about 10% of limbal basal
cells are thought to be stem cells. (Wolosin et al, 2000; Cotasarelis et al, 1989 ;)
Therefore, there appears to be a gradient of differentiation within the limbus itself, with
the more differentiated and actively proliferating TACs responsible for expressing higher

levels of metabolic enzymes.
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Keratin 3 and 12

The absence of the cornea-specific differentiation markers K3 (Schemer et al, 1986) and
K12 (Kurpakus et al, 1990) from the limbal basal epithelium indicates that limbal basal
cells are the least differentiated cells of the corneal epithelium, consistent with the known
characteristics of stem cells in general. K3 and K12 form a ‘keratin pair’ and are

considered markers of corneal epithelial differentiation.

Connexins:

Cells communicate with each other through gap junctions. In the corneal epithelium, only
two gap junction proteins have been identified so far: connexin 43 and connexin 50.
(Dong et al, 1994) Connexin 43 is expressed by the corneal basal epithelium but not by
limbal basal epithelium.(Dong et al, 1994) This implies that Connexin 43 expression is
acquired during the process of TAC differentiation. It has been suggested that the absence
of intercellular communication helps maintain the stem cell niche, (Matic et al, 1997)
reflecting the need for LSCs to maintain a unique intracellular environment. The absence
of gap junctions could also be a protective mechanism as it makes an individual stem cell
less vulnerable to insults affecting its neighbour. Limbal basal cells completely devoid of
Connexin 43 are thought to be stem cells whereas those that stain weakly for it are
thought to be early TACs.(Matic et al, 1997) In contrast, connexin 50 is expressed by the
suprabasal cells of both limbal and corneal epithelium, but not by the basal cells. It is
therefore absent from LSCs and TACs. (Wolosin et al, 2000) Both proteins are

considered useful markers of advanced corneal differentiation.
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Involucrin:

Involucrin is the protein precursor of a cross-linked envelope that is a prominent
component of the stratum corneum, the most superficial layer of epidermis. (Rice et al,
1979 ;) All stratified squamous epithelia make this protein whether or not they make a
stratum corneum. Involucrin is not found in basal epithelial cells but appears in the
course of their superficial migration. In human corneal epithelial cells expanded ex vivo
from limbal explant and single-cell cultures, Kim et al, 2004 found that a greater
percentage of large cells (i.e. more differentiated cells) expressed involucrin, compared
with small cells (stem-like cells), in both culture systems. In adult human corneas
prepared for immunohistochemistry, Chen et al. found that involucrin was present in all
the layers of the limbal and corneal epithelium except in the limbal basal layer. (Chen et
al, 2004) These studies suggest that involucrin can be considered a differentiation marker

of stratified squamous epithelium.

1.3.7 Embryonic stem cell marker in corneal stem cells:

Stem cells exist in most adult organs, being best characterized in the bone marrow and
gut. They are defined as cells that undergo symmetric and asymmetric division to give
rise to daughter cells needed for self-renewal and amplification or to a daughter cell that
acts as a progenitor cell for the purpose of producing specific differentiated lineages,
respectively. Given the recent interest in the multiple uses of embryonic and adult stem
cells for basic and applied research (i.e. reproductive cloning or regenerative tissue
therapy), attempts have been made to characterize markers that would identify these stem

cells. Oct3/4 or Oct4 (also referred to as Pou5f1), a transcription factor, was discovered in
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1990 (Okamoto et al, 1990; Scholer et al, 1990; Rosner et al, 1990). It was found in
ovulated oocytes, mouse pre-implantation embryos, ectoderm of the gastrula (but not in
other germ layers) and primordial germ cells, as well as in embryonic stem cells but not
in their differentiated daughters (Solter et al, 2000;) More recently, OCT4/Pou5f1 has
been shown in cells isolated from human amniotic fluid (Prusa et al, 2003). Subsequent
studies seemed to suggest that Oct4 might be a specific gene marker for totipotency or a
gene required for totipotency (Pesce et al, 1998; Deyev et al, 2004;). In fact, it is thought
that the success or failure of cloning depends on expression of this gene during
reprogramming of the genome of a nucleus transferred to an enucleated oocyte (Boiani et
al, 2002;) It has also been reported that the expression of this embryonic stem cell marker
is also observed in the corneal limbal stem cells. (Baharvand et al, 2007) The three
transcription factors that are expressed at high levels in embryonic stem cells (ESCs) are
Nanog, Oct-4 and Sox-2. These transcription factors regulate the expression of other
genes during development and are found at high levels in the pluripotent cells of the inner
cell mass. The downregulation of these three transcription factors correlates with the loss
of pluripotency and self-renewal, and the beginning of subsequent differentiation steps.
(Carlin et al, 2006 ;) The roles of Nanog, Oct-4 and Sox-2 have not been fully elucidated.
They are important in embryonic development and maintenance of pluripotency in ESCs.
There are no much studies on the expression of this embryonic stem cell markers

expression on the cultivated corneal limbal stem cells.
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1.4 Limbal stem cell deficiency:
Damage to or dysfunction of the limbal SC population results in partial or total limbal SC
deficiency, which has severe consequences for corneal wound healing and ocular surface
integrity (Chen and Tseng, 1991; Huang and Tseng, 1991; Dua et al., 2003). Limbal SC
deficiency is characterized by conjunctival epithelial ingrowth, vascularization, chronic
inflammation, recurrent erosions and persistent ulcer, destruction of the basement
membrane, and fibrous tissue ingrowth leading to severe functional impairment
(Puangsricharern and Tseng, 1995; Holland and Schwartz, 1996). In these cases, renewal
of the SC population, e.g. by autologous or homologous transplantation of limbal tissue,
is required for regeneration of the entire corneal surface and for restoration of visual
function (Kenyon and Tseng, 1989; Kruse and Reinhard, 2001; Tseng et al 1987; Zieske
1994; Lavker et al, 2004; Dua et al, 2000 ;) Patients can subsequently suffer tearing,
severe phtophobia, and decreased visual acuity. When the cytological evidence of
conjunctivalization is used as a clinical tool for diagnosing limbal SC deficiency
(Puangsricharern et al, 1995 ;) these diseases can further be subdivided into two major
categories (Lavker et al, 2004 ;).
1. The first category is characterized by the destructive loss of limbal SCs by
chemical/thermal burns, (Figure 1.6 A, 1.6B & C)

¢ Stevens-Johnson syndrome

* multiple surgeries

e extensive microbial infection

e Radiation, and anti-metabolite uses
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Figure 1.6

Limbal stem cell deficiency

Figure 1.6A shows corneal surface of the patient injured with soap nut powder
showing corneal opacity and limbal stem cell deficiency. Figure 1.6 B Imprint

cytology showing numerous goblet cells suggestive of limbal stem cell deficiency.
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1l. Intriguingly, diseases in the second category do not have such a destructive
loss, and yet with time, also manifest the same phenotype of limbal SC
deficiency.

¢ Aniridia (due to allele mutation of PAX 6)

e Heterozygous Pax 6- null mice (small eye) also show the pathologic
features of limbal SC deficiency (Ramaesh et al, 2005a;) It has been
speculated that the limbal niche is dysfunctional in these mouse
limbal deficient corneas (Ramaesh et al, 2005b)

¢ Endocrine deficiencies and diverse diseases affecting the peripheral

cornea and limbus

1.4.1 Therapeutic strategies:

The current treatment strategy available for the treating mild cases is the application of
EGF (Epidermal Growth Factor) or fibronection to induce proliferation of the remaining
viable cells in severe cases requires limbal graft. (Akpek and Foster, 1999) In the
conventional method, corneal graft in the central corneal part is replaced by the similar
sized by button obtained from the cornea of the deceased donor. In the above procedure
only the central portion of the cornea is replaced because it does not contain blood vessel
and the possibility of the tissue rejection is reduced. But long term success depends on
the condition of the stem cell population present in the patient’s limbus. Corneal limbal
grafts can be attempted if stem cell deficiency is suspected but this requires treatment of

the patients with the extended course of immunosuppressive drugs such as steroids and
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cyclosporine A. (Tsai and Tseng 1994; Tsubota 1999 ;) Such drugs assist the acceptance
of the graft but increase the risk of microbial infection. Therefore many ophthalmologists

consider the possibility of performing autologus limbal stem cell graft.

An increasingly popular surgical procedure for ocular surface reconstruction in
individuals with severe thermal or chemical burns or serious ocular surface disorders,
such as Stevens—Johnson syndrome, ocular cicatricial pemphigoid, and recurrent
pterygium, (Tsubota et al 1996; Lee et al 1997; Prabhasawat 1997;) involves the use of
preserved human amniotic membrane as a biologic drape to dress the bare stroma after
the removal of abnormal conjunctival tissue. Figure 1.6A&B shows the limbal stem cell

deficiency picture.

The use of Amniotic membrane is based on the rabbit model reported by Kim and Tseng,
(1995) in which the amniotic membrane is thought to inhibit conjunctival overgrowth and
provide a good substrate for normal epithelial migration. The results of ocular surface
reconstruction with amniotic membrane are generally good. Moreover, many workers
have found that (Tsubota 1996; Shimazki et al 1997; Tseng et al 1998) in ocular surface
disorders with stem cell deficiencies the use of Ilimbal transplantation and
keratoepithelioplasty in conjunction with amniotic membrane transplantation is often
highly successful. Thus, it seems evident that the combination of amniotic/corneal
epithelial cell transplantation is a potentially powerful one, (Sangwan et al, Vemuganti et
al, 2004) and also, recently, it was demonstrated in rabbits the feasibility of cultivating

corneal epithelial cells on amniotic membrane and transplanting them onto injured eyes

A Study on Corneal Limbal Stem Cells 45



Chapter 1: Introduction and Literature Review

with epithelial stem cell deficiencies. (Koizumi er al 2000 ;) (Figure 1.6C shows the

picture of limbal stem cell deficiency before and after treatment)

1.5 Substrates used for the ex-vivo expansion corneal limbal epithelial cells:

1.5.1 Amniotic membrane

The amniotic membrane is the innermost layer of placental membrane. It was first used in
1910 in skin transplantation. (Davis et al 1910 ;) Since then, the use of amniotic
membrane has expanded in many surgical fields, including brain and genito-urinary tract
surgery. The first ophthalmic application to treat ocular surface disorders was reported in
the 1940s. (De Rotth 1940 ;) The application of amniotic membrane transplantation in the
management of ocular surface disorders is ever increasing.

Amniotic membrane, which is derived from fetal ectoderm, is a translucent membrane
consisting of five layers starting from the innermost layer: (1) epithelium; (2) basement
membrane; (3) compact layer; (4) fibroblast layer; and (5) spongy layer. Its thickness
varies from 0.02 to 0.50 mm. It lacks blood vessels or a direct blood supply. (Bourne et al

1960 ;) (Figure 1.7)

Amniotic membrane produces a large number of cytokines, of which Interleukins 6 and 8
are predominant. (Reisenberger 1998 ;) Expression of these cytokines increases in the
presence of IL-1B, TNF-alpha, and bacterial lipopolysaccharide. Studies reveal that
human amniotic membrane preserved at -80°C for 1 month retains the presence of EGF,
TGF-alpha, KGF, HGF, bFGF, TGF-31, TGF-32, endothelin-1, leukotrines, and carbonic

anhydrase isoenzymes CA-1 and CA-2. These proteins are hypothesized to contribute to
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Figure 1.6C

Patient (DS), injury with formaldehyde - SUCCESS

Improved optical clarity

This picture left shows the patient with limbal stem cell deficiency after injury with
formaldehyde. Picture in the right shows the clear corneal surface after treatment

with ex vivo expanded limbal epithelial cells.
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Figure 1.7

Amniotic Membrane

This picture shows the H&E staining of the Amniotic epithelium after processiong
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immune-mediated defense mechanisms during pregnancy. (Zhang et al 2001) According
to the literature, amniotic membrane does not express HLA-A, B, or DR antigens, so
immunological rejection after transplantation is rare. (Houlihan ef al 1995) Additionally,
amniotic membrane is also believed to have antimicrobial and antifibroblastic activity
properties and cell migration/growth promoting activity. (Talmi et al 1991; Tseng et al

1998).

1.5.2 Properties of Amniotic membrane:

1.5.2.1Promoter of Re-epithelialization

The presence of a normal substrate is essential for normal proliferation, differentiation,
and migration of epithelial cells. Lee and Tseng (Lee and Tseng 1997) reported
successful re-epithelialization of 10 out of 11 cases of persistent epithelial defect by
AMT. They postulated that amniotic basement membrane plays an important role in
epithelial differentiation, the migration of epithelial cells, and the adhesion of basal

epithelial cells.

1.5.2.2 Inhibitor of Inflammation and Scarring

Amniotic membrane executes anti-inflammatory and antifibrotic effects. Studies show
that amniotic membrane induces a downward regulation of transforming growth factor B,
which is an important fibroblastic activator in wound healing. (Tseng et al, 1998)
Amniotic membrane may also act as an anatomical barrier because its stromal layer is
avascular, and blocks new vessels from growing. Additionally, antiangiogenic and

antimicrobial properties of amniotic membrane are reported in the literature.(Kim and
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Tseng et al, 1995) Kim and Tseng (1995) demonstrated that rabbit corneas with limbal
stem cell deficiency and total keratectomy were less likely to become revascularized if

covered with amniotic membrane.

The Kim and Tseng study (Kim and Tseng 1995 ;) has led to successful applications in
various ocular surface diseases. Cicatrizing diseases of the ocular surface associated with
acute or chronic stem cell loss constitute an indication for AMT. These ocular surface
disorders include chemical or thermal burns, Stevens-Johnson syndrome, and cicatricial
pemphigoid. Shimazaki et al (1997) reported the first clinical applications of the
membrane in patients with the aforementioned conditions in 1997. Tseng et al (1998)
applied the membrane in the treatment of 31 eyes of 26 patients with partial and total
stem cell deficiency. The majority of these patients had chemical burns or Stevens-
Johnson syndrome. Other patients presented with contact lens-induced keratopathy,

aniridia, atopy, and iatrogenic stem cell disease.

AMT was reported to be successful in patients with persistent epithelial defects.( Azura
et al 1999) Heiligenhaus et al (2003) reported that AMT was applied to promote the
healing of acute ulcerative and necrotizing herpetic keratitis. In these studies, AMT
shows great promise in acute ulcerative and necrotizing ocular surface diseases. Thus
Amniotic membrane has many unique properties that can aid the treatment of different
ocular surface disorders. AMT can promote normal epithelialization of the cornea and
conjunctiva and prevent excessive fibrosis during ocular surface reconstruction. It is an

effective alternative in the treatment of many challenging ocular surface disorders.
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Although AMT holds great promise and its application is expanding in many

ophthalmologic fields.

1.5.3 Role of feeder layer in culturing corneal limbal stem cells:

In fact, many types of adult somatic SCs have limited functions when detached from their
in vivo niche. To circumvent this problem, one common approach is to cultivate them on
a feeder layer made primarily of growth-arrested mesenchymal cells as a surrogate niche.
For many types of epithelial progenitor cells, ex vivo expansion resorts to co-culturing on
vy irradiated or mitomycin C-treated murine 3T3 fibroblast feeder layers first pioneered by
Rheinwald and Green in 1975. There are several studies which have previously reported
the use of the underlying inactivated fibroblasts for in vitro expansion of the corneal
epithelium which has shown to be promoting the growth of the corneal epithelial cells
and preventing differentiation. (Lindberg et al 1993; and Wei et al 1993 ;) similar results
have been obtained using the fibroblast conditioned medium (Tseng et al; 1996) but the
basic mechanisms remain unclear. (Figure 1.8 shows the confluent growth of mitomycin

C treated 3T3 feeder layer)

1.5.4 Role of extracellular matrix [ECM]

1.5.4.1 Extracellular matrix role in cell adhesion and proliferation

ECM is the natural medium in which cells proliferate, differentiate and migrate, and
therefore is the gold standard for tissue regeneration (Meredith et al, 1993; Bosman et al,
2003;) Cell-ECM interaction is specific and biunivocal. Cells synthesize assembly and

degrade ECM components responding to specific signals and, on the other hand, ECM
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Figure 1.8:

3T3 Feeder layer:

This figure shows the monolayer of the mitomycin C inactivated 3T3 feeder layer at

the end of 24 hours
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controls and guides specific cell functions. This continuous cross-talk between cells and

ECM is essential for tissue and organ development and repair.

In physiologic conditions, ECM composition derives from homeostasis, a fine dynamic
balance of regeneration, differentiation and programmed cellular death (apoptosis), which
continuously remodel ECM through protein breakdown and synthesis (Meredith ef al,
1993). Natural ECM is a condensed matrix mainly composed of locally secreted proteins
and polysaccharides, arranged as a molecular network formed by an intricate agglomerate
of weaves, struts and gels interconnecting cells with matrix proteins. Dynamic properties
of ECM are controlled by Proteoglycans, and a number of signalling molecules, such as
growth factors (GFs), which mediate cell-ECM and cell-cell interactions. All these
molecules are embedded in an amorphous, fundamental substance represented by
glycosaminoglycan™ chains, which form the highly hydrated gel structure imbibing the
matrix. (Ungaro et al, 2004) The following table 1.3 shows the various extracellular

matrixes and their role in tissue engineering.
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Table - 1.3
ECM components and their role:

Component Function Location
Collagen Tissue scaffolding, tensile strength Ubiquitous
Cell-ECM interactions
Cell-cell interactions

Fibroblast activation

Proteoglycans Collagen embedding Ubiquitous
Tissue resistance to compressive forces
Transport of nutrients
Fibroblast and chondrocyte proliferation

Endothelial and epithelial cell differentiation

Hyaluronic acid  Transport of metabolites and nutrients Ubiquitous
Tissue resistance to compressive forces
Cell migration

Cell proliferation

Laminins Intracellular signalling Basement
Cell differentiation membranes

Cell shape/movement
Fibronection Cell attachment to ECM Ubiquitous
Cell migration

Cell proliferation

Growth factors Cellular signalling Ubiquitous

Adapted from Topics in Tissue Engineering 2004, volume 2. Eds. N. Ashammakhi &
R.L. Reis

A Study on Corneal Limbal Stem Cells 54




Chapter 1: Introduction and Literature Review

The sequestration of Growth Factors within ECM in inert form is necessary for rapid
signal transduction, allowing extracellular signal processing to take place in time frames
similar to those inside cells. In addition, GF storage in ECM is crucial to maintain
homeostasis through continuous GF activation upon ECM degradation. ECM, therefore,
serves as a sustained release reservoir for GFs, this aspect being crucial for molecules
that are released over a short period but able to stimulate processes involved in tissue

regeneration, such as angiogenesis, that take extended periods to be carried out.

1.5.4.3 ECM and GFs: a complex interplay controlling tissue growth and repair

For the formation of complex tissues from single cells, and for tissue maintenance, large
amounts of information are needed and must be transported from cell to cell and from
cells to ECM. GFs are protein molecules specific for intercellular and cell-ECM
signalling, which are involved in ECM dynamic properties through specific surface
receptors, driving GFs regulatory activity (Flaumenhaft et al, 1992; Gumbiner et al,

1996; Taipale et al, 1997).

GFs are released by many cell types for immediate signalling and they activate specific
pathways controlling cell migration, differentiation and proliferation. They are locally
secreted by ECM, in which they are stored in insoluble/latent forms, and can elicit their
biological activity once released. During tissue morphogenesis the presence of soluble
GFs guides cellular behaviours, thus governing neo-tissue formation and organization.
GFs are normally synthesized as membrane-bound or high molecular weight precursors

that must be modified to release the active form. GFs are often bound to ECM molecules,
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such as glycosaminoglycans (e.g. heparins). The interaction with these molecules alters
GF action, by retaining the active/latent forms near cells and modifying GF transport

properties. (Ungaro et al, 2004)

1.5.5 Role of polymers and scaffolds in bioengineering cornea:
Critical step of all tissue engineering techniques is the use of a three-dimensional
structure which, mimicking the extracellular matrix (ECM), serves as scaffold which is
able to promote and guide actively the tissue regeneration process. The cells are generally
implanted or seeded into an artificial structure capable of supporting three-dimensional
tissue formation. These scaffolds are often critical, both ex vivo as well as in vivo, to
recapitulating the in vivo milieu and allowing cells to influence their own
microenvironments. Such devices, usually referred to as scaffolds, serve at least one of
the following purposes:

e Allow cell attachment and migration

e Deliver and retain cells and biochemical factors

¢ Enable diffusion of vital cell nutrients and expressed products

e Exert certain mechanical and biological influences to modify the behaviour of

the cell phase

1.5.5.1 Scaffolds in tissue engineering:
Beyond simply improving tissue integration for synthetic implants, functional tissue
regeneration within artificial matrices or on artificial surfaces is now possible. This is

where the new science of tissue engineering diverges from conventional biomaterials
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research. Tissue engineering combines elements of engineering and materials science
with genetics, molecular, cell, and developmental biology in organ replacement and
organ regeneration. (Langer et al, 1993, 1999 ;) Engineered replacement tissue
constructs are already in development for a variety of tissues including skin, cartilage,
nerve, liver, kidney, muscle, heart valves, and blood vessels.(Bell ef al, 1981; Yannas et

al, 1982; 1987; Cao et al, 1997;)

To achieve the goal of tissue reconstruction, scaffolds must meet some specific
requirements. A high porosity and an adequate pore size are necessary to facilitate cell
seeding and diffusion throughout the whole structure of both cells and nutrients.
Biodegradability is essential since scaffolds need to be absorbed by the surrounding
tissues without the necessity of a surgical removal. The rate at which degradation occurs
has to coincide as much as possible with the rate of tissue formation: this means that
while cells are fabricating their own natural matrix structure around themselves, the
scaffold is able to provide structural integrity within the body and eventually it will break
down leaving the neotissue, newly formed tissue which will take over the mechanical

load. Injectability is also important for clinical uses. (Chaignaud et al, 1997)

Naturally-derived molecules, such as proteins and polysaccharides, find wide application
in tissue engineering. Collagen has been used especially for regeneration of soft tissues
either alone or in combination with other agents (Pachence et al 1996;) Naturally derived
polymers in general, and collagen in particular, though having poor mechanical

properties, are interesting because they do not induce a host response, and may enhance
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the biological recognition in the growing neo-tissue, encouraging the normal cellular
functions (Chaignaud et al, 1997;). For the replacement of soft tissues, there are many
strategies employing Hyaluronic Acid [HA] as a scaffold material. Through chemical
modifications of HA it is possible to obtain HA derivatives, that exhibit better mechanical
features but not be recognized by cells, thus impairing biological activity (Brun et al,
1999) On the other hand, semi-interpenetrating (semi-IPN) gels made of collagen and
HA, have been demonstrated suitable to realize scaffolds for tissue engineering
applications because the structures of collagen-HA gels strongly resemble the
organization of ECM in soft tissues (Xin et al, 2004). Table 1.4 shows the several

synthetic and natural polymers which has wide application in Tissue Engineering field.
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Table 1.4:

Bio-degradable Polymers used in tissue engineering:

Type Class Polymer
Natural polymers Polysaccharides Alginates
Chitosan
Dextrans
Polypeptides and proteins Albumin
Collagen
Gelatin
Synthetic polymers Polyanhydrides Poly (SA)
Poly (FAD-SA)
Poly (SA-co-CHP)
Polyesters Poly (e-Caprolactone)
Poly lactide
Polyorthoesters Block copolymers
Polyphosphazenes
Polyphosphoesters Poly (DAGP-EOP)

Adapted from Topics in Tissue Engineering 2004, volume 2. Eds. N. Ashammakhi &

R.L. Reis

1.5.5.2 Biodegradable microspheres for the controlled release of growth factors:

Microspheres are particulate delivery systems which can incorporate small drugs or

macromolecules (Davis et al, 1988; Okada etal, 1995; Freiberg et al, 2004; Varde et al,

2004). Particles are made of different polymers, which inherent physico-chemical
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characteristics (e.g. chemical nature, composition, molecular weight, hydrophilicity,
degradability), obviously affect final microsphere properties. As well-known,
biodegradable polymers have attracted increasing attention in microsphere development
because, differently from non degradable systems, they do not require further

manipulation after introduction within the body.

1.5.5.3 Thermo reversible gelation polymer:

There are several polymers which are being used in the tissue engineering; thermo
reversible polymer is one such polymer which has the property of being liquid at low
temperature and becoming gel at the higher temperature. Mebiol Gel is a copolymer
composed of the thermo responsive polymer block [poly (N-isopropylacrylamide-co-n-
butyl methacrylate) (poly NIPAAm-co-BMA)] and the hydrophilic polymer block
[polyethylene glycol (PEG)]. This polymer block is hydrophilic at temperatures below
20°C and hydrophobic at temperatures above 20°C forming cross-linking points and
homogenous three-dimensional (3-D) network of Mebiol Gel in water. Cells or tissues
can be embedded in a liquid Mebiol Gel solution at lower than 20°C and culture three-
dimensionally in a hydrogel state at 37°C. The sol-gel transition temperature can be
controlled by chemical composition of Thermo Reversible Gelation polymer (TGP).

(Yoshioka et al, 1994a, 1994b, 2003).

1.5.5.4 Chitosan:
Chitosan, a member of the family of glycosaminoglycans (GAGs), has been studied as a

substrate and scaffold for tissue engineering of skin. (Zhu et al, 2005;) GAGs are major
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components of skin dermis and cornea, and play a critical role in the process of wound
healing. (Chandy et al, 1990; Suh et al, 2000; Sechriest et al, 2000 ;) Chitosan has been
found to have a beneficial role on wound healing in vitro and in vivo. (Chandy et al,
1990) In addition, chitosan has already proven to be useful in ophthalmology, where it
has been developed for contact lens fabrication and ocular bandage lenses. However, a
pure chitosan substrate would be too stiff for application on the curved ocular surface.
Therefore, gelatin, a soft, elastic natural material, can be introduced into the Chitosan
membrane to improve its chemical and physical properties. Integration of gelatin into
chitosan will reduce the stiffness of a membrane and may also improve its biological
properties. Gelatin, a biodegradable and biocompatible polymer, is a processed type I
collagen so there are no immune properties remaining. In addition, collagen is of course
the primary component of the extracellular matrix in the eye and skin. Gelatin, as a
denatured collagen, may be expected to have useful biological properties on cell

attachment, migration, proliferation and differentiation.

1.6 Signal Transduction Pathways Involved In The Self Renewal And Survival Of
Stem Cells:

In biology, signal transduction refers to any process by which a cell converts one kind
of signal or stimulus into another, most often involving ordered sequences of biochemical
reactions inside the cell, that are carried out by enzymes and linked through second
messengers resulting in what is thought of as a "second messenger pathway". Such
processes are usually rapid, lasting on the order of milliseconds in the case of ion flux, to

minutes for the activation of protein and lipid mediated kinase cascades. In many signal
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transduction processes, the number of proteins and other molecules participating in these
events increases as the process eliminates from the initial stimulus, resulting in a "signal
cascade" and often results in a relatively small stimulus eliciting a large response.

Figure 1.9 shows the how stem cells are maintained in the niche through signaling

pathway.

One of the most important issues in stem cell biology understands the mechanisms that
regulate self-renewal. Self-renewal is crucial to stem cell function, because it is required
by many types of stem cells to persist for the lifetime of the animal. Moreover, whereas
stem cells from different organs may vary in their developmental potential, all stem cells
must self-renew and regulate the relative balance between self-renewal and
differentiation. Understanding the regulation of normal stem cell self-renewal is also

fundamental to understanding their biology.

Many stem cells reside in a spatially restricted compartment called a niche. This niche
provides an environment that supports the survival of the multipotent stem cell without
induction of differentiation. Neighboring differentiated cell types secrete factors and
provide a milieu of extracellular matrix that allows stem cells to self-renew and to
maintain the capacity to respond to differentiation programs. Physical contact between
stem cells and their non-stem cell neighbors in the niche is critical in keeping the stem
cells within this compartment and in maintaining stem cell character. Often, stem cells
within the niche are quiescent or slow-cycling, but proliferation might be induced by

injury. The stemness of the cells in the niche is maintained by the intrinsic self renewal
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Figure -1.9 Signaling in the niche
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The niche provides an environment that attracts stem cells and keeps them in an
undifferentiated state by supporting self-renewing cell divisions. Accordingly,
differentiation may be initiated when the stem cell leaves the niche. The balance of
quiescence, self-renewal, and cell commitment is influenced by secreted growth factors
that initiate intracellular signaling cascades and activate distinct sets of transcription
factors. Further, the extracellular matrix (ECM) plays an important role in retaining the
stem cells in the niche. Thus, self-renewal versus lineage specification and differentiation
are the result of the capacity of a stem cell to integrate multiple signals that vary with

location and time.
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factors and extrinsic self renewal factors. The intrinsic self renewal factors include the
cell surface markers. The extrinsic self renewal factors include various signal

transduction pathways.

All stem cells and precursors respond to multiple growth factors, and their effects can be
modulated by extracellular matrix components (Dutton et al, 2000). Several different
integrins that bind to the extracellular matrix seem to be differentially involved in the
regulation of proliferation, cell migration and differentiation. Binding to extracellular
matrix proteins such as laminin activates an intracellular signaling pathway via
phosphatidylinositol3 (PI3) kinase and Akt kinase (Armullik ef al, 2004). In sum, stem
cell development is controlled by the combinatorial activity of multiple factors, acting in
signaling networks (Fuchs et al, 2004; Sommer et al, 2002). The composition of such
networks is dynamic, changing with time and location. To unravel the complete
mechanism contribution of individual signal transduction pathways should be studied,
knowing that this contribution is likely to be modulated by the crosstalk with other

pathways.

The second largest category of transcripts enriched in human embryonic stem cells was
comprised by the genes involved in the signaling pathways. A significant number of them
fell within three major signalling categories belonging to the RAS/MAPK/ERK
signalling pathway (G3BP, RASAL2, SOS1 and ITGB1BIP3), the PI3K/AKT (PI3KCB

and PTEN), and NF«f signalling (LCK, PELLINO 1 and TNSF11).
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In corneal stem cells the PI3K mediated signaling pathway is studied by He et al, 2006).
These pathways are mainly involved in self renewal and prevent the cells from
undergoing apoptosis. PI3K enzymes are normally regulated by growth factors and serve
to phosphorylate phospholipids at the plasma membrane. Activated PI3K phosphorylates
PIP2 and generates PIP3 which acts as a second messenger. AKT interacts with PIP3 and
subsequently translocates to the plasma membrane. AKT also referred as PKB plays a
critical role in controlling the balance between survival and apoptosis and is activated by
phospholipids binding and activation loop phosphorylation at threonine 308 by
PDK1(Pyruvate dehydrogenase Kinase) and phosphorylation at the car boxy terminus at
serine 473. In addition it regulates glycogen synthesis through phosphorylation and
inactivation of GSK3f and GSK3a. Activation of AKT survival signalling pathways
leads to phosphorylation of Ik, the cytoplasmic inhibitor of nuclear factor k3 (NFxf).

Phosphorylation of Ixf initiates proteasome-dependant degradation and allows NF«f.
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|| CHAPTER 2 - OUTLINE OF THE WORK ||

2.1 Introduction:

Stem cells in all renewable tissues are usually located in a specialized niche that offers

protection and nourishment to these essential cells. The corneal epithelial stem cell niche

is not an exception. Evidence that the limbus is a potential stem cell niche for the corneal
epithelium has been presented in many studies. The cells from the limbal niche have been
shown to be slow-cycling (Cotsarelis et al., 1989), relatively undifferentiated cells

(Schermer et al., 1986), and when isolated have a higher proliferative potential in vitro

than central or peripheral corneal epithelial cells. Hence in this study, I have tried to

isolate the cells from and limbus, and understand the biology of the cells by culturing and
characterizing those using specific makers.

Objectives:

1. To find out the usefulness of the intact (Amniotic membrane [AM] with
devitalized epithelium) and denuded (Amniotic membrane without epithelium)
for the ex-vivo expansion of the Limbal stem cell cultivation.

e To standardize culturing limbal epithelial cells from the limbal explants obtained
from cadaveric donor eyes.

e To compare the expression of the stem cell associated and differentiation markers
on the cells cultured over the intact and denuded AM by RT-PCR and
Immunohistochemistry

e To find out the label retaining cells on the cells expanded over the intact and
denuded AM by Brdu labelling

¢ To confirm the expression of the p63 and ABCG2 by western blotting
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2. To culture and characterize the limbal epithelial cells on the Non-polymeric
Matrices
e To culture the limbal epithelial cells on the chitosan matrix and its derivatives by
explant culture technique from limbal biopsies obtained from cadaveric donor
eyes
e To characterize the cells using stem cell associated and differentiation markers by
RT-PCR

e To study the proliferative index using Brdu labelling

3a. To culture limbal epithelial cells in a thermoreversible gelation polymer
e To culture the limbal epithelial cells in thermoreversible gelation polymer
e To characterize the cultured cells using marker study by RT-PCR and
immunohistochemistry

¢ To study the proliferative capacity using tritiated thymidine uptake study

3b. Ex vivo expansion or rabbit limbal epithelial cells in thermoreversible gelation

and transplantation of the same into the limbal deficient rabbits.

4. To study the effect of 3T3 feeder layer in ex-vivo expansion of the corneal
limbal stem cells
e To culture the limbal epithelial cells on the denuded AM with and without 3T3

feeder layer
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e To compare the expression of the stem cell associated and differentiation marker

cultured on the cells cultured in the presence and absence of 3T3 feeder layer

5. To study the expression of p63 isoforms limbal epithelial cells cultured over the

intact and denuded amniotic membrane by RT-PCR

6. To Study the signal transduction pathway mediated by NGF on the cells
cultured over the intact and denuded amniotic membrane which is involved in

proliferation and self-renewal of corneal stem cells

7. To study the embryonic stem cell markers (OCT4, Nanog and Pax6) expression
on the limbal epithelial cells cultured over the intact and denuded amniotic

membrane.
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|| CHAPTER 3 - METHODOLOGY ||

3.1 Collection Preparation and Preservation of Amniotic Membrane:

An elective caesarian delivery helps in the correct choice of a consenting donor and
planned collection and processing of AM. Placenta collected after natural vaginal
delivery may have structural defects associated with stretching of the membrane during
labour and delivery, and may be contaminated by normal vaginal flora, Herpes,

Chlamydia or other contaminant bacteria. (Adds et al, 2001)

The following steps were followed to finally obtain quality AM for transplantation. The
required transport medium, the washing solutions and preservative medium, properly
checked for sterility it was made available at least a day before the collection and
preparation of the membrane. The working solutions and media should have been
prepared 7 - 10 days ahead with complete verification of pH and sterility. The required
reagents are prepared freshly before use. The steps involved in the preparation are
described below.

e The detailed medical history and clinical condition of the potential donor was
taken to exclude the risk of tissue-transmissible infections and unsuitability of the
donors.

e The consent of the donor was obtained for the donation (and subsequent use of
AM). Donors are screened for human immunodeficiency virus (HIV) type 1 and
2, hepatitis B virus (HBV), hepatitis C virus (HCV) and Treponema pallidum

infections. Competent laboratories had performed these tests and the records were
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maintained for 11 years post-transplantation. It is necessary to preserve all the
records where the review of the records may become necessary if HIV or any
slow virus infections develop in the recipient(s).

e Consent for subsequent screening of blood to determine the HIV status after the
"window" period of 3-4 months was also obtained from the donors.

e The AM was obtained under sterile conditions after elective caesarian section.

e The obstetrician had placed the placenta in a sterile stainless steel 12-inch
diameter basin, preferably covered with a sterile lid. During placement the clamp
from the cord was not removed, this is to avoid the AM getting covered with
blood.

e In the clean atmosphere of the operating room or the clean laminar flow
workbench, the AM was dissected from the placenta in two large bits. As much of
the chorion as possible was peeled out before the bits are dropped into a sterile,
wide mouthed 125 ml screw-capped reagent bottle containing 50 ml transport
medium. The transport medium generally used is the commercially available
Dulbecco’s minimum essential medium (DMEM) supplemented with 3.3% L-
glutamine and antibiotics (50 pg/ml gentamicin, 100 units/ml penicillin, 200
pg/ml ciprofloxacin and 1 mg/ml Amphotericin B). The media and the antibiotic
preparations used were of recognized quality manufactured as per 1ISO 9002
standards as certified by a competent certifying authority. The membrane was
transported immediately to the laboratory.

e In the laboratory, under the laminar flow hood, the AM is washed free of blood

clots with DMEM containing antibiotics. Any leftover chorion attached to the AM
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and blood clots were gently peeled off the epithelial cell layer using round-ended
forceps.

e With the epithelial / basement layer surface up, the AM is spread uniformly
without folds or tears on individually sterilized 0.22 um nitrocellulose membranes
of the required size (47 mm or 25 mm, commercially available - Millipore or
Sartorius). The AM around the nitrocellulose membrane was cut and allowed to
adhere to the cellulose membrane.

o If in doubt, a small piece of about 1 cm? of the membrane was examined on a
microscopic slide under a phase contrast microscope to ascertain the epithelial
side.

e The filter membrane along with the adherent AM is fully placed carefully in the
preservative medium in 50-ml wide mouthed screw-capped irradiated transparent
plastic bottles. The preservative medium used is 1:1 (vol/vol) ratio of sterile
glycerol (sterilized by autoclave) and DMEM with 3.3% L-glutamine, 25 pg/ml
gentamicin, 50 units / ml penicillin, 100 pg/ml ciprofloxacin and 0.5 mg/ ml
Amphotericin B.

e The bottles were labeled with the appropriate size and date of preparation.

e A random bottle from the batch is left over the work bench at room temperature
for about an hour and about 5 ml of the same was inoculated into 100 ml of brain
heart infusion medium and 100 ml of thioglycolate broth medium to check the
bacterial and fungal sterility. These media were incubated for 21 days and if there
was no growth of bacterium or fungus is observed, the batch should be considered

as preserved free of cultivable microbial agents.
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e The AMs were stored at -80°C to facilitate the devitalization of the epithelial
cells.

e The HIV negative status of the donor was checked by repeat serology done after
3-4 months after collection of AM. After the confirmation the membranes were

used for the culture/therapeutic purpose.

3.2 Denudation of Amniotic membrane:

Immediately before use, the amniotic membrane was thawed, washed three times with
sterile PBS, and cut into pieces approximately 2.5 X 2.5 cm in size. Membranes were
then deprived of their amniotic epithelial cells by incubation with 0.02% EDTA (Hi-
Media, India) at 37°C for 2 hours to loosen the cellular adhesion, followed by gentle
scraping with a cell scraper (BD biosciences ). Preliminary experiments on hematoxylin—
stained, ethanol—fixed tissues confirmed that this protocol effectively removed epithelial

cells from the amniotic membrane. Tissues were then washed twice more with sterile

PBS

3.3 Collection of limbal biopsy:

All the eye tissues were obtained from the C.U Shah eye bank of Medical Research
Foundation, Sankara Nethralaya, Chennai. The tissue samples were handled according to
the declaration of Helsinki. Corneal limbal biopsy of 2 mm® from the cadaveric donor eye
was collected in Dulbecco’s Minimum Essential Medium (DMEM) with 3% Fetal Calf
Serum (FCS) and antibiotics as the transport medium and was transported to the cell

biology laboratory for further processing. The biopsy tissue bit was gently washed three
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times using tissue culture growth medium (DMEM with 10% FCS and antibiotic
mixture). After careful removal of excessive sclera the tissue bit was cut into multiple

bits using sterile sharp curved scissors / Bard-Parker blade.

3.4 Explant Culture Technique:

Amniotic membrane with the epithelial side facing upwards was fastened on the 6 well
plate culture insert (BD biosciences,). On the centre of the either intact AM or EDTA
treated deepithelialized amniotic membrane, chitosan the explants were placed. After
placing the biopsy about 0.5ml of the medium containing equal volume of DMEM and
F12 supplemented with 10% FBS, 50ug/mL of streptomycin, 1.25 pg/mL of
Amphotericin B 2ng/ml of mouse epidermal growth factor (EGF), S5ug/mL of insulin,
Sug/mL of Transferrin, Sng/mL of selenium, Smg of Keratinocyte growth supplement,
0.5mg/mL of Hydrocortisone was added just to cover the explants and plate was
incubated at 37°C under 95% humidity and 5% CO, for about half an hour to forty five
minutes. After incubation remaining 1.5ml of the medium was added to cover the entire
well completely. The medium was changed once in three days and cell growth was
monitored daily for 3 weeks with an inverted phase contrast microscope (Nikon, Tokyo,
Japan). Once they reach confluence the cells were harvested for the marker study by

immunophenotyping and molecular characterization.
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3.5 Immunocytocemistry/Immunohistochemistry:

3.5.1 Preparation of cultures for staining:

Once the cells reached confluence the cultures for immunostaining was fixed in 10%
Neutral buffered formaldehyde for paraffin embedded sections and for the
immunofluorescent staining the amniotic membrane with the cultured cells were fixed in
Optimum Cutting Temperature medium (Bright, Germany) and frozen sections were
taken. For paraffin embedded sections the cultured were fixed in buffered formal saline

and processed in graded alcohol then sections were taken on the silane coated slides.

3.5.2 Immunofluorescence staining:

For Immunofluorescence staining the frozen sections which was taken on the silane
coated slides were air dried at room temperature for half an hour and fixed in cold
acetone for half an hour and then preceded for staining. The slides were blocked with 5%
serum for 1 hour. The primary antibodies were diluted in 1X casein solution in Tris
Borate EDTA buffer (TBE buffer) for one hour to over night. Then the cultures were
washed thrice with the TBE buffer and incubated with corresponding secondary antibody
diluted in 1X casein diluted in Tris Borate EDTA buffer for 1 hour at room temperature.
Once again the cutures were washed with 1X TBE and counter stained with 0.5% Evans
Blue. Finally the cultures were washed with 5 times with 1X TBE and mounted in

Phosphate Buffered Saline (PBS) in glycerol.
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3.5.3 Immunoperoxidase staining:

Slides with the sections were deparaffinized and antigen retrieval was done by
trypsinization method and then washed with Tris HCI buffer. Endogenous peroxidase was
quenched 0.3% H,0, for 30 mins and then slides were washed thrice with Tris HCI
buffer. Then slides were incubated with the primary antibody for 2 hours — overnight
again washed thrice with Tris HCI buffer. Then the slides were stained with link and
streptavidine provided DAKO (Germany,) kit for l1hour each and then washed with the
Tris buffer according to the manufacturers instructed protocol. Visualization of the
reaction was done by incubating with DAB (3’di-amino-benzidine) for 5 minutes
provided in the kit, then washed with the Tris buffer and counter stained with Harris

Hematoxylin for 30seconds. Slides were washed and mounted with glycerol.

3.6 RNA analysis:

3.6.1 Total RNA extraction:

Cell samples were harvested and washed with the PBS and total RNA was extracted with
the Qiagen RNA easy mini kit. (Germany,) Approximately 1 X 107 cells were collected
in the Rnase free vial centrifuged at 3000 rpm for 5 mins. Then the supernatant was
discarded, to the pellet 350ul of RLT buffer reconstituted with B mercaptoethanol was
added which is provided in the Kit, the vial was vortexed after adding the RLT buffer and
tube was centrifuged at maximum speed for about 3 mins. Then the supernatant was
carefully transferred to a new vial, to that one volume (350ul) of ethanol was added to the
lysate and it was mixed nicely by pipetting. Then the sample was applied to the minielute

spin coloumn and centrifuged at 10,000 rpm for 15 secs. The flow through was discarded,
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350ul of RWI1 (provided in the kit) was added to the coloumn and centrifuged at
10,000rpm for 15 secs, the flow through was discarded to the coloumn DNase I treated
for 15 mins, again 350ml of Rw1l was added and centrifuged at 10,000rpm for 15 secs.
The flow through was discarded after the centrifugation and the coloumn was transferred
to a new collection tube and 500ul of RPE buffer was added onto the coloumn and the
tube was centrifuged at 10,000 rpm for 15secs. Then again the coloumn was treated with
500ul of 80% ethanol centrifuged at 10,000rpm for 2mins. Both the flow through and
collection tube was discarded and the coloumn was transferred to the new collection tube
the cap was kept opened and centrifuged at maximum speed of 14,000rpm for 5 mins.
Then the coloumn was placed on a news vial 30ml of Rnase free water was added and
centrifuged at 10,000rpm for 1 min and the vial was labelled and stored at -80°C until
use.

3.6.2 Reverse Transcription and Amplification:

Reverse Transcription was performed using sensiscript reverse transcripatase (Qiagen),
with a recombinant heterodimeric enzyme. PCR amplification of the first — strand cDNAs
were performed using specific primer pairs, designed from published human gene
sequences along with House keeping gene, glyceraldehyde-3 phosphate dehydrogenase
(GAPDH) as internal control. Table 3.1 & Table 3.2 give the published primer sequence
for which amplification was done. Amplification was performed in the Eppendorf PCR
systems (personal). PCR products were fractionated by electrophoresis using 2% agarose
gel containing 0.5% Ethidium bromide with molecular marker Hinf I & digest/ 100bp

ladder (Bangalore genei, India) to confirm the size of the resultant product.
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3.6.3 Semiqunatitative RT-PCR analysis:

Using a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as an
internal control, the mRNA expression of different molecular markers was analyzed by
semiquantitative RT-PCR as described previously. (Li et al, 2001, 1995 ;) RT-PCR was
performed using sensiscript reverse transcripatases, which is recombinant heterodimeric
enzyme. PCR amplification of the first — strand cDNA synthesis was performed using
Qiagen Sensiscript reverse transcriptase kit. Briefly first strand cDNA synthesis was
carried out from 0.3mg of the extracted RNA for different markers in Eppendorf PCR
systems. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as an internal control,
the mRNA expression of different molecular markers was analyzed by semiquantitative
RT-PCR. PCR amplifications were performed with the specific primers designed from
published human gene sequences. (Chen et al, 2004 ;) Semiquantitative RT-PCR the
bands were analyzed Quantity G software Bio-Rad gel documentation system. Semi
quantitation was established by terminating reactions at appropriate intervals for each
primer pair to ensure that the PCR products formed were within the linear portion of the
amplification curve. PCR products were fractionated by electrophoresis using 2% agarose
gel containing 0.5% Ethidium bromide with molecular marker Hinf I ¢ digest/100 bp
ladder to confirm the size of the resultant product. of the amplification curve. The fidelity
of the RT-PCR products was verified by comparing their size with the expected cDNA

bands and by sequencing the PCR products.
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Table 3.1:

Primer sequence and Reaction condition for the Reverse transcriptase PCR

Gene Primer sequences Annealing | PCR product
temp. °C | size

ANp63 FP: CAGACTCAATTTAGTGAG 54°C 440 bp
RP: AGCTCATGGTTGGGGCAC

ABCG-2 FP: AGTTCCATGGCACTGGCCATA 62°C 379 bp
RP: TCAGGTAGGCAATTGTGAAGG

Connexin FP: CCTTCTTGCTGATCCAGTGGTAC | 66°C 154 bp

43 RP: ACCAAGGACACCACCAGCAT

K3 FP: GGCAGAGATCGAGGGTCTC 64°C 145 bp
RP: GTCATCCTTCGCCTGCTGTAG

K12 FP: CATGAAGAAGAACCACGAGGATG | 63°C 150 bp
RP: TCTGCTCAGCGATGGTTTCA

GAPDH FP: GCCAAGGTCATCCATGACAAC 63°C 498 bp

RP: GTCCACCACCCTGTTGCTGTA
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Table 3.2

Primer pairs for the p63 isoforms:

Gene Primer sequences (3’-5”) Annealing | PCR
temp. ’'c product
size

Isoform-

determining

Regions

TA domain FP: TCGTAGAAACCCCAGCTCAT 64°C 199 bp
RP: TTGTTTGTCGCACCATCTTC

ANp specific region | FP: CTGGAAAACAATGCCCAGAC 64°C 192bp
RP: TGGAGAGAGAGCATCGAAGG

o specific region FP: AGGGGCTGACCACCATCTAT | 64°C 196bp
RP: GTCTCACTGGAGCCCACACT

o, sharing region FP: CCACAGATTGCAGCATTGTC 64°C 3040 bp,
RP: GTGAATCGCACAGCATCAAT 2108 bp

v specific Region FP: CCCGGAGAGAAACTCCAAA 64°C 211bp
RP: TTGGGTCTCTGAGCCAAAGT

TAp63a FP: GAAGATGGTGCGACAAACAA | 63°C 1436bp
RP: ATGATGAACAGCCCAACCTC

TAp630.3 FP: GAAGATGGTGCGACAAACAA | 63°C 15470 bp,
RP: ATCGCATGTCGAAATTGCTC 14538 bp

TAp63y FP: GAAGATGGTGCGACAAACAA | 63°C 1130bp
RP: TTCCTGAAGCAGGCTGAAAG

DNp63q FP: CTGGAAAACAATGCCCAGAC | 63°C 1390bp
RP: ATGATGAACAGCCCAACCTC

DNp63a.,3 FP: CTGGAAAACAATGCCCAGAC | 63°C 1499a. bp,
RP: ATCGCATGTCGAAATTGCTC 14058 bp

DNp63y FP: CTGGAAAACAATGCCCAGAC | 63°C 1082bp

RP: TTCCTGAAGCAGGCTGAAAG

A Study on Corneal Limbal Stem Cells 79




Chapter 3: Methodology

3.7 DNA sequencing

1. Amplification of specific sequence from DNA,

2. Electrophoresis of amplified products in 2% agarose gel,
3. Elution of DNA from agarose gel,

4. Cycle sequencing,

5. Purification of extension products,

6. Sequence analysis.

3.7.1 Gel Elution Procedure:

The PCR amplified products were eluted by Qiagen mini gel elution kit as per the

instructions given in the kit insert.

The DNA fragments were excised from the gel with a clean, sharp scalpel.
e 3 volumes of Buffer QG in the kit to 1 volume of gel.

e The vial is incubated at 50°C for 10minutes/until the gel slice is completely
dissolved. To help gel to dissolve, mix by vortexing the vial every 2-3 minutes

during the incubation.

e Once the gel slice is completely dissolved, the color of the mixture is checked

(should look similar to the Buffer QG without dissolved agarose).

e 1 gel volume of Isopropanol was added to the sample and mixed by inverting the

tube several times.

e To bind the DNA the sample was applied to a mini elute column with a 2ml

collection tube and centrifuged for 1minute.
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e The flow through was discarded and the mini elute column is placed back in the

collection tube.
e 500ul of Buffer QG was added to the spin column and centrifuged for 1minute.

e The flow through was discarded and the mini elute column is placed back in the

collection tube.

e 750ul of Buffer PE was added to the mini elute column to wash and centrifuged

for Iminute.

e The flow through was discarded and centrifuged the column for additional

Iminute at 10,000 rpm.
e The mini elute column was placed into a clean 1.5ml vial.

o 10ul of Buffer EB (10mM Tris-chloride, P"8.5 or water to the centre of the
membrane in the column, and let it stand for Iminute and then centrifuge for

Iminute.

3.7.2 Cycle Sequencing:

Cycle sequencing combines amplification and DNA sequencing using 5° dye labeled

terminators.

3.7.3 Requirements for cycle sequencing:

¢ Forward primer or Reverse primer at the concentration of 2 pmol/pl.

¢ Big Dye Terminator cycle sequencing Ready reaction kit (ABI PRISM, USA)
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3.7.4. Reaction Protocol:

e Ready reaction mix (RR mix) =1.0 ul
® 5x sequencing buffer =3.0pul
¢ [l round forward/reverse primer
=2.0 ul
(1pmol/pul)
e Milli Q water =15pul
¢ Fluted DNA =25l

Total reaction: 10.0 pul

3.7.5. Reaction condition for cycle sequencing:

e Initial Denaturation - 96°C for 1 minute.

Followed by 25 cycles of

e Denaturation: - 96°C for 10 seconds.
e Annealing: - 50°C for 5 seconds.

e Extension: - 60°C for 4 minutes.

3.7.6. Purification of Extension Product:

The extension products were purified to remove the unincorporated dye terminators

before the samples were analyzed.

e To the 10 ul of cycle sequenced products, added 10 ul of Milli Q water in a
0.5ml microfuge vial.

e Then added 2 pl of 125mM EDTA (1 pl of 0.5M EDTA + 3 ul Milli Q water).
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e To this added 2 pl of 3M-sodium acetate (pH 4.6) and 50 pl of chilled
ethanol.

e Kept at room temperature for 15 minutes.

e Centrifuged at 12,000 rpm for 20 minutes.

e Discarded the supernatant and the pellet was washed twice with 200 ul of

70% ethanol at 12,000 rpm for 10 minutes.

The vials were then dried at 37°C and added 15 pl of formamide.

Again denatured at 90°C for 3 minutes and immediately snap freezed

3.7.7 Loading of samples:
The sequence of the PCR amplified DNA is deduced with the help of the ABI Prism 3100
AVANT (Applied Biosystems, USA) genetic analyzer that works based on the principle

of Sanger di deoxy sequencing.

The amplified products with the dye at the terminated 3’end were subjected to capillary
electrophoresis by an automated sample injection. The emitted fluorescence from the dye
labels on crossing the laser area were collected in the rate of one per second by cooled,
charge-coupled device (CCD) camera at particular wavelength bands (virtual filters) and
stored as digital signals on the computer for processing. The sequences were then
analyzed by software called as the sequence analysis softwares such as Bio Edit sequence
alignment software and Chromas software. The sequencing was confirmed by

www.ncbi.nlm.nih.gov/genbank.
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3.8 Western Blot analysis:

The first step in a western blotting procedure is to separate the macromolecules using gel
electrophoresis. Following electrophoresis, the separated molecules are transferred or
blotted onto a second matrix, generally a nitrocellulose membrane. Next, the membrane
is blocked to prevent any nonspecific binding of antibodies to the surface of the
membrane. The transferred protein is complexed with an enzyme-labeled antibody as a
probe. An appropriate substrate is then added to the enzyme and together they produce a
detectable product such as a chromogenic or fluorogenic precipitate on the membrane for
colorimetric or fluorometric detection, respectively. The most sensitive detection
methods use a chemiluminescent substrate that, when combined with the enzyme,
produces light as a by-product. The light output can be captured using film. Whatever
substrate is used, the intensity of the signal should correlate with the abundance of the

antigen on the blotting membrane.

3.8.1 Sample preparation:
The cultured cells once they reach the cells were harvested by gentle scraping using cell
scraper and the protein was extracted using Pro-Prep protein extraction kit (InTron

biotechnology, USA).

3.8.2 Protein extraction protocol:
» The cells are harvested from the cultures and collected in a vial.
» The harvested cells are centrifuged at 10000rpm for 5-10 minutes and the

supernatant is discarded using a pipette.
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» The obtained cell pellet is washed thrice with phosphate buffered saline at
10000rpm for Sminutes.

» The cell pellet is re-suspended in 400ul-500ul of the PRO-Prep solution and
sonicated at 50-60 pixels forlmin (thrice).

> The lysate was incubated at —20°C for 10-30 minutes.

> The lysate was then centrifuged at 4°C at 13000rpm for 45mins and the
supernatant was collected in a fresh 1.5ml vial.

» The protein concentration in the collected supernatant was measured by the

lowery method and the concentration was noted.

3.8.3 Protein Estimation:
Protein estimation was done by conventional Lowry method. The assay was run along
side a standard curve BSA ranging from O to 2 mg/mL. The absorbance was read at 660

nm.

3.8.4 SDS-PAGE:

» SDS-PAGE was performed first- For this purpose 10% separating gel was
prepared and poured in the assembled glass plates sealed with 2% agarose gel and
left it without disturbing.

» The separating gel was covered with saturated butanol while left for

polymerization.
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» After the separating gel was polymerized 4% stacking gel was prepared and
poured above the separating gel by removing the butanol layer and the comb was
placed carefully with out any air bubble and left it a side for solidification.

» After the gel has been solidified the comb was removed care fully.

» The protein samples are mixed with 3x sample loading buffer to final volume of
50ul and incubated it at 95°C for 2 to3mins.

» Then the sample was loaded on the gel and run till the dye reaches the bottom of
the gel.

» The gel was taken care fully from the glass-assembled plates. The loading order

was noted by giving a small cut at one end.

3.8.5 Immunodetection:

The proteins were transferred to nitrocellulose of Polyvinilidine Fluoride membrane at
100V for one hour in cold transfer buffer. Once transferred the membrane was stained
with 0.5% Ponseau to the check whether the transfer was done properly. Then the blots
were washed with Milli Q water and blocked with 10% blocking solution. Primary
antibodies were incubated 0.5mg/ml in 1X casein solution for 2 hours to overnight at
room temperature. The blots were washed 3 times with TBST buffer 30 minutes each.
The presence of the specific proteins was then shown by chemilumniscence of HRP via
ECL + plus western blot detection system (Pierce, US) The blot was exposed to X-ray
(Kodak X ray film) film for about 5 to 10 mins to record the result and developing was

done.
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3.9 Proliferation kinetic study by BrdU labeling

3.9.1 BrdU incorporation and chasing experiment:

Thymidine or BrdU labeling has been successfully used to identify ‘label retaining’ stem
cells that are slow cycling or mitotically quiescent (Cotsarelis et al., 1989; Lauweryns et
al., 1993). The substitution of an endogenous DNA base, thymidine, with the analogue
BrdU allows specific labeling of only the dividing cells. Once the slow cycling cells have
been labeled, they should retain this label for much longer period while other more
mitotically active cells will loose the label through multiple mitosis. The cultured cells
for which the label retaining property has to be studied were incubated with 10mM of
Brdu continuously for 24 hours the cultures were chased for 1-21 days by switching to
BrdU free medium. Then the presence of the label retaining cells was detected by the
following method.

1. Flat mount preparation was done for the cultures which was chased for the Brdu
and the slides were fixed in ethanol fixative

2. The fixed slide was washed with the wash buffer thrice provided in the kit. The
wash buffer was diluted 1:10 dilution with the double distilled water.

3. The slides were then incubated with anti BrdU antibody (1:10) dilution with the
incubation buffer provided in the kit. The slides were then incubated for 30 mins
at 37°C in the moist chamber.

4. After incubation the slides were washed thrice with wash buffer.

5. IgG fluorescein antibody 1:10 diluted with PBS was added and incubated at 37°C

for 30 mins
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6. The slides were washed thrice with the wash buffer and mounted with glycerol
and observed under the phase contrast microscope.

The BrdU labeling indices were assessed by the counting through a microscope using

40X objective. A total of 500 to 911 nuclei were counted in 6—8 representative fields.

This number (500 counted nuclei) was considered as a minimum requirement to obtain

representative figures. The labeling index was expressed as the number of positively

labeled nuclei/the total number of nuclei X 100%.

4.0 Impression cytology

Impression cytology of cornea/conjunctiva using millipore paper:

This technique is useful in evaluating patients with dry eyes, whose samples are
examined for the presence or absence of goblet cells and changes of other epithelial cells.
During this process, bits of cellulose acetate filter paper /millipore paper (pore size of
0.2) is applied to the cornea/ conjunctival surface, gently pressed for about 30 seconds
and removed. Superficial epithelial cells that adhered to the paper is then stained after it
is fixed in 95% alcohol either by H&E, PAS or by modified technique as required
Staining procedure

Haematoxylin-eosin stain Modified Technique:

0.5% Periodic acid- ----- 2minutes

Rinse in tap water-

Schiff reagent freshly diluted in distilled water 1:3in -2 minutes

A Study on Corneal Limbal Stem Cells 88



Chapter 3: Methodology

0.5% Sodium Metabisulphite ----2 minutes
Tap water........... 10 dips
Haematoxylin........ 2 minutes

Scott’s Tap water substitute........... 10 dips
DW............ 2 minutes

Tap water........... 10 dips

Dehydration in 95% Alcohol- 10 dips

Modified Orange G solution...... 2 minutes
95% Alcohol............ 3 minutes

Eosin Y solution....... 2 minutes

95% Alcohol............ Sminutes

Absolute alcohol....... 2 minutes
Xylene........c........ 5 minutes

The slides were then dried and mounted
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CHAPTER 4 - USE OF INTACT AND DENUDED AMNIOTIC MEMBRANE
FOR LIMBAL STEM CELL CULTIVATION

4.1 Introduction

Human amniotic membrane is an important substratum for the growth of corneal stem
cells and also for ocular surface reconstruction (Dogru and Tsubota ef al 2005; Gomes et
al, 2005; Koizumi et al 2001) due to many properties such as (a) AM basement
membrane facilitates epithelialization and maintains an epithelial phenotype; (b) the
avascular stroma of AM exerts anti-inflammatory, anti- angiogenic and anti-scarring
effects. AM with its epithelium removed is used as substrata for culturing corneal stem
cells. However, intact AM (i.e., retaining devitalized AM epithelium) appears to offer
more favorable microenvironment for the expansion of stem cell-containing limbal
epithelium than denuded AM (i.e., exposed AM basement membrane) (Meller et al 2002;

Grueterich and Tseng et al 2002a, 2002b)

Clinically, limbal epithelial cells from the limbal explants expanded over AM in cell
cultures can restore the corneal surface with partial and total limbal stem cell [SC]
deficiency.(Tseng et al, 2001; Grueterich et al, 2003; Tsai et al, 2000) There are 2
different approaches for using AM as a matrix for corneal stem cell cultures. In the first
method, AM with its epithelium removed (Denuded AM) is used as substrata for
culturing corneal stem cells. (Meller et al, 2002 ;) In the second method, intact AM (i.e.,
retaining devitalized AM epithelium) is used to grow the corneal stem cells. (Grueterich
et al, 2002a 2002b ;) There are numerous studies showing the advantages of ex vivo

expanding the limbal explants on the intact AM as it provides a more favorable
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microenvironment for expansion of corneal stem cells. (Koizumi et 2000; Galindo et al,
2003; Grueterich et al, 2002b ;) Previous studies (Galindo et al, 2003; Grueterich et al
2002a) have shown that the limbal explants expanded on intact AM retain a limbal
phenotype, i.e. they do not express the gap junction markers connexin 26 and connexin
43, which allows the cells to be segregated from the transient amplifying cells. (Wolosin
et al, 2000) and also do not express the cornea phenotype markers, K3/ K12 (Galindo et
al 2003; Grueterich et al, 2002b ;) And moreover that when we use human amniotic
membrane with intact epithelial cells immunity is not an issue because very small amount
primary human amniotic epithelial cells contain class I A and class II HLA antigens,

consistent with a low risk of tissue rejection.

Similarly ABCG?2 is a member of the ATP-binding cassette (ABC) family of cell surface
transport proteins that includes more than 50 members and mediates the transfer of a
diverse array of substrates across cellular membranes. ABCG2 expression occurs in a
variety of normal tissues and is relatively limited to primitive stem cells. De Paiva et al
identified this transporter protein in the population of the clonogenic human limbal
epithelial cells. (Cintia et al, 2005 ;) There is not much information available on the
expression of the putative stem cell marker ABCG2 on the limbal epithelial cells

expanded over intact AM and denuded AM.

Therefore in this study, we investigated the expression of the Putative stem cell marker,
ABCG2 on the limbal epithelial cells expanded on the cryopreserved intact and
epithelially denuded membrane. In addition we also compared the p63, connexin 43 and

K3/K12 expression on these cultured cells over the intact and denuded AM.
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4.2 Design of experiments:

4.2.1 Culturing of corneal limbal cells on the intact and denuded Amniotic
membrane:

Preparation of Human Amniotic Membrane

Human amniotic membrane was prepared according to procedure mentioned in the
methodology section and preserved and used for the cultivation of limbal stem cells.
Limbal Biopsy preparation

Corneal limbal biopsy of 2 mm”® from the cadaveric donor eye was collected in DMEM
with 3% FCS and antibiotics as the transport medium and was transported to the cell
biology laboratory for further processing. The biopsy was processed as per the
procedures mentioned in the methodology section. A total of 20 limbal biopsies were
obtained from the cadaveric donor eyes.

Human Limbus culture on Amniotic membrane

The limbal explants were placed on the intact and denuded human amniotic membrane as
mentioned in the methodology and the explants were covered with the DMEM and F12

reconstituted with growth factors.

4.2.2 Proliferation study by Brdu labeling

Once the outgrowth has reached a confluence the cultures were incubated with fresh
medium containing 10-uM of Brdu for 24 hours (n = 8) for the cells cultured over the
intact AM and n = 8 for the cells over the denuded AM). The cultures were shifted to the
BrdU free medium and chased at the end of 24hours, 7" day, 14" day and 21" day. All

samples in triplicate were fixed in cold methanol at 4°C for 10 min and processed for
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BrdU immunofluorescent staining as previously described (Li and Tseng, 1995; Li et al.,
2001). Brdu labeling indices were assessed according to the procedure mentioned in the

methodology.

4.2.3 Comparison of the expression of markers by Immnunohistochemistry, RT-
PCR and Western blot

After 3 weeks of incubation the cells were harvested for the marker study. The cultures
were processed for the immnunohistochemistry for p63 and ABCG2, RT-PCR was
carried out for ANp63, ABCG2, Connexin 43 and K3/K12. Further the expression of the
markers p63 and ABCG2 was confirmed by western blot. All the procedures were

followed according to the protocol given in the Methodology section.

4.3 Results:

4.3.1 Culture results:

Cultivation of corneal limbal biopsy on the intact and denuded membrane:

A total of 20 limbal biopsies were obtained during the 6 month period between
November 2005 — April 2006. The limbal biopsies were collected from the donor aged 8
— 85 enucleated within 6 to 8 hours after death, and were collected in the Transport
medium. (DMEM with 3%FBS and the antibiotic mixture, Penicillin, Streptomycin and
amphotericin) All the 20 specimens were used for the culture over the intact and denuded
membrane. Figure 4.1 shows the growth of the cells on the intact and denuded
membrane. The outgrowth rate of the 10 cultures was photographed every 2™ day and the

image was transferred to the computer and analyzed using the quantity G area
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Figure 4.1

Growth of limbal epithelial cells on the intact and denuded Amniotic membrane

4.1A 41B

This figure shows the growth of the limbal epithelial cells from the explants at the end of
two weeks of incubation. Figure 4.1A shows the growth on the intact amniotic membrane
and 4.1B on the denuded Amniotic membrane. The expanded cells appear as a monolayer

of small uniform with nucleus cytoplasmic ratio of approximately 1:1 (20X Mag)
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measurement software. Mean radius of the all the cultures was at each day was plotted
and the culture medium was changed every 31 day until they reached confluence. The
cells cultured over the denuded AM showed significantly a higher growth rate than those
on the intact membrane and reached almost a confluent growth after 12 days. The growth
rate was faster on the cells cultured over the denuded AM when compared to the intact.
(p<0.05) (Figure 4.2) The cultures on the denuded membrane showed from day 2

onwards whereas those on intact membrane began to grown only from day 4.

4.3.2 Immunohistochemistry results:

ABCG2 and p63 expression by immunohistochemistry:

After 3 — 4 weeks of culture on the intact and denuded membrane the cultures showed
stratification. The basal epithelium of the cells cultured over the intact epithelium showed
the ABCG2 expression and there was negative expression for ABCG2 on the cells
cultured over the denuded membrane. Positive expression for ABCG2 showed the
staining of the cytoplasm only by the few basal cells on the cells cultured over the intact
membrane. And for the p63 staining strong nuclear staining was seen on the cells

cultured over both intact and denuded AM. (Figure4.3)

4.3.3 RT-PCR
Semiquantitative RT-PCR results show the expression of various markers such as p63,
ABCG?2, Connexin 43 and K3/K12 at the end of 21st day of cultivation on the cells

grown over the intact and denuded AM. The expression of ANp63 is more on the cells
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Figure 4.2:

Growth rate of limbal epithelial cells on the intact and denuded amniotic membrane

Growth rate from limbal explants
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This figure show Outgrowth rate on the cells cultured over the intact and denuded AM: A
significantly faster growth rate was observed on the denuded membrane (pink bar) than
in intact membrane (blue bar ;) Limbal epithelial cells on the intact membrane started to
grow only on the 3™ day compared to that of the denuded membrane which started to
growth by the end of 2nd day and after approximately of 3 weeks they reached the

confluence
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Figure 4.3:

Figure 4.3 shows the immunohistochemistry picture of the limbal epithelial cells
cultured on the intact and denuded membrane harvested at the end of the 3weeks. 4.3A
shows the ABCG2 expression on the cells cultured over the intact membrane basal layer
of cells showing the positive expression. 4.3B - cells on the denuded membrane there
was no expression. 4.3C p63 expression on the cells cultured over the intact. Positive

cells are seen as the brown nuclei. 4.3D- p63 staining on the denuded Amniotic
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cultured over the intact membrane when compared to the cells cultured over the denuded
membrane. ABCG2 expression was observed only on the cells cultured over the intact
membrane and it was completely absent on the cells cultured over the cells cultured over
the denuded membrane. Similarly, we compared the expression of the Connexin 43 and
K3/K12 on the cells cultured over the intact and denuded membrane. The cells cultured
over the intact amniotic membrane showed the negative expression of the Connexin 43
whereas cells cultured over the denuded AM showed high expression of the Connexin 43.
Expression of Keratin 3 and 12 was high on the cells cultured over the denuded
membrane whereas expression of K3/K12 was less on cells cultured on the intact

membrane. (Figure 4.4 A & B)

4.3.4 Western Blot

Expression of the p63 and ABCG2 was confirmed with the Western blot. Proteins were
extracted from the cells cultured over the intact and denuded membrane at the end of 21
days of incubation. The cells harvested from the intact membrane at the end of 3 weeks
showed the expression for ABCG2 whereas cells on the denuded showed did not show.

Expression of p63 (clone 4A4) was present in both. Figure 4.5

4.3.5 Brdu labeling index on the cells cultured over the intact and denuded
membrane
Thymidine or BrdU labeling has been successfully used to identify ‘label retaining’ stem

cells that are slow cycling or mitotically quiescent (Cotsarelis et al., 1989; Lauweryns et
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Figure 4.4 a
E 8 = E 8 =
Connexin 43 - GAPDH

Figure 4.4A shows the electrophoretogram of the semiquantitative RT-PCR. The figure
shows the expression p63, ABCG2, connexin-43, Keratin 3 and K12 on the cells cultured
over the intact and denuded membrane. GAPDH is the internal control. MW- Molecular

weight @X Hinf I digest
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Figure 4.4 b
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Figure 4.4 b shows the RT-PCR results on the cells harvested from the intact and denuded
membrane. ANp63 and ABCG?2 expression was more on the cells cultured over the intact
amniotic membrane (*p<0.001). Connexin -43, K3/K12 expression was more on the cells

harvested from the denuded Amniotic membrane.
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Figure 4.5 Western blot results
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Figure 4.5 shows the western blot data on the cells harvested at the end of 3 weeks on
incubation on the intact and denuded membrane. The positive expression of p63 was
observed on both intact and denuded membrane. ABCG2 expression was completely
absent on the cells harvested from the denuded membrane. Control lane — p63 — SiHa cell

lysate; control lane — ABCG2 — MCF 7 cell lysate. f actin shows the loading control.
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al., 1993). The substitution of an endogenous DNA base, thymidine, with the analogue
BrdU allows specific labeling of only the dividing cells. Once the slow cycling cells have
been labeled, they should retain this label for much longer period while other more

mitotically active cells will loose the label through multiple mitosis.

In this study, we labeled the both cultures with BrdU containing medium for 24 hr at their
early growth stage (about 1 week). The labeling index was high on denuded AM
(64.0£7.76%) when compared to the intact AM on 1 day i.e. after 24 hours. After
24hours of labeling the cultures were chased continuously at the end of 70 day, 14th day
and 21" day. On the 7" day it was 15.3.0+2.24% and on the 14" day it was 10.94+2.0%
and it was 2.35+0.2% on the 21* day on the cells cultured over the intact membrane.
Similarly on the denuded AM the labeling index was 7.85+£3.2% on the 70 day, on 14"

day it was 3.222+0.33% and on the 21* day it was 0.6+0.002%. (Figure 4.6)

4.4 Discussion:

The application of intact or denuded AM as a substrate for the ex vivo expansion of the
Human Limbal epithelial cells (HLEC) has been considered as the effective method for
the reconstruction of the ocular surface. However, the follow-up periods reported in the
clinical studies are still too short to define the longevity of transplanted HLEC, a well
known characteristic sign of stem cells. (Schawab et al, 2000; Tsai et al, 2000, Koizumi
et al, 2001a, 2001b ;) Grueterich et al and Meller et al have demonstrated that the ex vivo
expanded HLEC share the properties similar to the limbal epithelial cell progenitor in

vivo. But the underlying mechanism which preserves the progenitor properties of the
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Figure 4.6 Brdu Labeling index
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Identification of label retaining cells in human corneal epithelial cultures. After 24 hr of
Brdu labeling at one week of early growth stage, 64.0% on the cells cultured over the
denuded membrane (E) and 51% on the cells cultured over the intact membrane (A) the
cultured limbal epithelial cells from the explants have positively stained nucleus. In the
cultures the labeling index decreased on the chasing. The index was 15.3%, 10.9, 2.3%
after chasing for 7 (B), 14 (C), and 21 days (D) respectively. The cells on the denuded
membrane showed 7.8%, 3.2%, 0.6% on the 7" day (F), 14™ day (G) and 21* day (H).
Arrows indicate the positive nucleus. The top figure there was significantly higher
percentage of label retention on cells cultured over the intact membrane at the end of 7™,

14™ and 21* day. (+p<0.05)
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cultured limbal epithelial cells is not clearly understood. (Meller et al, 2002; Grueterich
et al, 2002b) Grueterich et al has reported that the denudation of the devitalized AM
promotes the corneal TAC differentiation. These important data suggested that during ex
vivo expansion intact membrane seems to preserve the limbal progenitor cell properties.

(Grueterich et al, 2002 ;)

Our data shows that cells cultured over the intact membrane have a slower growth rate
when compared to that grown over the denuded AM. The reason might be due to the
delayed onset of growth on the intact membrane. Our results are consistent with the
results of the Grueterich et al (2000) and Koizumi et al (2000) where they studied using

rabbit limbal and corneal explants.(Koizumi et al, 2000;)

Comparison of the Connexin and Keratin expression was done by many workers.
Grueterich er al and Tseng et al has reported that the cells cultured over the intact
membrane lack the Connexin 43 and they express low levels of keratin and they were
able to retain the label retaining cells.(Grueterich et al, 2002;) ABCG?2 transporters have
been identified as a molecular determinant for bone marrow stem cells, and it has been
proposed as a universal marker for stem cells from a variety of sources. (Goodell et al,
1996; Zhou et al, 2001;) Although ABCG2 expression occurs in a variety of normal
tissues, its expression and functional role in corneal epithelial cells has been only recently
reported. (Chen et al, 2004; Watanabe et al, 2004;) de Paiva et al (2004) has shown the
exclusive expression pattern of ABCG?2 transporter by the basal cells of human Limbal

epithelium and its potential role in identifying the corneal epithelial stem cells.
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We compared the ABCG2 expression and p63 expression on the cells cultured over the
intact and denuded membrane by immnunohistochemistry. Basal cells on the intact AM
shows the expression of the ABCG2, whereas it was absent on the cells cultured over the
denuded AM. p63 gave similar pattern of expression on the cells cultured over the intact
and denuded AM. We also compared the expression of ANp63, ABCG2 along with the
Connexin 43 and Keratin 3 & 12 by semiquantitative Reverse Transcriptase PCR.
Expression of ABCG2 was seen on the cells cultured over the intact membrane harvested
at the end of 4™ week (P < 0.001), whereas it was completely absent on the cells cultured
over the denuded membrane. ANp63 expression was seen on both, but the expression was
comparatively lesser on the cells cultured over the denuded membrane when compared to
the intact membrane. Similarly the expression of other markers like Connexin 43 and
keratin 3 & 12 was expressed in low levels on the cells over the intact membrane.
Expression of p63 and ABCG2 was confirmed by the Western blot. Thus our data is
supportive to the earlier reported results by other workers. (Grueterich et al, 2002a;

2002b; Galindo et al, 2003; Koizumi et al, 2001a)

Although several stem cell markers have been proposed, their role in identifying
keratinocyte stem cells is still very controversial. Therefore, the identification of stem
cells relies on either evaluating their proliferative capacity in vitro (Barrandon et al,
1987;) or identifying slow-cycling cells ([3H]-thymidine- or BrdU-label retaining cells)

in vivo. (Cotsarelis et al, 1989; Lavker et al, 2000 ;) Cells that retain these labels over a
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long period (label retaining) are slow cycling, which is one known characteristic of

epithelial stem cells in vivo.

The labeling index was high initially on the cells cultured over the denuded membrane
which shows that the rate of proliferation was high on the denuded AM when compared
to the intact membrane. But the chasing experiment revealed that the cells cultured over
the intact membrane were able to retain the label till the end of 21% day when compared
to that on the denuded membrane, which was observed only till day 14. (p<0.05). The
high labeling index at 1 day indicated that BrdU was incorporated into the DNA during S
phase in all mitotic cells, including the stem cells and transient amplifying cells. The
decreased labeling index after chasing indicated that the Brdu-labeled transient
amplifying cells (rapid cycling cells) were reduced in number or disappeared, while the
Brdu-labeled stem cells still remained. Some of them had a cell cycle length of at least 21
days. The low labeling index noted after chasing for 7-21 days was indeed the result of

slow cycling cells.

4.5 Conclusion:

Thus Limbal epithelial cultured on the intact AM, the basal layer of the cultured cells on
expresses ABCG2 and there is low expression level of Connexin — 43 and keratin 3 & 12.
The cultured cells were also able to retain the label till 21 days of incubation resembling
the phenotype of stem cell containing human Limbal basal epithelial cells in vivo.
Devitalized amniotic membrane with the epithelium mimics the in vivo stromal niche to

maintain the stem cell characteristics.
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CHAPTER 5 - USE OF NON POLYMERIC SCAFFOLDS IN CULTIVATION OF
LIMBAL STEM CELLS

5.1 Introduction

In the recent years the treatment of severe ocular surface disorder is the transplantation of
the cultured limbal stem cells on the human amniotic membrane (HAM) as the carrier for
the cells. (Tan et al, 2004; Kim et al, 1995; Meller et al, 2002; Ti et al, 2002; Koizumi et
al, 2001, 2000; Ang et al, 2004a; 2004b) Although the results are quite promising, this
new procedure is still facing some challenges. However, the use of biological material is
associated with the risks of disease transmission (e.g., HIV, hepatitis B and C, and
bacterial and fungal infections) In addition; many of the substrates lack the mechanical
properties that allow easy handling and suturing, as well as prolonged endurance after

transplantation.

There are serious issues regarding the procuring and storing HAM. As a natural product
HAM consistency cannot be controlled, and the physical structure of HAM does not
provide significant mechanical strength to act as a suitable base for support of sclera or
cornea and it is not optically clear. To overcome the disadvantages of HAM, it would be
better to use synthetic and optically clear material that will replace HAM. The material
used as an alternative and should be biocompatible and it should be durable, suturable

and gas permeable and allow the free diffusion of glucose, ions and other growth factors.
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In recent years one such functional biomaterial which has drawn attention in the tissue
engineering field is Chitosan CS-based material. (Khor et al, 2003 ;) CS is a deacetylated
derivative of chitin, a high molecular weight, second most abundant natural biopolymer
commonly found in shells of marine crustaceans and cell walls of fungi. CS is a linear
polysaccharide, composed of glucosamine and N-acetyl glucosamine linked in a f (1-4)
manner; the glucosamine/N-acetyl glucosamine ratio being referred as the degree of
deacetylation). It’s chemically similar to cellulose, which is a plant fiber. Like plant fiber,
chitosan accomplishes many of the same properties as fiber. However unlike plant fiber,
it has the activity to significantly bind fat acting like a “fast sponge” in the digestive tract.
It’s also structurally identical to cellulose, but it has acetamide groups (NHCOCH3) at
the c-2 positions Depending on the source and preparation procedure, its molecular
weight may range from 300 to over 1000 KD with a degree of deacetylation from 30% to
95%. , CS is normally insoluble in aqueous solutions above pH 7; however, in dilute
acids (pH<6.0), the protonated free amino groups on glucosamine facilitate solubility of

the molecule. (Dornish et al, 2001; Athanasiou et al, 2001; Madihally et al, 1999 ;)

The cationic nature of CS is primarily responsible for electrostatic interactions with
anionic glycosaminoglycans (GAG), proteoglycans and other negatively charged
molecules. This property is of great interest because a large number of cytokines/growth
factors are linked to GAG (mostly with heparin and heparan sulphate), and a matrix
incorporating a CS—GAG complex may retain and concentrate growth factors secreted by
colonizing cells. (Madihally ef al, 1999) The present study was undertaken to investigate

the Chitosan as a matrix for culturing corneal limbal stem cells and to characterize the
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cells cultured on the matrix and also to study the growth characteristics on the cells

cultured over the chitosan and its derivatives.

5.2 Design of experiments:

5.2.1 Preparation of chitosan matrix:

Prawn shells were collected from local fish market of flesh and washed well with distilled
water. The experimental procedure for isolation of chitin can now be divided in to three
stages.

Deproteinization:

The chitin in the prawn shells is associated with proteins, inorganic materials that are
mainly CaCO; pigments and liquids. The deproteinization was carried out by soaking the
washed prawn shells, which were obtained after cleaning, in 5% NaOH solution and
followed by refluxing for 2 to 3 hours. The NaOH solution was decanted and washed

with distilled water and the pH was brought to 7.

Protein + chitin + NaOH — Amino acid + dipeptide + tripeptide + chitin

Demineralization:
The demineralization was carried out by soaking the shells obtained from
deproteinization step, in 2N HCI for 4 hours. The HCI solution was decanted and washed

with distilled water and the pH was brought to 7.

CaCOs+ HCl — CaCl, + H,O + CO,
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Decolorization:

The exo-skeletons of crustacean contain coloring matter. Principally carotenoid, they do
not appear to be complexes with inorganic materials or protein since treatment, which
remove the carotenoids. Alternatively bleaching it with diluted KMnOy4 or Acetone may
destroy the coloring matter; the pure chitin so obtained is oven dried and crushed to a thin
powder, the structure of chitin is verified by IR-spectra. Figure 5.1 shows the sequential

steps involved in the preparation of the chitosan scaffold.

Preparation of Chitosan from pure Chitin:

The pure chitin obtained was treated with 40 % NaOH and autoclaved at about 180° C for
2 to 3 hours. The contents were routinely checked for their solubility in HCl (0.1N)
solution or acetic acid (0.3N). Once the contents were dissolved in acetic acid or HCI, the
same was removed from the autoclave and washed thoroughly with water to bring pH 7,

and dried well.

Preparation of gold and silver nanocrystals:

All the chemicals were procured from Sigma Aldrich Chloroauric acid (HAuCly), Silver
Sulphate (AgSO4) and Sodium borohydride (NaBHs) were obtained from Aldrich
Chemicals and used as received. In a typical experiment 50 ml of chloroauric acid
(HAuCly) (10'4M) and 50 ml of silver sulphate (AgSQOy) (10'4M) were taken in a beaker
under stirring condition to this solution 0.1M of sodium borohydride was added. The

color of chloroauric acid changes to ruby red color and the color of silver sulphate
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Figure 5.1

Sequential steps involved in the preparation of the chitosan scaffold

This figure shows the sequential step involved in the preparation of chitosan scaffold. A
is the collected prawns washed and B shows the shells after demineralization and
Decolorization. C shows the preparation of chitosan and finally they are molded into

chitosan sheets (D)
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changes to yellow color, this shows the presence of colloidal gold and silver

nanoparticles.

Incorporation of gold and silver nanoparticles in chitosan scaffold

0.1g of chitosan was dissolved in 100ml of 0.3N acetic acid. To this solution 25ml of
gold solution and 25ml of silver were added separately and cast into a film and dried at
RT over night. Thus the gold and silver nanoparticles were incorporated in the chitosan

scaffold.

5.2.2 Characterization of the chitosan scaffold:

Tensile Test:

The tensile tests were carried out using an Instron universal material testing system
(model 5567) at room temperature with gauge length of 10 mm and crosshead speed of 5
mm/min. Property values reported here represent averaged results for at least six

specimens.

Scanning electron microscopy:

The samples in film form were coated with gold ions using an ion cater (Fisons sputter
coater) under the following condition: 0.1 Torr pressure, 20mA current, and 70s coating
time. Surface morphology was studies by scanning electron microscope (SEM model
JSM 5300) Figure 5.2 shows the scanning electron microscopic picture of the chitosan

matrix.
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Figure 5.2

Scanning Electron Microscopic picture of the chitosan sheet

This picture shows the scanning electron picture of the molded chitosan matrix.
There surface is uniform and smooth. Left image magnification S00X and right

image magnification 1000X
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Infrared spectroscopy (FT-IR):

Infrared spectra of the samples were taken in a Nicolet Impact 400 Fourier Transform
Infrared spectrometer, using 500 mg Kbr pellet containing 2 — 6 mg of the sample. The
Chitosan film, were prepared for Fourier transform infrared (FTIR) spectroscopy
measurements by drop-coating films on Si (111) wafers. FTIR measurements were
carried out on a Perkin-Elmer Spectrum One FTIR spectrometer operated at a resolution
of 4 cm™ in the range of 450-4000 cm™. Figure 5.3 shows the FI-TR spectrum of

chitosan.

5.2.3 Cultivation of corneal epithelial cells on the chitosan scaffolds and its
derivatives:

Human corneal limbal tissues:

Human corneal limbal tissues, which did not meet the criteria for clinical use from the
donor aged 8 — 90 years, were obtained from the CU SHAH eye bank, Medical Research
Foundation Sankara Nethralaya. About 2mm? biopsy was taken from the cadaveric
donor eye and stored in the 1ml of the transport medium at 4°C. Human tissue was
handled according to the tenets of Declaration of Helsinki. Cultivation of the limbal
biopsies was done by the explant culture technique as per the procedure mentioned in the
methodology section. The cultures were incubated for 21 days until they reach the

confluence and the medium was changed every 3% day.
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Figure 5.3 IF-TR spectrum of chitosan scaffold
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5.2.4 Morphology and Viability of Cultivated Cells:

Cultures were monitored under an inverted phase-contrast microscope (Nikon, Japan).
The viability of cultivated cells was determined by staining with Trypan Blue (Sigma
Aldrich, USA). The cells were harvested at the end 4™ day, 12" day and 21" day, washed
twice with PBS and to the cell pellet the 0.5% Trypan Blue solution in PBS was added
and incubated at room temperature for ten minutes. About 10 pl of the sample was loaded
on the heamocytometer chamber and number of viable cells and non-viable cells were

counted under the microscope.

5.2.5 Proliferation study by Brdu labelling:

Brdu labeling was done on the cultured cells over chitosan matrix and chitosan matrix
incorporated with the Chitosan with gold and silver nanoparticles. When the outgrowth
reached 5-8 mm in diameter, explant cultures were incubated with a fresh medium
containing 10 uM Brdu for 24 hour. After labeling with BrdU for 24 hr continually, the
cultures were chased for 1-21 days by switching to BrdU free medium. All samples in
triplicate were fixed in cold methanol at 4°C for 10 min and processed for BrdU

immunofluorescent staining according to the procedure given in the methodology section.

5.2.6 Marker study by RT-PCR analysis:
Total RNA was isolated from the cells cultured over the chitosan and derivatives using

Qiagen RNA extraction mini kit according the procedure given in the methodology
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section. First strand cDNA synthesis was done using the Qiagen sensiscript RT kit. Then

amplification was done using the primers mentioned in the Table 2.1 of methodology.

5.2.7 Western Blotting analysis:

Western blot analysis was done to confirm the expression of ABCG2 and p63 at the end
of 3 weeks on the cultured limbal epithelial cells on chitosan and its derivatives. After
21days of incubation the cultured cells over the membrane was scraped gently using cell
scraper and protein extraction was carried out according to the procedure given in the
methodology. Protein concentration was determined by Lowry method. 10 pg of each
sample was used for running the gel. After the gel running and transfer the membranes
were reacted with an anti-p63 (clone 4A4. Santacruz biotechnology dilution 1: 1000) and

anti-ABCG2 (Clone BXP21 Chemicon. dilution 1: 500)

5.3 Results:

Cellular Morphology of the Chitosan and Chitosan Fabricated scaffolds:

Limbal explants started growing on the various scaffold from the explant by the end of
2day and formed a monolayer by the end of the 21st day. Morphology of the cells grown
on the various scaffolds is shown in the Figure 5.4 Outgrowth of the cells was observed
under the inverted phase contrast microscope (Optiphot, Nikon, Japan), picture was
documented using the Nikon cool pix digital camera. All the scaffolds supported the
growth of the corneal limbal epithelial cells with ease and there is no observable
cytotoxic effect on the cells cultured over these scaffold. The rate of growth on chitosan

and chitosan + gold is almost similar with average reaching about 150mm? on chitosan
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Figure 5.4

Growth of the cells on the chitosan matrix

This figure shows the growth of the limbal epithelial cells from the explant at the
end 2 weeks of incubation they have formed a confluent growth and magnification is

under 100X
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and, whereas it is slightly lesser on the chitosan with silver. Figure 5.5 shows rate of
growth of cells in chitosan scaffold and its derivatives. Figure 5.6 shows the H&E

picture of the cells expanded over the chitosan scaffold.

Viability of cells by trypan blue dye exclusion test:

The viability of the cells checked by trypan blue dye exclusion test at the end of 4t day,
12" day and 21* day. All the scaffolds supported the growth of the cells and viability of
the cells was well preserved till 21* day of incubation and results of which is shown in

the Figure 5.7 the percentage of viability ranged from 95 — 60%

Expression of corneal stem cell associated markers and differentiation markers on
the various scaffolds using semiquantitative RT-PCR:

Semiquantitative RT-PCR was performed on the cells harvested from the various
scaffolds at the end of 21% day. There was faint expression of the p63 (proposed
keratinocyte stem cell marker) and ABCG2 (putative stem cell marker) connexin 43 and
K3 / K12 on the cells expanded on the Chitosan, Chitosan-gold, whereas ABCG2
expression was completely absent on the cells expanded on chitosan-silver whereas the
expression of all the other markers was seen on the chitosan silver scaffold. Figure 5.8
shows the expression of the markers on the cells harvested at the end of 2 weeks from the

chitosan matrix and its derivatives.
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Figure 5.5
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This figure shows the rate of the growth of limbal epithelial cells on the chitosan
scaffold. The growth commenced by the end of day 2 and almost reached confluence

by the end of day 21 on the six well tissue culture plate.
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Figure 5.6

H & E shows the growth of the limbal epithelium on the chitosan scaffold

This figure shows the monolayer of limbal epithelial cells grown on the chitosan
matrix at the end of 2 weeks of incubation. The chitosan matrix as such was
removed and frozen section of Sm thickness was taken and stained by Haematoxylin

and Eosin stain (Magnification 100X)
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Figure 5.7
Percentage of viable cells by trypan dye exclusion method on the cells cultured over

the chitosan matrix and its derivatives
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This figure shows the percentage of viable cells present at the end of the 4th, 12th
and 21st day. On day 4 the viability of cells was 100% on the cells cultured over all
the scaffolds. On the 21st day the viability was maximum on the cells cultured over

the chitosan and chitosan +gold.
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Figure 5.8

Electrophoretogram showing the expression of the stem cell associated and
differentiation markers on the cells cultured over the chitosan matrix

c
s & 3 2
2 o £ = =
E £ Z 5 5 B
3 6 = -
K3 145bp

468bp

K12 150bp

ABCG2

Connexin 43 150bp GAPDH

Electrophoretogram shows the expression of the stem cell associated markers (p63
and ABCG2) and connexin 43 and Keratin expression on the cells cultured over the
chitosan scaffold at the end of 2 weeks cells harvested from limbus is used as a
control. GAPDH is used as an internal control. Expression of p63 and ABCG2 was

retained till 21 days on the cells cultured over the chitosan matrix.
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Western blot results:

The expression of p63 and ABCG2 was confirmed by western blot. There was expression
of p63 on the cells harvested from all the three chitosan matrices. ABCG2 expression was
completely absent on the cells harvested from the chitosan + Silver matrix. But there was
a faint expression of the ABCG2 on the cells harvested from the other two matrixes.
Figure 5.9 shows the expression of the markers on the cells harvested from the chitosan

matrices.

Brdu labelling:

Brdu labelling showed that the cells cultured over the chitosan and chitosan with gold
were able to retain the label, whereas on the cells over the chitosan + silver matrix
retaining cells were seen only till the day 14 of chasing. Figure 5.10 shows the Brdu
labelling on the cells cultured over chitosan matrix. The labeling index at the end of 24
hours for the cells cultured over the chitosan is 64.0 + 2.0%, for Chitosan with Au it is
55.0 + 3.5% and chitosan + Ag it is 45 + 2.0% . At the end of 7™ day it was 15+6.0% for
chitosan and 8.0+2.0% on chitosan + Au, 6.842.2% on chitosan +Ag. On 14" day it was
6.0+.28%, 3.0+0.18% and 2.0+0.28% respectively. At the end of 21* day it was
2.3+0.02% on the chitosan and 1.0+0.01% on the chitosan+Au whereas it was completely

absent on the cells cultured over the chitosan + Ag.
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Figure 5.9
Western blot results showing the expression of p63 and ABCG2 on the cells cultured

over the chitosan matrix and its derivatives
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This figure shows the expression of the p63 and ABCG2 on the cells cultured over
the chitosan scaffold at the end of 21 days of incubation. HeLa cells were used for
p63 control and MCF cell line was used for ABCG2 control. P63 and ABCG2

expression was seen on the cells harvested from the chitosan and its derivatives.
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Figure 5.10
Brdu labelling on the cells cultured over the chitosan matrix
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This figure shows the labeling index of the cells cultured over the chitosan matrix

and its derivatives. All the experiments were done in triplicates and Standard mean

+ SD was taken. At the end of 24hours the labeling index of the chitosan is more

when compared to the other two. The cells were able to retain the label on those

cultured over the chitosan and chitosan + Au. Whereas it was less on those cultured

over the chitosan + Au.
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5.4 Discussion:

The main objective of this chapter is to compare the growth characteristics of the cells
cultured over the chitosan matrix and its derivatives. We cultured limbal epithelial cells
from the explants over the chitosan and its derivative (Chitosan +gold, Chitosan +silver).
The cultured cells were looked for the viability, and characterization was done using
molecular markers by semiquantitative RT-PCR, proliferation index was studied by Brdu

labeling. The expression of p63 and ABCG2 markers was confirmed by Western Blot.

Chitosan and its derivatives possess some special properties for use in regenerative
medicine. Several studies have examined the host tissue response to chitosan based
implants. In general, these materials are non-toxic and biodegradable with living tissues,
evoke a minimal foreign body reaction with little or no fibrous encapsulation. Lysozyme
is the primary enzyme responsible for in vivo degradation of chitosan through hydrolysis
of acetylated residues. (Ren et al, 2005) Chitosan have cationic nature that is primarily
responsible for electrostatic interactions with anionic glycosaminoglycans (GAG),
proteoglycans and other negatively charged molecules. This property allows chitosan to
retain and concentrate biomolecules since a large number of cytokines/growth factors are
linked to GAG. (Madihally er al, 1999 ;) Chitosan also have intrinsic antimicrobial
activity against bacteria and fungi. (Hu er al, 2003) The exact mechanism of the
antimicrobial action of chitosan and its derivatives is not fully known, but different
mechanisms have been proposed. Its cationic amino group associates with anions on the
bacterial cell wall, suppressing biosynthesis; moreover, chitosan disrupts the mass

transport across the cell wall accelerating the death of bacteria. (Rabea et al, 2003 ;) This
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chitosan also play a role in inhibiting the fibroblast growth. (Mori et al, 2005) With all
these favorable properties we had used the chitosan and its derivatives for culturing
limbal epithelial stem cells. Zhu et al has already reported the use of chitosan-gelatin

biomatrix for the cultivation of conjunctival epithelial cells. (Zhu et al, 2006)

In our study we have cultured the cells on the chitosan and chitosan + gold and chitosan +
silver. The cells grew well in all the three matrices but the rate of proliferation was more
on the chitosan matrix comparatively. Vialbility of the cells were also measured at the
end of 3 weeks of incubation. The viability of the cells was maintained almost equally in

all the three matrices. The percentage of viability ranged from 95-65%.

The marker study revealed that the cells cultured over the chitosan and chitosan with gold
were able to retain expression of p63 and ABCG2 even after 3 weeks of incubation.
Expression of differentiation marker connexin 43 and K3/K12 was expressed on the cells
over all the three matrices. The expression of the p63 and ABCG2 was confirmed by
western blot, where it showed the faint expression of the protein on the cells cultured
over the chitosan and chitosan with gold, while ABCG2 was completely absent on the
cells cultured over the chitosan + silver. The cells over the chitosan and chitosan with
gold were able to retain the label till 3 weeks of incubation but the cells over the chitosan
with silver were able to retain the label only till 70 day. Thus; we were able to culture the
limbal epithelial cells on the chitosan matrix and its derivatives and cells over the
chitosan matrix and chitosan with gold were able to retain the limbal phenotype cells
even after 3 weeks of incubation. Thus chitosan would be better biomatrix for supporting
the cell growth without any cytotoxic effect and which can also be used for the ocular

surface reconstruction.
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5.5 Conclusion:

Thus the novel properties of chitosan make it one of the most promising biopolymers for
cell therapy, tissue engineering and gene therapy. It is hoped that these diverse
approaches for regenerative medicine will translate from ‘bench to bedside’ in the future.
However, efforts to improve the mechanical properties of chitosan-based composite
biomaterials are essential for this type of application, especially for the ocular surface
reconstruction. Further issues on the transparency and tensile strength have to be studied

in detail before we go in for the clinical application.
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CHAPTER 6 - USE THERMOREVERSIBLE GELATION POLYMER IN
CULTIVATION OF CORNEAL STEM CELL

6.1 Introduction:

Ocular surface diseases, such as Stevens-Johnson syndrome, chemical and thermal burns,
and inflammatory lesions like bacterial, fungal and parasitic infections, allergies, dry eye,
keratoconus etc., result in damage to the corneal, limbal, and conjunctival epithelia, often
resulting in significant visual morbidity. Cultivated limbal stem cell transplantation has
been used in the treatment of limbal stem cell deficiency. (Koizumi et al, 2001; Tsai et al,
2000; Schwab et al, 2000) The substrates that have been used for the development of
ocular surface tissue-equivalents include human amniotic membrane (HAM), collagen gel
and fibrin glue, of which HAM is currently the most commonly used substrate for ocular
surface transplantation. (Koizumi et al, 2001; Tsai et al, 2000, 1988, 1994; Schwab et al,

2000; Ang et al, 2005; Tan et al, 2004; Pellegrini et al, 1997; )

However, the use of allogeneic biological material is associated with the risks of disease
transmission (e.g., HIV, hepatitis B and C, and bacterial and fungal infections) and there
are reports showing the persistence of the human amniotic membrane after the

transplantation. (Connon et al, 2006)

In addition, many of the substrates lack the mechanical properties that allow easy
handling and suturing, as well as prolonged endurance after transplantation. As such,
there is a perceived need to develop new methods of ocular surface epithelial cell

replacement.
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The use of biosynthetic materials as stromal substitutes to support epithelial cell growth
would overcome some of the problems related to the use of allogeneic tissue and
biological substrates. These materials may be custom fabricated to suit each condition
and could provide a ready supply of material for clinical use and avoid the shortcomings,
such as poor mechanical strength and risk of immunologic rejection. In this context
developing synthetic polymers, which are non-toxic and biodegradable with adequate

tensile strength is important.

Mebiol Gel is a copolymer composed of the thermo responsive polymer block [poly (N-
isopropylacrylamide-co-n-butyl methacrylate) (poly NIPAAm-co-BMA)] and the
hydrophilic polymer block [polyethylene glycol (PEG)]. This polymer block is
hydrophilic at temperatures below 20°C and hydrophobic at temperatures above 20°C
forming cross-linking points and homogenous three-dimensional (3-D) network of
Mebiol Gel in water. Figure 6.1 Shows the transition state of the mebiol gel at the low

and high temperatures.

Cells or tissues can be embedded in a liquid Mebiol Gel solution at lower than 20°C and
cultured three-dimensionally in a hydrogel state at 37°C. The sol-gel transition
temperature can be controlled by chemical composition of Thermo Reversible Gelation
polymer (TGP). (Yoshioka 1999b, 2003 ;) The present study was undertaken to
investigate the growth characteristics and the phenotype of the human cadaveric limbal

explants embedded in Mebiol Gel.
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Figure 6.1
(Adapted from the www.mebiol.co.jp )
Mebiol gel transition state
Sol at low temperature Gel at high temperature

Sol-Gel
transition

HHH &

Thermoresponsive Polymer Block
~w Hydrophilic Polymer Block
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Finally, we investigated reconstruction of the rabbit corneal ocular surface with rabbit
limbal cells cultured on Mebiol gel. This model provides a novel ability to determine the

source of cells repopulating the reconstructed epithelium.

6.2 Materials and Methods

6.2.1 Collection of Human limbal tissues

Twenty-four human limbal biopsies of approximately 2-mm’ sizes were obtained from
the superior and the inferior portion of the limbus from the human donor eyes using
sterile Bard-Parker blade within 3-6 hours of death from the C.U Shah eye bank of
Sankara Nethralaya, Chennai, India. Each human limbal biopsy was placed in one mL of
tissue culture (TC) medium of DMEM containing 3% FCS and antibiotics (penicillin,
gentamicin and amphotericin B) and transported to cell biology laboratory immediately.

All the tissue samples were handled according to the declaration of Helsinki.

6.2.2 Preparation of Mebiol Gel-tissue culture growth medium mixture

Mebiol gel provided in 10 mL amount as lyophilized and sterilized form in a flask was
purchased from Mebiol Inc. (Tokyo, Japan, through Nichi-In Bio Sciences Pvt. Litd,
Chennai, India). The gel in the flask was dissolved in 10ml of 2X strength of TC growth
medium of DMEM + Ham F-12 containing 10% FCS at pH 7.0 and placed in a
refrigerator at 4°C — 8°C overnight, yielding a viscous transparent Mebiol Gel-TC growth
medium mixture (gel-TC medium mixture) (Figure 6.2) of uniform liquid without any air

bubbles for use in the experiments.
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Figure 6.2

4

4

The figure shows the lyophilized powder becomes gel on incubation at 4°C with the
tissue culture growth medium after 48 hours.
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6.2.3 Cultivation of Corneal limbal tissue embedded within the Mebiol Gel:

Limbal biopsy was washed thrice using TC growth medium and the limbal epithelium
was carefully dissected from the underlying stroma, cut into 0.5- to 1-mm pieces, and
cultivated as explants within the Mebiol gel. A drop of the liquefied (4 - 8°C) gel-TC
medium mixture was placed in the center of the 24-well TC plate and solidified at 37°C
for about 20 — 30 minutes. The explant piece of tissue was placed on the surface of the
solid gel and another cold liquefied drop of the gel-Tissue culture medium mixture was
added to cover the gel with the tissue bit inside. Figure 6.3 shows the sequential steps
involved in the cultivation of limbal biopsy within the mebiol gel. The tissue culture
plates were incubated in 10% CO, atmosphere at 37°C. The growth pattern of limbal
explants within the gel was observed and documented under the phase contrast

microscope.

6.2.4 Evaluation of Morphology and Viability of Cultivated Cells:

Cultures were monitored under an inverted phase-contrast microscope (Nikon, Japan).
The viability of cultivated cells was determined by staining with Trypan Blue (Hi Media,
India). The cells were harvested and washed twice with PBS and to the cell pellet the
0.5% Trypan Blue solution in PBS was added and incubated at room temperature. About
10ul of the sample was loaded on the heamocytometer chamber and number of viable

cells and non-viable cells were counted.
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Figure 6.3

Sequential steps involved in the cultivation of corneal limbal biopsy in Mebiol gel

. &=
- N - I l

o e S e e o kf)
This picture shows the sequential steps involved in the cultivation of limbal biopsy
in mebiol gel. About 2mm* biopsy was taken from the limbal region and washed
thrice and removed of from excessive sclera, cut into multiple bits and placed within

the mebiol gel.
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6.2.5 Evaluation of Proliferative Capacity of Cultivated Cells:

The proliferative capacity of cultivated cells was evaluated by using the following

method.

H thymidine assay.

Growth rate of human corneal limbal tissue (HCLT) cells within Mebiol Gel was
determined by the rate of uptake of *H thymidine by growing cells as described by (Mc
Ateer et al, 2002;) and modified according to Beckmann instruction manual along with
control wells with and without gel. (Beckmann Instruction LS 6500 scintillation system

operating manual, Beckmann Instruments Inc, U.S.A)

The HCLT biopsy bits were placed over the 12-well tissue culture plate. One pCi of *H
thymidine was incorporated into each well. Fifty pul of medium from each well was
sampled every day for ten days and relative consumption percentage was measured and
calculated using the disintegrations per minute of test and reference standard using LSS
(Beckmann Instruments Inc, LS6500, CA, USA) scintillation counter. Reduction of ‘H
thymidine indicated its incorporation by multiplying cells for DNA synthesis. The
cultivated HCLTs along with the outgrowth of cells were harvested by liquefying Mebiol
Gel by placing the 12-well TC plates in the refrigerator for two hours to release tissue and
cells. Their viable count was done by trypan blue dye exclusion test. (Schmidt et al,

1988).
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6.2.6 Characterization of cultured cells using immunohistochemistry and RT-PCR
Immunohistochemistry and Immunofluorescence

The cultured cells were washed in cold phosphate buffered saline at pH 7.0, cytospinned
(Cytospin 2, Shandon, UK) on the microscopic slides and stained for the various stem
cell association markers using monoclonal antibodies against p63 (clone 4A4), ABCG2
and differentiation markers Connexin 43 and Integrin B1 (Santa Cruz Biologicals, Santa

Cruz, CA, USA) by Immunoperoxidase and immunofluorescent methods.

Immunoperoxidase staining was performed on cytospinned smear preparation. The
smears were fixed in methanol and then dried and treated with primary antibody for 2
hours at room temperature, further washed with Tris HCI buffer at pH 8.0 and then was
incubated for one hour with horseradish peroxidase conjugated Anti Mouse Secondary
antibody at 1:100 dilution. Substrate Diamino Benzidine (1:100) (DAKO cytomation
corp, Glostrup, Denmark) was added and incubated for 5 minutes washed and counter

stained with Harris Haematoxylin for 30 seconds.

Immunofluorescence staining was performed on smears fixed in cold acetone. Staining
was done with primary antibodies at 1:50 dilution with 1 hour incubation and after
washing with PBS-Tween 20 (PBST) was treated with anti mouse conjugated with FITC
(DAKOcytomation corp, Glostrup, Denmark) at 1:5 dilutions for an hour and
counterstained with 0.5% Evans blue. The slides were mounted with glycerol and

observed under the fluorescent microscope (Optiphot, Nikon, Japan).
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RT-PCR:

Total RNA was isolated from tissue and cells on days 2, 4, 6, 8 and 10 of incubation to
determine the pattern of expression of different presumed corneal limbal stem cell
association markers and cornea differentiation markers on the cultured cells by RT-PCR.
Cells were collected, treated with Tri-Reagent (Sigma Aldrich St Louis, USA) according
to the manufacturer’s recommended protocol and total RNA was extracted and stored at -
80°C until use. Reverse Transcription was performed using sensiscript reverse
transcripatase (Qiagen), which is a recombinant heterodimeric enzyme. PCR
amplification of the first — strand cDNAs were performed using specific primer pairs,
designed from published human gene sequences along with house keeping gene,
glyceraldehyde-3 phosphate dehydrogenase (GAPDH) as internal control, expression of
following markers viz. ANp63, ABCG2, Integrin a9 Connexin 43, K3 and K12 were
performed on the cultured cells (Table 3.1) in the Eppendorf PCR systems. PCR products
were fractionated by electrophoresis using 2% agarose gel containing 0.5% Ethidium
bromide with molecular marker Hinf I & digest to confirm the size of the resultant

product.
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6. 3 Animal model of limbal stem cell deficiency:

6.3.1 Selection of animals for the study:

The entire animal investigation was approved and supervised by the Society for
prevention of cruelty to animals. (SPCA) All experiments satisfied the ARVO
recommendations for the humane treatment of animals. Fourteen Newzeland white male
rabbits weighing 2 — 2.5 kg were used for the study. The study protocol was done

according to the schedule given in the Table 6.1 below.

All animals were handled according to the SPCA guidelines and an alphabet was
assigned each animal, the alphabet was marked on the left ear with the permanent marker.
The animals were anaesthetized 20mins before the surgical procedure and they were

restrained and taken to theater where the further experimental procedures are carried out.
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Table: 6.1
Experimental schedule
Day Gr.1 Gr.2 Gr.3 Gr4
Stage Procedure
Count | (A,B,0O)* | (D,E,F) | (G,H,]) | J,K,L)
Stage:1 Deficiency Creation 1 1 4 8 11
Stage:2 | Imp. Cyt for Conjtvzn. 11 11 22 25 29
Stage: 3 Limb. Culture Start 1 1 5 8 11
Stage:4 Limb. Culture harvest 22 22 25 29 32
Stage:5 Transplant 22 22 25 29 33
Stage:6 1 week follow up 29 29 32 36 39
Stage:7 3 week follow up 43 43 46 50 53
Stage:8 6 week follow up 64 64 67 71 74
Stage:9 12 week follow up 99 99 102 113 116
Stage:10 24 week follow up 176 176 186 197 200
Biopsy/PK
Stage:11 pey
(182 days after Tx)
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6.3.2 Creation of total Limbal stem Cell Deficiency:

Total limbal stem cell deficiency was created by the following method. The animal were
anesthetized by giving systemic injection of Ketamine Xylazine at the dose of 35 —
50mg/Kg of body weight 20 mins prior to the experimental procedure, If the redosing is
required only ketamine is administered. The corneal epithelium was removed by the
topical application of n —heptanol and by the mechanical debridement, followed by the
360°C surgical removal of a lamellar limbal ring (1.5mm segment on either side of

anatomic junction of cornea and conjunctiva)

Postoperatively the rabbits received Ciplox eye ointment and Ciplox eye drops. They
were followed up at the first postoperative day and weekly there after till the clinical

signs of total LSCD (conjunctivalization, neovascularisation, haze etc) were evident.

Impression cytology was done by placing cellulose acetate paper onto the cornea at the
end 2" week and sampling was done in all the four quadrants of the eye to establish the
total Limbal stem cell deficiency (LSCD). The paper was fixed in 95% alcohol and
stained by modified PAS staining according to the protocol mentioned in the
methodology section. The grading was done mainly on the presence conjunctival goblet

cell.
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6.3.3 Biopsy collection and cultivation:

Limbal biopsy was done on the right eye of the rabbits before making it limbal deficient.
After anesthetizing the animal and sterilizing the eye with povidone iodine, 2x2mm’
limbal tissue containing the limbal epithelial cells and part of the corneal stroma will be
separated from the limbal margin and excised from corneal stroma by lamellar
keratectomy. The tissue will then be placed in a vial containing Dulbecco’s Minimum
Essential Medium (DMEM) containing suitable penicillin, streptomycin and

amphotericin.

Corneal limbal biopsy of 2mm’ was collected in the transport medium with suitable
antibiotics. The tissue bit will be cut in multiple bits of 0.5 — 1.0 mm>. A drop of the
Mebiol gel TC medium mixture (4 - 8°C) was placed in the center of the 6 well TC Plate
and so liquefied at 37°C before placing the tissue. The cut tissue bit will be placed on the
solid gel and drop of the gel — Medium mixture was added to cover the tissue bit. Thus
the tissue bit was embedded in the Mebiol gel. The growth of cells from the tissue bit was
observed everyday under the phase contrast microscope. Figure 6.4a shows the
sequential procedure involved in the cultivation of the rabbit limbal tissue within the

Mebiol gel.

6.3.4 Harvesting of cultured cells for transplantation:
Once the cells reach confluence the gel the culture plate with the cells were incubated at
4°C for half an hour. The cells with the gel were collected in sterile vial and transported

in the isotherm cooler racks. (BD Biosciences)
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Figure 6.4a
Sequential steps followed for the expansion and transplantation of limbal epithelial

cells in Mebiol gel

Clinical Application

Limbal deficiency creation and collection of limbal biopsy

-

Culturing the limbal biopsies within the Mebiol gel

)

Twenty one-day old culture
Cells washed and collected in the vial

-

Application of the washed cells using pipette on to
the diseased corneal surface with corneal limbal cells
deficient eye
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Figure 6.4b
Transplantation procedure of the cultivated limbal epithelial cells onto the rabbit

Cornea

Corneal Limbal Stem Cell (CLSC) Transplantation: Step:1

I

‘ Application of the CLSC grown in Mebiol Gel (with the Gel) '

Corneal limbal stem cell (CLSC) transplantation: Step: 2

Bandage
Contact Lens

CLSCs with
Mebiol Gel
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6.3.5 Transplant procedure:

Two weeks after the initial removal of the limbal epithelial stem cells and unilateral
ocular surface injury, a second procedure was performed on these 14 rabbits. The animals
were successfully anesthetized according to the ARVO recommendations for the ethical
treatment of animals using ketamine, xylazine, and buprenorplline. Once successful

anesthesia had been obtained, all rabbits were examined.

A 360 degrees conjunctival peritomy followed by removal of fibrovascular pannus will
be done initially. The free end of conjunctiva will be anchored to the episclera 3-4mm
away from the limbus using 7.0 vicryl sutures. This will be followed by transplant of
cultured cells on to the ocular surface by one of the two methods below. A drop of
Mebiol gel containing the cultured LSC was placed on the surface of cornea using
Pasteur pipette and it was allowed to spread over the entire corneal surface by gravity. A
bandage contact lens was then placed over the cornea for 3 months. Two rabbits were
used as control. During transplantation only the gel was transplanted without the cells.

Figure 6.4b shows the transplantation procedure of the cultivated cells

6.3.6 Postoperative follow-up:
Postoperatively the rabbits received topical antibiotics for a week and topical steroids for
3 months (prednisolone acetate 1%, 4 times daily for one month and then tapered over

two months).

The rabbits were examined on slit lamp the first postoperative day, at 1 week, 1 month

and monthly thereafter to document epithelization. Slit lamp examination, fluorescein
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staining, impression cytology as mentioned in the methodology section and photography

was performed at each visit.

6.3.7 Outcome measures:
Outcome will be defined as successful if the cornea regains smoothness, avascularity and
clarity. Partial success is the return of vascularized irregular corneal surface in two or less

quadrants. More than two quadrants of vascularization will be taken as failure

6.3.8 Marker study:

After transplantation follow up was carried out the end of the 1* week, 3" week 6"
week, 12" week and 24™ week and the follow up was done till 9" month. Impression
cytology was done on the At the end 9 months the animals were sacrificed and the
eyeballs were enucleated and it was immediately snap frozen, after half an hour the
eyeballs were cut into two equal halves and one half was processed for the histopathology
and embedded in paraffin wax other half was used for the molecular work, total RNA
was extracted from the limbus portion and the central corneal portion, cDNA was
converted using sensiscript reverse transcriptase and amplification for the p63, ABCG2

and connexin -43 and Keratin was carried out using the specific primer sequence.
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6.4 Results:

Morphology and Viability of Cultivated Cells:

The growth of cells from the limbal biopsy tissue embedded within the Mebiol gel
commenced on day 4. The cells further multiplied with outgrowth migrating out of the
margin of Mebiol gel forming monolayer outside the gel margin. (Fig 6.5) Viable count,
as estimated by trypan blue exclusion test, ranged from 95 to 98 % with approximate

yield of 4X10* cells per mm® of liquefied gel.

Proliferation Assay:

Thymidine incorporation studies:

Thymidine incorporation studies show that there was rapid incorporation of thymidine in
limbal explants embedded within the Mebiol gel. Rapid 3H thymidine incorporation
occurred from day-1 by cells in Mebiol Gel and control cells did so only on the initial
day. Figure 6.6 shows the results of 3H thymidine incorporation studies performed on

one of the limbal explants cultivated in Mebiol Gel for 10 days.

Immunohistochemistry and Immunofluorescence:

The cultured limbal epithelial cells demonstrated a positive immunoreactivity for
antibodies for presumed limbal stem cell associated markers: ABCG2 and p63 and
cornea differentiation markers Connexin 43 and Integrin a9 by both immunoperoxidase
and immunofluorescence methods. (Figure 6.7 and 6.8) The table 6.2 summarizes the

results of the marker study on the cells cultured within the mebiol gel.
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Figure 6.5

Day 3 100 X Day 5

of Gel margin
4 :_1-‘ E % h.l . :

Figs. A, B, C & D show the sequential three dimensional (3-D) increase in size of
HCLT biopsy tissue embedded within the Mebiol Gel. Fig A shows the growth as on
day 3 with 3-D increase in size of the tissue & cells proliferation as seen in Fig. B.
The Fig. C shows the migration of proliferating cells breaking through the margin
of Mebiol Gel on day 10. Fig. D shows the proliferating cells outside Mebiol Gel
margin forming a monolayer on day 11. Photomicrography of all figures done at

Mag. 100X
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Figure 6.6
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Figure 6.7:

Immunofluorescence staining

Connexin-43

This picture shows the expression of the p63, ABCG2 ( stem cell associated marker)
and connexin 43 and integrin. Green fluorescence shows the positive expression by

immunofluorescence method.
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Figure 6.8

Immunocytochemistry

This picture shows the immunocytochemistry on the cytospinned smear preparation
of the cells harvested from the gel. The cells harvested were washed and cytospinned
at 1000rpm for 5 minutes, and stained with the specific antibodies. Positive cells are

shown with yellow arrow marked.
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RT-PCR Results of the various stem cells associated and differentiation markers on

the limbal explants cultured within the Mebiol Gel

Results of RT-PCR on the RNA extracted from the HCLT cultivated cells harvested from
the Mebiol on days 4th, 8th, 12th, 16th and 20th days of incubation are shown in Figure

6.9

Table: 6.2. Shows the results of the immunomarker studies of each of the human

corneal limbal explants cultivated within Thermoreversible polymer

S.No. Marker study Day of Harvesting
P-63 ABCG-2 Connexin-43 Integrin 09
1 + + + + 13®
2 - + + - 12
3 + + - - 10"
4- Cultivated tissues & cells were lost during processing 10"
5" + |+ ‘ + ‘ + 10"
6 + | + ‘ + ‘ + 1"
7 + + + + 12t
8 + + - + 10"
9 + + - - 1"
10 + - - - 12"
11 + | + - - e
12 + + + + 13®
13 + + + - 13"
14 + + - - 13"
15 + + - - 10"
16 + | + ‘ - ‘ + e
17 + | + ‘ - ‘ - 1"
18 + + - + 12h
19 + + + + "
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20 + + + + 10"
21 + + + + 10"
22 + + - - 100

- Immunofluorescence staining was performed
Tritiated thymidine uptake study was performed
+ Positive expression of the marker

- Negative for the marker

p63

P63, a transcription factor, has a role in morphogenesis of cells and is expressed in the
nuclei of keratinocytes with proliferative potential and as keratinocyte stem cell marker
of corneal epithelium and epidermis on the basis that it preferentially stained cells with
greatest clonogenic capacity was shown to be marker of transient amplifying progenitor

cells. Cells harvested from all the days expressed P63 and ABCG?2 on all days.

ABCG2

ABCG?2 (ATP-binding cassette super family G member 2), found in a variety of stem
cells, is expressed on the plasma membrane with a functional role in developmental stem
cell biology. Ocular surface epithelia contain ABCG2 dependent side population cells
exhibiting features associated with stem cells representing putative corneal epithelial
stem cells. (Budak et al, 2005; Chen et al, 2004) Expression of ABCG2 by
immunophenotyping and RT-PCR on days all days shows that proliferating pluripotent

stem cells in the cells cultivated within Mebiol Gel.
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Figure 6.9:

Electrophoretogram showing the expression of molecular markers
of the cells grown within the Mebiol gel

1 2 3 4 5 6 7 8 9 10 1 12

P-63
440bp

ABCG2

K-3

Connexind3

Integrinp1

K-12

GAPDH
Glyceraldehye -3 phoshphate dehydrognase

This figure shows the results of reverse transcriptase polymerase chain reaction
(RT-PCR) for m-RNA expression of ANp63, ABCG2, and Integrin 1 Connexin43,
K3 and K12 markers on the cells grown within the Mebiol gel. Tissues along with
cells cultivated were harvested on days 4“‘, 8“‘, 12”', 16™ and 20™. Lane 1 is the
Negative control and Lanes 2 — 6 is the m-RNA expression of the cells harvested on
days 4™, 8" 12" 16™ and 20™ days respectively. Lane 7 is the Molecular weight
marker ¢ X Hinf I Digest, Lanes 8 — 12 are controls viz. DNA controls. P-63 and
ABCG?2 expression was seen on all days. Connexin 43 expression was seen from day
8 and K3 and Integrin B 1 expression from 12" — 20™ day. K12 expression was

absent.
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Connexin 43:

Connexin 43, belonging to the family of 21 transmembrane proteins, is widely expressed
in all layers of the corneal epithelium with the exception of the most superficial cells.
This was not found on the expanded limbal epithelial cells on amniotic membrane.
(Meller et al, 2002) Expression of this marker from 8" day on the cells cultivated within

Mebiol Gel indicating multiplication of transient amplifying cells.

Integrin alpha 9

Expression of integrin [alpha] o9 in cornea, limbus and limbal explant cultured on
amniotic membrane showing its role in cell binding to laminin-1/5 of basement
membrane. (Meller et al, 2002 ;) These integrins mediate adhesion of basal cells to the
underlying basement membrane play a role in lateral cell migration and stratification to
regulate onset of terminal differentiation. (Jones et al, 1993 ;) Keratinocytes possessing
highest proliferative potential (stem cells) are distinguished from other proliferative cells
(transient amplifying cells) because of higher expression levels of alpha 9 integrins,
which are putative stem cell markers for epidermal keratinocytes. In our study, Integrin
B1 . positivity in cells cultured in Mebiol gel demonstrated multiplying transient
amplifying cells further confirmed by results of RT-PCR experiments. Integrin o9

expression was seen from the 12" day.

A Study on Corneal Limbal Stem Cells 156



Chapter 6: Use of Thermoreversible gelation polymer in cultivation of corneal stem cells

Keratins K3 & K12:
K3 and K12 are cornea specific keratins expressed by the mature corneal epithelium.
RT-PCR results show the expression of the K3 from the 12" day. Whereas K12

expression was absent.

Results of the rabbit model experiment:

We were able to grow the rabbit corneal epithelium in the Mebiol gel. The cells were
cultured within the Mebiol gel for two weeks. After two weeks all the rabbits underwent
similar surgery with the removal of the limbal tissues and application of ethanol as
mentioned above. Clinically 12 rabbits had similar injuries, with evidence of moderate to
severe damage to the ocular surface of the right eye, including superficial and deep
neovascularisation and an irregular but intact epithelium with subepithelial haze. Based
on the criteria as mentioned below the success rates was graded as mentioned in the

Table. 6.3

Figure- 6.10a, b and ¢ shows the results of one of the rabbits which gave total success.
Figure 6.11 shows the overall results of the rabbit model experiment. Table 6.4 shows
the complete results of the rabbit model experiment after the clinical and

histopathological evaluation
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Figure 6.10 a

1 month

This figure shows the pre transplant and the post transplant picture of the Rabbit J

Severe vascularization was seen in both pre and post transplant pictures.
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Figure 6.10b

This figure shows the post transplantation picture at the end of 1, 2, 3 and 6 months.

There is a gradual increase in the clarity; The vascularization has reduced. The

cornea looks clear and smooth at the end of 6 months.
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Figure 6.10c

This figure shows the follow up of the rabbit J at the end of 9months. The
vascularization has completely regressed and the corneal surface is totally clear and
smooth. The figure B is negative fluorescein stain of the cornea, which shows that
there is no epithelial defect of the cornea. Figure C is the impression cytology done
at the end of nice months. Impression cytology shows no goblet cells and sheets of
epithelial cells are seen. Figure D shows the histology of the sections made from the
rabbit eye at the end of 9 months. The section shows 3 — 4 layered epithelium and

there are no blood vessels and the epithelial cells looks healthy.
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Figure 6.11:

This figure shows the picture of the failure case (score, <5) in 3 (25%). At the end of
9months there is no regression of the conjunctivalization and picture in the right
shows the histology of the same rabbit, where there are numerous goblet cells seen

in between.
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Figure 6.12:

This figure shows the electrophoretogram of the markers done on the cells
harvested from the rabbits at 9 months. The transplanted eye and the other normal
contralateral eye showed similar pattern of expression of all the markers. Lane Nc is
the negative control. Lane A-D on the transplanted eye and lane A-D on the
contralateral eye showed the expression. Lane MW is the molecular weight marker

(HinfI ¢ X digest)
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Table 6.3

The following are the criteria used for the evaluation.

Evaluation of vascularization Score

A No vascularization beyond 3 mm in any area 4
B Neovascularisation of 4mm or more in < 3 clock hours 3
C Neovascularisation of 4mm or more in > 3 clock hours

to < 6 clock hours 2
D Neovascularisation of 4mm or more in > 6 clock hours

to < 9 clock hours 1
E Neovascularisation of 4mm or more in > 9 clock hours 0

Evaluation of corneal haze score

1 No haze: clear cornea, iris details seen clearly 2
2 Mild haze: visible but iris details visible 1
3 Severe haze: iris details obscured 0

A Study on Corneal Limbal Stem Cells 163



Chapter 6: Use of Thermoreversible gelation polymer in cultivation of corneal stem cells

Evaluation of fluorescein staining score
I Negative 1
I Positive 0

Grading scale for corneal epithelial architecture

based on hematoxylin and eosin stain seen with

histologic examination score
1 Nearly normal with few, if any, goblet cells; basal cells
with maturation seen 3

II Goblet cells (< 10%); abnormal epithelium but basal cells

with some maturation seen 2
111 Goblet cells (> 25%); abnormal epithelium cells with

flattened cells; some layering of epithelial cells; some

normal appearing basal cells 1
v Disorganized epithelium with flattened abnormal appearing

cells; minimal, if any maturation or layering 0

Maximum score that can be given is 10.

Success - 8 or more

Partial success — 6,7

Failure - 0Oto5
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Table 6.4

Results after clinical and histopathological evaluation:

Rabbit Fluorescent | Vascularisation | Corneal Histopathology | Results
stain haze
1 1 4 2 3 S
2 1 4 2 3 S
3 1 2 1 3 PS
4 1 4 1 3 S
5 1 4 0 3 S
6 1 0 0 2 F
7 1 0 0 1 F
8 1 3 2 3 S
9 1 2 2 2 PS
10 1 4 2 3 S
11 1 4 2 3 S
12 1 2 1 1 F
Success - S -7
Partial Success — PS -2
Failure-F -3
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Evaluation of the molecular markers on the RNA extracted from the limbal region
and central cornea after the enucleation:

From the extracted RNA expression of ANp63, ABCG2, Connexin 43, and Keratin3 &12
was examined. The RNA extracted from the limbus shows the expression of all the
markers, whereas the central cornea expresses only p63, connexin 43, and Keratin 3 and
12 but there is complete absence of the ABCG2 marker. In control rabbits, where only
gel was transplanted without the cells, expression of ANp63 and ABCG2 was negative

whereas there was faint expression of connexin43 and keratin 3 and 12.

6.5 Discussion:

The objective of our study was to observe the following: 1) whether the polymer Mebiol
gel supported the growth of the cells from the limbal explants,2) whether the cultured
cells were able to multiply, were viable and 3) most importantly, whether the cultured

cells were able to retain the limbal phenotype and to show cornea-specific differentiation.

We observed that the Mebiol gel facilitates the growth of cells from the limbal explants.
This was also supported by the 3H-thymidine incorporation studies. The cultured cells
were shown to be viable by the trypan blue exclusion test. The results from the
immunochemistry and the RT-PCR studies established that the cultured cells were limbal

phenotype.

The cells cultured in Mebiol gel, were positive for presumed limbal stem cell association

markers ABCG2, and p63 cells from the day 4. ABCG2, found in a variety of stem cells,
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is expressed on the plasma membrane with a functional role in developmental stem cell
biology. Ocular surface epithelia contain ABCG2 dependent side population cells
exhibiting features associated with stem cells representing putative corneal epithelial

stem cells. (Budak et al, 2005; Chen et al, 2004 ;)

Transcription factor p63 initially was considered as a new marker for limbal stem cells.
p63 is expressed in committed progenitor cells of both corneal and conjunctival
epithelium as well as in basal/parabasal cells in other squamous epithelial tissues (Meller
et al, 2002 ;) Using the monoclonal antibody clone 4A4, which reacts with all p63
isoforms, our immunocytochemical investigation showed p63 staining on cells harvested
on all the days. Since p63 was expressed on the cells harvested initially and on day 20, it
suggests that p63 may represent both presumed limbal stem cells and corneal epithelial
cells in a proliferative state, such as transient amplifying cells (TAC) (Budak et al, 2005;

Koizumi et al, 2001;)

The differentiation markers connexin 43, belonging to the family of 21 transmembrane
proteins, is widely expressed in all layers of the corneal epithelium with the exception of
the most superficial cells. This was not found on the expanded limbal epithelial cells on

amniotic membrane. (Meller et al, 2002 ;)

Integrin 09, a marker for transient amplifying cells and K3 corneal phenotype markers
were positive from day 12. K3 and K12 are specifically expressed in corneal epithelial

cells and are regarded as markers of corneal epithelial differentiation. The appearance of
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the K3/K12 keratin pair during migration from the limbal to the corneal stroma has been

interpreted as differentiation of SC into TAC. (Grueterich et al, 2003 ;)

Thus, our study demonstrated that Mebiol gel supported the growth of cultured cells from
limbal explants. Since we were able to observe the expression of presumed limbal stem
cell association markers in limbal explants cultured in Mebiol gel, there was no need for

using 3T3 feeder layer when culturing cells for human clinical use.

Mebiol gel has been used as wound dressing, microcapsule for islets, (Shimizu et al,
1996 ;) electrophoretic gels for DNA separation, (Tsukikawa et al, 2003) and three
dimensional culture matrix for various cells (Hishikawa et al, 2004;) Cancer cells rapidly
grew in Mebiol gel while fibroblasts did not grow (Madhavan et al, 2004 ;) Our earlier
investigations on cultivation of standard animal cell cultures embedded in Mebiol gel
indicated their rapid multiplication with formation of monolayers without signs of

cytotoxicity.

In summary, we demonstrated the use of a synthetic polymer for the growth of corneal
limbal epithelial cells. The Mebiol gel supported the proliferation of epithelial cells in
culture and the cells were viable. The cells expressed presumed limbal stem cell
association markers and cornea phenotype suggesting that Mebiol gel retains a mixed
population both corneal stem cells and differentiated cells. The use of biosynthetic,
biocompatible membranes offers several advantages in terms of eliminating the risk of

disease transmission, reducing the inconsistency in tissue composition associated with
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biological substrates, being able to be custom fabricated to suit specific requirements, and

possibly providing a readily available alternative tissue source for clinical use.

The Mebiol gel is also far more transparent than HAM. This promising material may
have the potential to be used in tissue engineering ocular surface equivalents in the
future. These findings have important clinical implications and are an important step
toward the development of a safe and effective bioengineered tissue equivalent for

clinical use.

Animal model experiment gave the promising result. Using the Mebiol gel we were able
to successfully reconstruct the damaged corneal epithelium. Out of the 12 rabbits 7 had
successful epithelization and was complete success and 2 had the partial success. Only 3
had failure results. The method used for the reconstruction is sutureless technique. Thus

transplantation of cultured cells becomes very easy by this carrier free method.

12 rabbits were rendered limbal deficient surgically after a limbal biopsy was taken to
grow the limbal epithelial cells. The limbal stem cells were then cultured in a TGP
(Mebiol Gel). 3 weeks later, transplantation was done on the rabbits after removal of the

corneal pannus. The rabbits were evaluated at Imonth, 3 months, & 6 months.
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Outcome measures (modified from Schwab et al, were

. Vascularisation of cornea >4mm from the limbus
. Corneal haze

. Fluorescein staining

. Histopathology

Based on these outcome measures a comprehensive scoring system was devised.

At last follow up we had 58% success and 17% partial success. 25% of rabbits failed.
Histopathologically there was evidence of three to four layer epithelium formations with
basement membrane. Immunomarker study documented presence of p63 and the
ABCG?2 marker stem cell associated marker on the cells harvested from the limbal
region. Cornea specific markers K3/K12, Connexin 43 on the cells harvested on the

central portion of the cornea.

The results of this rabbit model suggest that autologous corneal limbal epithelial cells
grown in TGP (Mebiol Gel) may restore a nearly normal ocular epithelial surface in eyes

with unilateral LSCD.

Conclusion:

Limbal epithelial cells grow with ease in the thermoreversible gelation polymer. The
cultured cells were able to retain the limbal phenotype. The results of the rabbit model
suggest that autologous limbal epithelial cells grown in thermo-reversible gel polymer

may restore a nearly normal ocular epithelial surface in eyes with unilateral LSCD.
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CHAPTER 7 - EFFECT OF 3T3 IN CULTURING OF CORNEAL LIMBA
STEM CELLS

7.1 Introduction:

Ex vivo expansion of the limbal epithelium using amniotic membrane (AM) as a
biological substrate is a well known technique for ocular surface reconstruction in
patients with partial or total limbal stem cell deficiency. (Tsai et al, 2000; Schwab et al,
2000, Koizumi et al, 2001a; 2001b; Grueterich et al, 2002;) There are many studies
which have shown favorable clinical outcomes, they adopted different culturing
techniques for ex vivo expansion, especially regarding the preparation of AM and the

inclusion of 3T3 fibroblast feeder layers.

The use of feeder cells in cell culture was first reported by Puck et al. (Puck et al, 1956 ;)
Feeder cells are especially effective for the support of growth of cells that are difficult to
culture. Feeder cells provide a suitable environment in the co-culture with a variety of
cell types through different mechanisms, including cell to cell and cell to extracellular
matrix (ECM) interaction (Ehmann et al, 1998;), production of soluble growth factors
and removal of toxicants from the culture medium. Fibroblasts are commonly used as
feeder layer for the culturing of the corneal limbal stem cells; Fibroblast culture produces
a variety of necessary growth factors and ECM components (Rajabalian et al, 2003 ;).
These components are dependent on or mediated by the expression of the other. Studies
on the growth of the limbal stem cells showed that they have a greater growth potential in

explant cultures and higher clonogenicity when co-cultured on 3T3 fibroblasts feeder
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layers and their proliferative potential is resistant to tumor promoting phorbol esters

(Meller et al, 2002; Grueterich er al, 2003;).

There are several studies which has shown favorable clinical outcome on using 3T3
fibroblast feeder layer. Koizumi et al. (Koizumi et al, 2000) seeded limbal explants on
epithelially denuded AM with an additional feeder layer of mouse 3T3 fibroblasts on the
plastic dish underneath the AM. Schwab et al. first expanded epithelial cells by a 3T3
fibroblast feeder layer and then seeded them on denuded AM. Tsai et al., however,

seeded limbal explants on intact AM without the use of a 3T3 fibroblast feeder layer.

Grueterich et al has reported the beneficial role of the 3T3 feeder layer. In their study,
they have examined the beneficial role of 3T3 fibroblast feeder layers in human limbal
explant cultures on denuded AM in comparison with those on intact AM alone by

studying the modulation of connexin 43 and keratin expression. (Grueterich et al, 2003)

Efforts have been made for establishing a limbal cell culture procedure; however, the
state of differentiation of the cells as defined by the cytokeratin profile and Pluripotent
stem cell marker expression has not been examined. (Kiritoshi et al, 1991; Li et al, 1996;

Joseph et al, 2004;)

In this study we compared the expression of the stem cell associated marker (p63 and
ABCG?2) and differentiation marker (Connexin 43 and K3/K12) on the cells cultured in

the presence of mitomycin C treated 3T3 feeder layer on various culture conditions.
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7.2 Design of experiments:
7.2.1Preparation of Human Amniotic Membrane:
Human Amniotic membrane was prepared according to protocol mentioned in the

methodology section.

7.2.2 Preparation of 3T3 fibroblasts:

Confluent murine 3T3 fibroblasts obtained from National Centre for Cell sciences
(NCCS, Pune) were incubated with 4 pg/mL mitomycin C (MMC) for 2 hours at 37°C
under 5% CO?2, trypsinised and plated onto cell culture dishes at a density of 2.2 x 10*

cells/cm®. These feeder cells were used 4 h to 24 h after plating.

7.2.3 Limbal Biopsy preparation:

Corneal limbal biopsy of 2 mm’ from the cadaveric donor eye was collected in DMEM
with 3% FCS and antibiotics as the transport medium and was transported to the cell
biology laboratory for further processing was done according to the protocol given in the

methodology section.

7.2.4 Culture of limbal explants on the denuded AM in the presence and absence of
3T3 feeder layer

Human Limbal Explants culture on the deepithelialized amniotic membrane with
and without the feeder layer:

AM with the basement membrane facing upward was fastened on the culture insert as

described previously. (Meller et al, 1990 ;). Two different culture conditions for the
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limbal epithelium were analyzed; denuded AM and denuded AM with 3T3 fibroblast
feeder layer. On the centre of the EDTA treated AM an explant was placed and cultured
in the medium containing equal volume of DMEM and F12 mixture and the medium was
changed once in three days and cell growth was monitored daily for 3 weeks with an
inverted phase contrast microscope (Nikon, Tokyo, Japan). Ten of the 20 cultures with
the denuded AM were co cultured on a 3T3 fibroblast feeder layer that was prepared as
mentioned on the tissue cultured plate with a method that has been reported. (Meller et al,
1999 ;) For the culture with the 3T3 the culture inserts with the AM and limbal explants
were placed on top of the 3T3 layer. The medium was changed every 2 to 3 days. The
cultures were incubated for about 3 to 4 weeks until they reach the confluence. After 3
weeks the cultures were embedded in optimal cutting temperature (OCT) compound and

snap frozen for immunohistochemistry.

7.2.5 Immunostaining:
Immunostaining was done on the frozen section with the antibody dilution of 1: 100 and

1: 75 for p63 and ABCG2 respectively.

7.2.6 Western Blot analysis:

Western blot was used to confirm the expression of ABCG2 and p63 by cultured limbal
limbal epithelial cells on denuded membrane and denuded membrane with 3T3 feeder
layer. Two cultures from each donor were initiated and sampled to achieve sufficient
cells for protein extraction. After limbal epithelium cultures on denuded (n=3) and

denuded AM with 3T3 (n=3) reached plateau growth, the cultured cells over the
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membrane were scraped using cell scraper and collected in lysis buffer (Proprep protein
extraction Kit, CA, USA), protein was extracted according to protocol mentioned in the

methodology section.

7.2.7 RNA isolation and RT- PCR analysis:

Once there was a confluent growth the cells were harvested and RNA was extracted and
cDNA was converted according to the procedure given in the methodology section. (Li et
al, 1995; 2001). Using specific primer pairs, designed from published human gene
sequences (Chen et al 2004 ;) (Table 1) for different markers in Eppendorf PCR systems.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as an internal control, the mRNA
expression of different molecular markers was analyzed by RT-PCR. PCR products were
fractionated by electrophoresis using 2% agarose gel containing 0.5% ethidium bromide
with molecular marker Hinf I ¢ digest to confirm the size of the resultant product of the
amplification curve. The fidelity of the RT-PCR products was verified by comparing

their size with the expected cDNA bands and by sequencing the PCR products.

Statistical analysis:
All the experiments were performed in triplicates. For proliferation index and the

expression study the two tailed t test was performed.

A Study on Corneal Limbal Stem Cells 175



Chapter 7: Effect of 3T3 in culturing corneal stem cells

7.3 Results:

Cultivation of corneal limbal explants on denuded AM in the presence of the 3T3
feeder layer:

A total of 20 limbal biopsies were obtained the over a period of 6 months between
December 2005 — May 2006. The tissues from the donor aged 8 7.-90 years were
collected within 2 hours after death. Figure 7.1 shows the growth of the cells on the
denuded AM and with 3T3 feeder layer. The growth of cells from the explants were

started by the end of day 3 and almost reached the confluence by the end of day 21.

Cultivation of corneal limbal explants on denuded AM in the absence of the 3T3
feeder layer:

The outgrowth rate of the 10 cultures was photographed and measured each time the
culture medium was changed until the cultures reached the confluence till 3 — 4 weeks
time.(data not shown) The cells cultured over the denuded AM and denuded AM with
3T3 had similar growth rate and reached almost a confluent growth by the end of 21"

day.

ABCG2 and p63 expression by immunohistochemistry and western blot on the
cultured corneal limbal explants on denuded AM in the presence of the 3T3 feeder
layer:

Immunohistochemistry was done on the cultured cells at the end of 3 weeks. The cells
cultured over the denuded AM in the presence of 3T3 shows the expression of both p63

and ABCG2. A few basal cells showed the expression of both the markers. (Figure 7.2)
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Figure 7.1

Growth of the cells in the presence of 3T3 feeder layer

This figure shows the growth of the limbal epithelial cells from the limbal explants
cultured in the presence of the 3T3 feeder layer. This is the culture photograph

taken at the end of 2 weeks of incubation. 100X Mag
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Figure 7.2

This figure shows the immunofluorescence picture of the p63 and ABCG2 on the
cultured over the denuded AM with and without 3T3 feeder layer at the end of 3
weeks. Figure 2a and 2c¢ shows the expression of ABCG2. a & b cells grown on the
denuded AM in the presence of 3T3 feeder layer, ¢ & d cells cultured over the
denuded AM without 3T3 feeder layer. Few basal cells show the expression of
ABCG2 on the cells cultured in the presence of 3T3 feeder layer. C - cells cultured
over the denuded without 3T3 feeder layer shows negative expression. b —shows the
positive p63 expression on the cells cultured over the denuded AM +3T3 feeder
layer. d — Positive expression on denuded AM without 3T3 feeder layer. (Mag —

20X)
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The expression of this marker was confirmed by western blot. Western blot results
showed the faint positive expression of both p63 and ABCG2 on the cells harvested at the

end of 3 weeks. (Figure 7.3)

ABCG2 and p63 expression by immunohistochemistry and western blot on the
cultured corneal limbal explants on denuded AM in the absence of the 3T3 feeder
layer:

ABCG?2 expression was completely absent on the cells cultured over the denuded
membrane but the p63 expression was seen on the few basal cells at the end of 3
weeks.(Figure 7.2¢ and 7.2d) This was confirmed by the western blot on the cells
harvested at the end of 3 weeks. There was complete absence of the ABCG2 but there

was faint expression of the p63 protein. (Figure 7.3)

RT-PCR Results:

RT-PCR data on the expression of ANp63, ABCG2, Connexin 43 and K3/K12 on the
cells cultured over the denuded AM without 3T3 feeder layer:

Faint expression of p63 and ABCG2 was seen only on the cells harvested at 8" day but it
was completely absent on cells harvested till 21* day. Similarly the expression of

Connexin — 43 and Keratin 3 &12 was comparatively more on the cells cultured over the

denuded AM without 3T3 feeder layer. (Figure 7.4)
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Figure 7.3 Western blot results

Denuded + 3T3

denuded
Control

ABCG2 70K

Bactin T Lo g e—i5K

This figure shows the western blot data on the cells harvested at the end of 21days,
cultured over the denuded AM and denuded AM with 3T3. The positive expression
of p63 was observed on both denuded AM and denuded AM with 3T3 feeder layer.
ABCG?2 expression was completely absent on the cells harvested from the denuded
membrane, whereas it is positive on the cells cultured with 3T3 feeder layer. Control
lane — p63 — SiHa cell lysate (Positive control); control lane — ABCG2 — MCF 7 cell

lysate (positive control). Bactin shows the loading control.
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RT-PCR data on the expression of ANp63, ABCG2, Connexin 43 and K3/K12 on the
cells cultured over the denuded AM with the 3T3 feeder layer:

The cultured cells showed the expression of p63 and ABCG2 till 21 days of incubation.
There was a gradual decrease in the expression of these stem cells associated markers; it
was able to retain the expression till 21 days of incubation. Similarly the expression of
connexind3 and keratin 3&12 was seen but it was comparatively less than those cultured

only on the denuded AM. (Figure 7.4)

7.4 Discussion:
The limbal corneal epithelial cells cultured over denuded AM under the influence of
feeder layer were able to retain the expression of the putative stem cell makers, ABCG2

and p63 in contrast to cells cultured over denuded AM minus feeder layer.

Immunohistochemical expression of p63 and ABCG2 expression was observed at the end
21 days and the expression was confirmed by the western blot. Western blot results show
that the expression of p63 is seen both the culture conditions whereas the ABCG2
expression was seen only the cells cultured over the denuded AM with 3T3 feeder layer.
RT-PCR results shows that expression of p63 and ABCG2 showed a gradual decrease by
the end of day 21 on the cells cultured in presence of 3T3, but they were able to retain the
expression of the p63 and ABCG2, but cells cultured on the denuded AM minus 3T3
were not able to retain the ABCG2 marker. Similarly, the expression of gap junction
connexin 43 and corneal keratins keratin 3 and 12 was observed in cells cultured over

denuded AM, in the absence of feeder layer. There was gradual increase in the
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Figure 7.4 a

Denuded AM+ 313 Denuded

gth 14th 2qst gth 14t 21t

Figure 7.4a &b shows the RT-PCR results on the cells harvested from the denuded
AM and denuded AM with 3T3 feeder layer. The gel photograph shows the
expression of the p63, ABCG2, connexin43, K3 and K12 on the cells harvested at the
end of 8™ day, 14™ and 21% day. p63 expression was seen till 21days on the cells
cultured over both the conditions.ABCG2 expression was expressed till 21days only
on the cells cultured in the presence of 3T3 feeder layer. Connexin 43 and keratin 3
and 12 was seen in both the culture conditions, comparatively the expression is more

on the cells cultured over the denuded AM without 3T3 feeder layer
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Figure 7.4b Expression of stem cell associated and differentiation markers on the

denuded AM in the presence and absence of 3T3 feeder layer
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expression Connexin 43 and Keratins markers from day 8 to day 21on the cells cultured

over the denuded AM.

Our results are in concurrence with previous investigators. (Liu ef al, 2006) Liu et al
observed that the cells cocultured with 3T3 feeder layer shows the expression of p63 and
faint expression of K3 and 12. On the continuous passage the expression of p63 was lost.
(Liu et al, 2006) They also showed that the human limbal cells from the cadaveric donor
eyes when cocultured with the mitomycin treated 3T3 feeder layer were able to maintain
the features of limbal epithelial cells. (Liu er al, 2006) Grueterich et al and Tseng et al
reported the low level expression of the keratin on the cells cultured in the presence of
3T3. (Grueterich et al, 2003; Tseng et al, 1996 ;) They also provided experimental
evidence supporting the idea that a more differentiated epithelial phenotype of limbal
explant cultures on the denuded AM is down regulated by 3T3 fibroblast feeder layers.
Thus inclusion of 3T3 feeder layers appears to prevent epithelial differentiation when

denuded AM is used for ex vivo expansion of limbal epithelial progenitor cells

The reason for the maintenance of the stem cell markers in the cultured cells under the
influence of feeder layer is not clearly understood, but could be multifactorial such as the
possible release of diffusible factors or cytokines released by the 3T3 fibroblast system ,
presence of antiapoptotic survival factor in 3T3 fibroblast conditioned medium. (Tseng et
al., 1996;) and the similarity of the 3T3 feeder layer in mimicking the numerous signal

transduction pathways between the limbus and the limbal epithelial cells in maintaining
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the stemness of the cells. (Li et al, 1996,) Further studies are needed to be studied on the

growth factors released by the feeder layer.

However, there are limitations in the use of feeder layer for culturing stem cells [either
embryonic or mesenchymal for human clinical applications. Recently, human embryonic
stem cell lines cultured on mouse feeder cells were reported to be contaminated by the
xeno-carbohydrate N-glycolylneuraminic acid (Neu5Gc) and considered potentially unfit
for human therapy. (Heiskanen et al, 2007) We do not know whether this holds true for
adult limbal stem cells cultured under the influence of 3T3 feeder layer. However,
further in-vitro studies using feeder layer will enable us to understand the factors which

play a role in maintaining the limbal stem cell niche.

7.5 Conclusion:

The limbal epithelial cells cultured in the presence of 3T3 feeder layer on the denuded
AM were able to maintain the limbal phenotype cells. Further studies are needed to find
out the factors released by these cells which help to maintain the limbal phenotype of the

cells.
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CHAPTER 8 - EXPRESSION OF P63 ISOFORMS IN CULTURED CORNEAL
STEM CELLS

8.1 Introduction:

p63 gene has an important role on the development of stratified epithelia (Yang et al,
1998; 1999; Mills et al, 1999; Koster et al, 2003 ;). Ablation of this p63 gene in mice
results in the absence of these epithelia. In humans, mutations of the p63 gene cause
disorders of the epithelia and of nonepithelial structures whose development depends on
the epithelial functions (Celli et al, 1999 ;). The function of p63 was elegantly shown
using knockout (KO) mice, in which the absence of p63 results in severe anomalies in
limb and craniofacial morphogenesis, as well as severe hypoplasia of squamous epithelia

(Mills et al., 1999; Yang et al., 1999).

p63 gene is located at chromosome 3q27-29 and contains 15 exons. Its messenger RNA
(mRNA) has been detected in skin, cervix, urothelium, prostate, thymus, placenta, testis,
and skeletal muscle, and the protein is mainly expressed in proliferating basal cells of
several types of multilayered epithelia, including epidermis, cervix, urothelium, prostate,
and other tissues (Yang et al, 1998; Benard et al, 2003). p63 is also a member of the p53
protein family and is expressed as six distinct isoforms due to alternative transcription
start sites and splicing at the C terminus resulting in o, B, and 7y variants. (Yang et al.

1998). (Figure 8.1)

The TA isoforms 3 and ¢ of p63 bind to p53 and induce p53 target genes, and ¢ isoform

is able to induce cell cycle arrest and apoptosis, whereas TAp63a isoform lacks this
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Figure 8.1
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This figure shows the Generation of TA and AN isoforms from the p63 gene.
Schematic of the exon structure and promoter positions of the p63 gene as well as
the splicing events that give rise to the TA and AN isoforms and their respective
and v spicing variants. The TA isoforms have an acidic N-terminal domain common
to many transcriptional activators whereas the AN isoforms lack this acidic N-
terminal domain. The p63 gene is distributed over < 200 kb of mouse chromosome

16 and human chromosome 3q27.
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ability (Yang et al, 1998). However, three AN isoforms lack the transactivational domain
but have a DNA-binding domain that can bind to p53 or the TA isoforms, rendering them
inactive, thus have an antiapoptotic activity (Bernard et al, 2003; Irwin et al, 2001;) . The
ANp63a isoform is highly expressed in stem cells of epithelial tissue, which is required
to proliferate and maintain a stem cell epithelial population (Reis et al, 2002; Signoretti et
al, 2000). The TA and AN isoforms of p63 have opposing functions, the former having
potential tumor suppressor activity, whereas the latter may have oncogenic activity.
Consistent with having both positive and negative gene regulatory roles, p63 can induce
expression of some target proteins. (Sasaki et al. 2002; Ihrie et al. 2005). The functions

of the TA and AN p63 isoforms are described in the table 8.1.

Table 8.1 Functions of p63 isoforms:

S.No. Isoform name | Function Reference

1 AN isoform Necessary for the maintenance | Dohn et al, 2002, King et
of proliferative state and | al, 2003
differentiation, they also have

oncogenic activity

Alpha Predominant isoform | Yang et al 1998
expressed in basal layer of the
epidermis and maintain the

stem cell population

2. TA (o,B y) Initiation of epithelial | Koster et al, 2004;
stratification , tumor

suppressing activity
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Among the various p63 isoforms as mentioned above this ANp63a has also been reported
to be strongly expressed in the epidermis (Yang et al, 1998; 1999; Parsa et al 1999;) and
is selectively expressed in the basal cell compartment of a variety of epithelial tissues
(e.g., cervix, urogenital tract, prostate, breast, (Yang et al, 1998, 1999; Parsa et al, 1999;
Bamberger et al, 2002; Noszezyk et al, 2001; Di Como et al, 2002;) and cornea).11
(Pelligrini et al, 2001;) Therefore, it has been suggested that ANp63a may be essential in
the maintenance of a stem cell (SC) population in various epithelial tissues. Furthermore,
ANp63 has been also implicated in the control of epithelial cell proliferation and
migration during wound healing. Yet, the expression of p63 by the majority of basal cells
and by suprabasal cells, as assessed by the 4A4 antibody recognizing all p63 isoforms,
has been considered too broad to be stem cell specific (Sun et al, 2004; Kaur et al,

2004;).

For understanding the role of the p63 isoforms in the ocular surface epithelia there are
studies showing the spatial distribution of these isoforms in the ocular surface epithelia.
Is has been clearly stated that the single antibody cannot detect the specific type of the
p63 isoform Kawasaki et al has used the primers to determine the specific p63 isoform,

which are located in the N terminus and C-terminus. (Kawasaki et al, 2006 ;).

Expression of this p63 isoform has been studied in detail in the only on the ocular surface
epithelium, but there are no data available on the in vitro cultured cells. It is therefore
essential to identify the proliferative cells cultured in vitro. So in this study, we have

evaluated the expression of the p63 isoforms in the cultured corneal limbal stem cells.
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And as intact AM preserves the limbal phenotypic cell population of the cultured cells
when compared to denuded AM we wanted to study the expression of the p63 isoforms

on the cells cultured over both intact and denuded AM and compare

8.2 Design of Experiments:

8.2.1 Cultivation of limbal epithelial cells on the intact and denuded AM:

Limbal biopsies from the cadaveric donor eyes were collected and cultured on the intact
and denuded AM according to the protocol given in the methodology section. DMEM
and F12 mixture was used for culturing and medium was changed every other day and
the plates were incubated for 3 weeks until they reach the confluence.

8.2.2 Study of expression of p63 isoforms:

Total RNA was extracted once the cells over the intact and denuded AM reach the
confluence and after RNA extraction and cDNA conversion amplification was done using
the specific primer sequences for p63 isoforms as given in the Table — 3.2 methodology
section (Kawasaki et al, 2006 ;) Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
as an internal control, the mRNA expression of different molecular markers was analyzed
by RT-PCR. PCR products were fractionated by electrophoresis using 2% agarose gel
containing 0.5% ethidium bromide with molecular marker Hinf I ¢ digest to confirm the
size of the resultant product. The fidelity of the RT-PCR products was verified by
comparing their size with the expected cDNA bands and by sequencing the PCR

products.
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8.3 Results:

The results of evaluation of p63 isoforms are summarized in the Table 8.2 .Of the
samples that were obtained for the isoform analysis, all were successfully amplified with
Qiagen Sensiscript Reverse Transcription cDNA conversion kit, exhibiting moderately
strong smearing, (Data not shown). The RTase-omitted sample did not exhibit such
smearing; indicating that contaminated genomic DNA was not amplified by the above
procedure. All samples exhibited positive PCR bands for the GAPDH gene,

demonstrating successful reverse transcription and cDNA amplification.

AN specific region and TA region:

In our study the TA domain, which is not detected in any layers of any epithelia, was
completely absent on the cells cultured over the intact AM, corneal epithelial cells and
RNA extracted from the limbus. But it was positive for the cells cultured over the
denuded AM. (Figure 8.2) The ANp specific region which is usually detected in the basal
to intermediate layers of all types of epithelia and in the superficial layer of the limbus
and the cornea was positive for the cells cultured over the intact AM, denuded AM and
the cells harvested from the cornea and the limbus. (Figure 8.2) Hela gave bright
positive expression for both. But AN expression was comparatively less when compared

to TA. (Figure 8.7)

Isoform determining region:
The a-isoform specific region, which is also detected in all layers of the conjunctiva and

the limbus and was detected in the cells cultured over the intact and denuded AM and

A Study on Corneal Limbal Stem Cells 191



Chapter 8: Expression of p63 isoforms in cultured corneal stem cells

Figure 8.2:
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This figure shows the electrophoretogram of the RT-PCR for TA domain and ['N
specific region of the p63 isoform. Lane NC — Negative RT reaction. Lane denuded
AM - Cultured cells grown on the denuded AM, Lane Intact AM cells grown on the
Intact membrane, Lane Limbus — Cells harvested from the limbal region of the
donor cornea, Lane Cornea — cells harvested from the corneal epithelial cells of
donor eye ball. Lane Mw is Molecular weight marker — 100bp ladder. TA domain
gives the amplified product size of 199 bp and AN domain gives the amplified
product size of 192 bp. TA domain was positive only for the cells cultured over the

denuded AM and D N domain was positive for all.
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Figure 8.3
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This figure shows the electrophoretogram of the RT-PCR for o and 7y isoform of p63
Lane NC - Negative RT reaction. Lane denuded AM — Cultured cells grown on the
denuded AM, Lane Intact AM cells grown on the Intact membrane, Lane Limbus —
Cells harvested from the limbal region of the donor cornea, Lane Cornea — cells
harvested from the corneal epithelial cells of donor eye ball. Lane Mw is Molecular
weight marker — 100bp ladder o isoform specific primer gives the amplified product
size of 196 bp and 7y isoform specific primer gives the amplified product size of 211
bp. o specific isoform was positive for the cells cultured over the intact AM only

whereas 7y specific isoform was positive for both intact and denuded AM.
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Figure 8.4
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This figure shows the electrophoretogram of the RT-PCR for off and AN specific
isoform of p63 o Lane NC — Negative RT reaction. Lane denuded AM - Cultured
cells grown on the denuded AM, Lane Intact AM cells grown on the Intact
membrane, Lane Limbus — Cells harvested from the limbal region of the donor
cornea, Lane Cornea — cells harvested from the corneal epithelial cells of donor eye
ball. Lane Mw is Molecular weight marker — 100bp ladder. of sharing region
primer gives the amplified product size of about 304 bp for o and 210 bp for B.
ANp63a gives the amplified product size of about 1390bp
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Figure 8.5
Expression of isoform specific region on the HeLa cell line
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This figure shows the electrophoretogram of the isoform specific region on the HeLLa
cell line. Lane NC —Negative control. HeLa cell line showed the positive expression
of the DN specific region, TA, and gamma specific region whereas it is negative for
the alpha and alpha beta sharing region. DN specific gives the amplified product
192bp, TA region gives the amplified product of 199bp and gamma specific region
gives the product size of 211bp. Lane MW is the molecular weight marker (100bp

Ladder).

A Study on Corneal Limbal Stem Cells 195



Chapter 8: Expression of p63 isoforms in cultured corneal stem cells

Figure 8.6:

Electrophoretogram showing the TA specific isoforms on the HeLa cell line
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This figure shows the electrophoretogram of the TA specific region on the HeLa cell
line. HeLa gave the positive amplification for the all the TA specific isoforms. TAo
gave the product size of 1436bp and TAof gave the 1547bp and 1453bp
respectively. Tay gave a product size of 1130bp. Lane MW molecular weight marker

100bp ladder.
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Figure 8.7

Electrophoretogram showing the AN specific isoforms on the HeLa cell line
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This figure shows the electrophoretogram of the AN specific region on the HeLa cell
line. HeLLa gave the positive amplification for the all the AN specific isoforms. AN is
negative on the HeLa cell line. ANof gave faint expression of 1499bp of o isoform
and 1405bp respectively. ANy gave a product size of 1082bp. Lane MW molecular

weight marker 100bp ladder.
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also in the cells harvested from the limbus but it is negative on the cells harvested from
the cornea. (Figure 8.3) As there is no specific region for the B-isoform, a primer pair
flanking the a-isoform specific region (exon 14) was designed to detect both the a- and
B-isoforms with a different product length of 304 or 210, respectively. The of3 sharing

region was detected on the cells cultured on the Intact AM, denuded AM, cells harvested
from the limbus. (Figure 8.4) The B-isoform, which was detected in the basal to
intermediate layers of the limbus, was detected on the cells harvested from the Intact,
denuded and limbus but negative on the corneal epithelial cells. The y-isoform specific
region, which was detected in almost all layers of all epithelia, is expressed in cells
cultured over the intact and denuded and also on the cells harvested from the limbus and
the corneal epithelial cells. (Figure 8.5) HelLa gave a positive expression only for the 7y

isoform whereas other two were negative. (Figure 8.7)

TA and DN isoforms:

The TAp63 isoforms, including TAp63a, TAp63, and TAp63Yy, which is not detected in
any layer of any epithelia is negative in both the cells cultured over the intact and
denuded and also on the cells from the limbus and the cornea. (data not shown) Similarly
ANp630, which is detected in the basal to intermediate layers of the limbus and
conjunctiva and no layer of the cornea, exhibited this isoform in the previous study of
Kawasaki et al. The results of the ANp63a shows the expression only on the cells
cultured over the intact AM and the limbus. (Figure 8.5) The ANp63p and ANp63y

isoforms, which is negative in all the layers of any epithelia, is negative in all. (Data not
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shown) RT-PCR for the TAp63 isoforms and ANp63 isoforms on the HeLLa cDNA gave

positive result for all the isoforms except the ANp63a. (Figure 8.6, 8.7)

Table 8.2

Results of the RT-PCR on the p63 isoforms:

Isoforms Intact AM Denuded Limbus Cornea HeLa
AM

TA Negative Positive Negative Negative Positive
ANp Positive Positive Positive Positive Positive
o Positive Positive Positive Negative Negative
op Positive Positive Positive Negative Negative
Y Positive Positive Positive Positive Positive
TAP63x Negative Negative Negative Negative Positive
TAP63 Negative Negative Negative Negative Positive
TAP63y Negative Negative Negative Negative Positive
ANp63a Positive Negative Positive Negative Negative
ANDp63 Negative Negative Negative Negative Positive
ANp63Y Negative Negative Negative Negative Positive
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8.4 Discussion:

Human amniotic membrane is a widely used surgical material, (Trelford et al, 1979) and
in recent years there has been a renewed interest of culturing limbal phenotype cells in
vitro using this AM with or without epithelium. Grueterich et al has shown the
downregulation of Connexin 43 expression and the keratin expression on the cells
cultured over the intact membrane, which shows that cells cultured over the intact
membrane preserves the stemness of the cultured cells. There are several studies going
which has shown the usefulness of the intact and denuded AM for culturing corneal
limbal stem cells. There are also many reports available (Koizumi et al, 2007) that the
intact AM supports the limbal phenotype and they do preserve the stemness of the
cultured cells. (Grueterich et al, 2002; Koizumi et al, 2007, 2000; Galindo er al, 2000 ;)
Whereas, there is not much data available on the p63 isoform status on the cultured
limbal stem cells. Since the common clone used for identification of the keratinocyte

stem cell is 4A4 of p63 which is not much useful in identifying the proliferative cells.

In this present study we investigated the expression of the p63 isoforms on the cells
cultured over the intact and denuded AM and also we saw the expression of the isoform
status on the HelLa adenocaricnoma cell line. Since HeLa expresses all the p63 isoforms
except we few we used it as a control for the PCR and also we wanted to know the p63
isoform status on the carcinoma cell line. The studies on the p63 isoforms on the
different layers of the cornea were reported by the Pellegrini et al, Di lorio et al,
Kawasaki et al. (Pellegrini et al, 1999; Kawasaki et al, 2006 ;) From their studies that

ANp630 isoform seems to be the major transcript for determining the corneal stem cells.

A Study on Corneal Limbal Stem Cells 200



Chapter 8: Expression of p63 isoforms in cultured corneal stem cells

Di Iorio et al has shown the evidence that the ANp63a is likely to identify the stem cell
population in the limbus supports the concept that the o isoform of ANp63 is essential for
regenerative proliferation in ocular surface. We studied the ANp63o expression on the
cells cultured over the intact and denuded AM and also on the cells harvested from the
cornea and the limbus. Similarly cells harvested from the limbus also showed the positive
expression for ANp63a. And the results were consistent with the previous reports. (Di
Iorio et al, 2005; Kawasaki et al, 2006 ;) Kawasaki et al and Pellegrini et al has identified
that ANp63a isoform of p63 can be used to identify the proliferative cells. The presence
of the ANp63a isoform shows that the intact AM supports the amplification of the
proliferative cells when compared to the denuded AM. In HeLa adenocarcinoma cell line,
weak expression of AN form and no expression of B isoform may explain the fact that the
Uterine cervical adenocarcinoma is consistently negative for p63 protein on

immunohistochemical study (Wang et al, 2001)

Little is known about the functional difference and biological significance of the
individual p63 isoforms. The biological relationship of the TAp63 and ANp63a is that,
the TAp63 group is required for or elicits several p53-dependent cellular processes,
including cell cycle arrest or apoptosis (Flores et al, 2002) via its N-terminal TA domain.
On the other hand, the ANp63 group lacks this domain, thus yielding a dominant-negative
effect against such cellular processes and ultimately achieving the maintenance of cell
proliferation. (Yang et al, 1998 ;) In our study there was the complete absence of the
TAp63 isoforms, but TA specific domain is present only on the cells cultured over the

denuded membrane.
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Thus, the predominantly expressed ANp63a within ocular surface epithelia suggests
several complicated but as yet unknown interactions via these functional domains. How,
why and when ocular surface epithelial cells use a specific ANp isoform is the next
matter to be resolved. Similarly why the cells cultured on the intact AM express this

marker and functional role of the AM epithelial cells has to be studied in detail.

Conclusion:

In conclusion, ANp63ca. appears to be the most dominant isoform within the ocular
surface epithelia but also to detect the high proliferative cells in vitro also. The cells
cultured over the intact AM were able to maintain the high proliferative potential of the
cells when compared to the cells cultured over the denuded membrane. The biological
function of this isoform is to retain the proliferative capacity of these cells via a dominant
negative effect against the p53-dependent cell cycle arrest or apoptosis. Identification of
the upstream regulators and downstream effectors of this protein should be the next goal
to expand our understanding of how cell proliferation and differentiation are regulated

within the ocular surface epithelia.
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CHAPTER 9 - SIGNAL TRANSDUCTION PATHWAYS INVOLVED IN THE
EX-VIVO EXPANSION OF THE CORNEAL STEM CELLS

9.1 Introduction:

In the recent years, one of the major advances in treating the patients with total limbal
stem cell deficiency is transplantation of the epithelial progenitor cells expanded from the
small biopsy tissue bit cultured on the amniotic membrane with or without the feeder
layer. (Tsai et al, 2000; Koizumi et al, 2001a, 2001b; Grueterich et al, 2002;)

Ti et al in their rabbit model of unilateral total limbal stem cell deficiency have
demonstrated that the long-term efficacy of this new surgical procedure (Ti et al, 2002)
and that clinical success correlates with the recovery of a normal corneal epithelial
phenotype, and clinical failure correlates with the maintenance of a conjunctival
epithelial phenotype. (Ti et al, 2003) Furthermore, restoration of a clear and transparent
cornea is associated with a normal corneal epithelium and complete wound remodeling.

(Espana et al, 2003)

There are several reports that the ex vivo expanded limbal epithelial cells on the intact
amniotic membrane with the feeder layer were able to preserve the characteristics of
limbal epithelial cells. (Gruterich et al, 2002; Meller et al, 2002; Galindo et al, 2003 ;)

Since Amniotic membrane have a number of cytokines, growth factors and protease
inhibitors such as IL-4, 6 and EGF, FGF,TGF, NGF and HGF have been found in
cryopreserved amniotic membranes. The presence, concentration and action of these

substances may account for most of the observed clinical effects and its mechanisms of
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action (Tseng et al, 2001 ;) As a result of exploring the molecular mechanism governed
by the amniotic membrane, Tseng et al, has noted that the nerve growth factor (NGF) is
abundantly present in AM stromal matrix and that TrkA (The NGF high affinity receptor)
is expressed by basal cells of the limbal epithelium. Through this the basal epithelial cells

sustains the antiapoptotic survival.

It has been reported that NGF/TrkA signaling leads to the PI3K-Akt-FKHRL1 pathway,
(Zheng et al, 2002 ;) which is know to govern cell survival (Datta et al, 1999) and to the
mitogen activated protein kinase (MAPK) pathway which is know to control cell mitosis.
(Johnson et al, 2002) In the MAPK pathway, extracellular signals such as growth factors,
mitogens, cytokines, and various forms of environmental stresses activate
phosphorylation of one or several of the three members: extracellular signal-regulated
kinases (ERKSs), also referred to as p44/42 MAP kinase; p38 MAP kinases; and c-Jun N-
terminal kinases (JNKs, also termed stress-activated protein kinases). (Graves et al, 1996;
Xia et al, 1995 ;) He et al (He et al, 2006 ;) has demonstrated the role of this signaling
pathways on the cells expanded over the intact membrane. Figure 9.1 shows the
schematic picture of activation of PI3K signaling path way mediated through NGF. In
this study we studied the signaling pathways on the cells expanded over the denuded,

Intact and chitosan matrix.
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Figure 9.1:
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9.2 Design of experiments:

9.2.1 Cultivation of the limbal explants on the intact, denuded Amniotic membrane
(AM) & chitosan matrix:

Limbal biopsies were collected from the cadaveric donor eyes were cultured on the intact,
denuded AM and the chitosan matrix by explant culture technique. Total of 5 biopsies
were processed. The cultures were maintained in DMEM & F12 mix and were incubated
at 37°C with 5% CO,. The cultures were incubated for 3 weeks until they reach the
confluence. The cultures were also tested for the phosphorylation status of the signaling
molecules after incubation with the specific inhibitors. We also used one of the PI3K
inhibitor LY294002 and their effect on the epithelial outgrowth and the phosphorylation
status. For the addition of inhibitor the specific concentration of the inhibitor dissolved in

DMSO.

9.2.2 Harvesting cells for protein extraction and western blot:

Once the cell cultured over the intact, denuded and chitosan reach confluence the cells
were treated with mild trypsin treatment. The collected cells were washed thrice and
protein was extracted according to the procedure give in the methodology section.

Western blot was carried out using the following antibodies given in the table 9.1.
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Table 9.1 List of antibodies and dilutions

S.No. Antibody Company Dilution used
1 Akt Cell signaling | 1:1000
Technology
2 PAkt (Thr 308) Cell signaling | 1:1000
Technology
3. FKHRL1 Cell signaling | 1:500
Technology
4 MAPKSs Cell signaling
P44/42 Technology 1:1000
P38 1:1500
5 JNK Cell signaling | 1:2000
Technology
6 Inhibitor LY294002 | Cell signaling | 25mM and 50mM concentration
inhibitor for PI3K | technology was used
pathway

All the procedures were followed according to the protocol given in the methodology

section.
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9.3 Results:

Total of 5 limbal explants from 5 donors ranging from 48 to 57 years of age. Under
microscopic observation we noted epithelial migration from all the 5 limbal biopsies by
the end of 48 hours on the denuded and chitosan matrix. But the growth on the intact AM
commenced only by the end of 31 day. By the end of the day 15 good confluent growth

was formed and cells were harvested for the western blot.

PI3K-Akt pathway:

The PI3K —Akt pathway controls the cell survival and inhibition of this pathway
frequently leads to apoptosis (Datta et al, 1999; Franke et al, 2003) one of the down
stream targets of PI3K is phosphorylation and activation of Akt kinase. We could
demonstrate the phosphorylation of Akt at the Thr 308 position and Ser 143 position on
the cells cultured over the intact membrane but it was absent on the cells cultured over

the denuded and chitosan matrix, (Figure 9.2 ) our result is consistent with the results of

He et al, 2006.

P44/42 MAPK, p38 MAPK, FKHRL]1, JNK MAPK pathway:

The MAPK pathway controls the cellular proliferation, migration and differentiation
(Johnson et al, 2002 ;) The cells cultured over the intact membrane shows the
phosphorylation of Thr 202/Tyr204 (p42/44) and p38MAPK, whereas it was absent on
the cells cultured over the denuded and chitosan matrix. Similarly Phosphorylation of

FKHRLI1 and JNK MAPK was observed only on the cells cultured over the intact
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Figure 9.2: Western blot results
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This figure shows the western blot of the Akt and other downstream pathways on
the cells cultured over the various matrices. Intact membrane shows the positive

expression of all the molecules. 3T3 is used as the control.
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amniotic membrane. It was completely absent on the cells cultured over the denuded and

chitosan. (Figure 9.3)

Inhibition of the PI3k —Akt pathway:

The PI3K-Akt pathway controls cell survival, and inhibiton of this pathway frequently
leads to apoptosis. LY294002 is a specific inhibitor of PI3K, and one of the downstream
targets of PI3K is phosphorylation and activation of Akt kinase. We used the
concentration of 25mM and 50mM of the inhibitor, which seems to have inhibited the
epithelial outgrowth significantly. This result suggests that inhibition of either PI3K or

Akt could completely abolish epithelial outgrowth from a limbal explant cultured on AM.

Western blot analysis was performed to check the phosphorylation status of the kinases,
which was inhibited after the treatment with the inhibitor. The results showed that
addition of 50 uM of LY294002 abolished phosphorylation of Akt at Thr308 and Ser473.
50 uM LY294002 decreased, Thr32 phosphorylation of FKHRL1, a downstream target of
Akt (Kops et al, 2000; Burgering et al, 2002; Carlson et al, 2002 ;) 50 uM LY?294002 did

not change the p44/42 MAPK phosphorylation. (Figure 9.4)

9.4 Discussion:
Grueterich et al, 2002, Meller et al, 2002, Galindo et al, 2003a, 2003b have demonstrated
that human limbal epithelial progenitor cells can be expanded and maintained on intact,

but not denuded, AM or plastic in the absence of 3T3 fibroblast feeder layers. Touhami et
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Figure 9.3

Western Blot results on the cells cultured over the intact AM after treatment with

LY294002 inhibitor
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This figure shows the WB picture on the cells harvested from the Intact AM after
treatment with the inhibitor L. Y204002, inhibitor of PI3K. After treatment with the
inhibitor there is complete absence of phosphorylation of the AKT at Ser473 and
Thr 308 position. Whereas there is no change in the expression of other downstream

pathway molecules.
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al, 2002 and He et al, 2006 have reported that the signaling mediated by NGF is involved
in the exvivo expansion. He ef al have shown that the specific inhibitors of PI3K, Akt and
MAPKSs (p44/42, p38, and JNK) showed that both PI3K-Akt-FKHRLI1 and P44/42
pathways provide the downstream signaling. In this study we studied the phosphorylation
of the above mentioned signaling molecules on the cells cultured over the intact, denuded

and chitosan matrix.

Any differentiated mammalian cells require the presence of mitogenic signals to initiate
cell cycle re-entry and exit quiescence (G0) and to progress through the restriction point
in late G1. Serum and combinations of growth factors are known to induce the activation
of cyclin dependent kinases (cdks) that drive cell cycle progression. Thus PI3K activation
is triggered by binding of such survival factors such as insulin like growth factors (IGF)-1
and neruotrophins (e.g., NGF) to their cell surface receptors. (Furman et al, 1998;)
Activated PI3K in turn leads to the activation of serine/threonine kinase, termed as Akt or
PKB, by phosphorylation at Thr 308 and Ser473 (Datta et al, 1999) which then
phosphorylates its downstream target FKHRL1 to be translocated into the nucleus to
transactivate proapoptotic genes such as tumor necrosis factor o, TGF-f1 and Bad.
(Franke et al, 2003 ;)

In this study we studied the phosphorylation of the NGF mediated signaling pathway on
the cells cultured over the intact, denuded membrane and chitosan scaffold. NGF
mediated signaling pathway is activated only on the cells cultured over the intact

membrane. It was completely absent on the cell cultured over the denuded and chitosan
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scaffold. We also used one of the specific the specific inhibitor of the PI3K-Akt pathway.
We observed that the phosphorylation of the Akt Thr 308 and Ser 243 was completely
inhibited whereas it reduced the phosphorylation of the pThr32 FKHRLI, but the
expression of p42/44 remains unaltered. Our result is consistent with the earlier reports of
He et al, 2006.

Since our results and previous reports speculate that the antiapoptotic survival signaling
mediated by the PI3K-Akt-FKHRL1 pathway is necessary to sustain ex vivo expansion of
limbal epithelial progenitor cell including the stem cells. But further studies are needed to
determine whether PI3K-Akt-FKHRL1 is involved in the self-renewal of limbal epithelial

stem cells, and whether antiapoptosis is the key mechanism governing stem cell renewal.

Since these signaling pathways are mediated by the neruotrophins like (NGF) in the
substrate like chitosan we can incorporate them and look for the activation of the
signaling pathway. So other than intact membrane we can also try maintain the progenitor

cell properties of the cultured limbal cells in vitro.

9.5Conclusion:

Thus cellular survival and continuous self renewal is dependent on the NGF mediated
PI3K-Akt-FKHRLI pathway. Since Amniotic membrane releases all these cytokines and
neruotrophins which can be utilized for creating the substrates which mimics the
Amniotic membrane. But still further studies are needed to elucidate the exact
mechanism by which intact AM were able to maintain the progenitor cell like properties

of the cultured limbal epithelial cells.
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CHAPTER 10 - EMBRYONIC STEM CELL MARKER EXPRESSION IN
CULTURED CORNEAL LIMBAL STEM CELLS

10.1 Introduction:

Recent development of therapeutic strategy for the management of total limbal deficient
cases are the transplantation of the ex vivo expanded human limbal epithelial cells on the
amniotic membrane or other substrates. (Koizumi et al. 2001; Grueterich et al. 2002a;
Tseng et al. 2002). Expansion of cells from the small biopsies reduces the risk of damage

for the healthy eye or donor eye. (Tsai et al, 2000)

Although these techniques are currently introduced into clinical practice, their biological
background is still poorly understood, primarily due to a lack of knowledge about the
nature of limbal SC. The maintenance of undifferentiated stated of the cultured limbal
epithelial cells in vitro conditions is still questionable. A major challenge in corneal SC
biology is the ability to identify SC in vitro and in situ, and one of the major
controversies in this field relates to the issue of reliable SC markers. To date, limbal SC
can be only identified by indirect methods. Although a number of molecular markers for
the limbal SC compartment have been proposed (Grueterich et al. 2003; Chen et al.
2004), their role in specifically identifying limbal SC is still under debate and further
study is needed to identify novel marker(s). Moreover, the identification of the new
stemness marker(s) is critical for maintenance of limbal epithelial SC properties during

culture.
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Generally, stem cells exist in most adult organs, being best characterized in the bone
marrow and gut. They are defined as cells that undergo symmetric and asymmetric
division to give rise to daughter cells needed for self-renewal and amplification or to a
daughter cell that acts as a progenitor cell for the purpose of producing specific
differentiated lineages, respectively. Oct3/4 or Oct4 (also referred to as Pou5fl), a
transcription factor, is a specific gene marker for totipotency. (Pesce et al, 1998; 2001;
Deyev et al, 2004 ;) Nanog, a second homeodomain protein with functional relevance to
embryonic stem cells (ES) cells has been identified (Chambers et al, 2003; Mitsui et al,
2003 ;) and maintains self renewal in the absence of STAT3 activation, conditions under
which ES cells would normally differentiate. Nanog is capable of sustaining ES cell
pluripotency (Vernallis et al, 1997 ;) Nanog function is critical at a later time during
development than Oct 4. Similarly another marker Pax6, which is a homeobox gene and
know to play an important role in the eye development. They have also identified that
mutations in this gene is responsible for human aniridia. (Ton et al, 1991; Glaser et al,
1992 ;) In this study we looked for the expression of the Oct 4, Nanog and Pax6 in the

cultured limbal epithelial cells.

10.2 Design of experiments:

The study protocol for the cultivation of Human cadaveric corneal limbal biopsy tissue
was approved by the ethics sub-committee (Internal Review Board) of Vision Research
Foundation. Human tissues were handled according to the Declaration of Helsinki

10.2.1 Expansion of corneal limbal stem cells on the intact and denuded AM:
Corneal limbal biopsies of approximately 2 mm’® size obtained from human donor eyes

collected within 3-6 hours of death was provided by the C.U Shah eye bank
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of Sankara Nethralaya ophthalmic hospital, Chennai, India. (n= 5) Limbal biopsies were
collected in the transport medium and they were processed according to the protocol
mentioned in the methodology section. The biopsy bits were cultured by explant culture
technique on the intact and denuded AM.

10.2.2 To study the expression of OCT4, Nanog and Pax6

Once the cultures over the AMs (intact and denuded) reach the confluence the cells were
harvested by mild trypsin and EDTA treatment and the RNA was extracted according to
the kit protocol mentioned in the methodology section. First strand cDNA synthesis was
done and amplification of using specific primer sequence was as given in the table 10.1

Table 10.1 Primer sequence:

S.No Primer 5°-3’ Annealing | Product
temp size

1 OCT 4 FP: GAC AAC AAT GAG AAC CTT CAG GAG A | 55°C 220bp
OCT 4 RP: CTG GCG CCG GTT ACA GAA CCA

2. Nanog FP: GCA GAA GGC CTC AGC ACCTA 55°C 120bp
Nanog RP: AGG TTC CCA GTC GGG TTC A

3 Pax6 FP: CCG GCA GAA GAT TGT AGA GC 62°C 326bp
Pax6 RP: CTA GCC AGG TTG CGA AGA AC
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10.3 Results:

Expression of Oct 4, Nanog and Pax 6:

Total RNA was isolated from Hela was used as a positive control for the presence of the
three early stem cell markers OCT and Nanog. Single amplification products of expected
sizes were observed using HeLa RNA. The expression of OCT4 and Nanog was present
only on the cells cultured over the intact AM which was harvested after two weeks of
culture, whereas it was completely absent on the cells cultured over the denuded AM.
Similarly Pax6 expression was more on the cells cultured over the intact membrane
whereas faint expression was seen on the cells cultured over the denuded AM. (Figure
10.1) Reactions omitting the reverse transcriptase (-RT) using Nanog and Oct-4 and Pax

6 produced no product. Primers for GAPDH were included as an internal control.

10.4 Discussion:

Given acceptance of the expression of Oct4 & Nanog as a marker of embryonic stem
cells, our study was to see the presence of Oct 4 and Nanog expression. The expression of
Nanog, Oct-4 and Pax 6 was detected by RT-PCR on the cells cultured over the intact
membrane whereas it was completely absent on the cells cultured over the denuded AM.
The amplification of these transcription factors using RT-PCR techniques produced
bands of expected sizes for each PCR product. These data suggest that cultured corneal
limbal stem cells cultured on intact were able to harbor a population of stem cells that
share some of the phenotypic characteristics of ESCs and also of non-embryonic stem
cell populations. Oct-4 and Nanog transcription factors are considered key regulators of

gene transcription in primitive stem cells. These factors have been reported to occupy the
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Figure 10.1a:

Electrophoretogram showing the amplification of OCT4
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This electrophoretogram shows the expression of OCT4 on the cells cultured over
the intact and denuded AM. The positive expresssion gives the specific amplification
product size of 220bp. The cells harvested from the intact AM shows the expression
of OCT4 whereas cells on the denuded show negative expression for OCT4. MW is

molecular weight ¢X Hinf I digest. HeLa is used as the positive control

A Study on Corneal Limbal Stem Cells 218



Chapter 10. Embryonic stem cell marker expression in cultured corneal stem cells

Figure 10.1b

Electrophoretogram showing the amplification of Nanog
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This electrophoretogram shows the expression of Nanog on the cells cultured over
the intact and denuded AM. The positive expresssion gives the specific amplification
product size of 120p. The cells harvested from the intact AM shows the expression
of Nanog whereas cells on the denuded show negative expression for Nanog. MW is

molecular weight ¢X Hinf I digest. HeLa is used as the positive control.
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Figure 10.1c

Electrophoretogram showing the amplification of Pax6
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This electrophoretogram shows the expression of Pax6 on the cells cultured over the
intact and denuded AM. The positive expresssion gives the specific amplification
product size of 326bp. The cells harvested from the intact AM shows the expression
of pax6 whereas cells on the denuded show negative expression for Nanog. MW is

molecular weight ¢X Hinf I digest.
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promoters of at least 2,260 human genes and these transcription factors co occupy 353
gene promoters. Thus, these transcription factors regulate pluripotency and self-renewal
both jointly and individually in human ESCs. A recent paper described colony formation
and Oct-4 expression in fetal murine and porcine fibroblasts, but failed to replicate these
findings in adult-derived porcine fibroblasts. (Kues et al, 2005) Expression of Oct-4 in
fetal fibroblasts was only detected when the cells were maintained in 30% calf serum,
suggesting that some constituent of the serum must be present in sufficient quantities for
expression to be seen. The growth medium used in the present study contains only 10%
FBS, although it is supplemented with several other factors, including epidermal growth
factor (EGF), and there are reports of the existence of these transcription factors in the
adult stem cell. (Tai et al, 2005) Recently Bharvand et al, has also reported the existence
of the stem cell marker such as Oct4, Nodal, Ac133 and Pax6 on the corneal and
conjunctival epithelial cells. (Bharvand et al, 2007 ;) Pax-6- which is known to play an
essential role in the establishment and growth of the vertebrate lens. (Glaser et al, 1992;
Hogan et al, 1986; hill et al, 1991 ;) We have found that the gene is expressed
prominently in the early cellular precursors of the cornea and conjunctiva, (Walther et al,
1991; Grindley et al, 1995; Li et al, 1994 ;) which are located in the periphery of the lens
placode. (Schook et al, 1994 ;) Since Pax6 is generally associated with the corneal
abnormalities, there was question raised whether human Pax6 has a functional role later
in life and continues to be expressed at significant levels in the ocular surface. The
corneal epithelium is highly specialized tissue designed to maintain a smooth and
transparent surface for the eye, Pax6 might be involved in regulating the expression of

genes that determine its cellular structure and composition. Because there is evidence that
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Pax-6 directly regulates the expression of crystallin genes in the lens (Richardson et al,
1995; Cvekl et al, 1995) and it is known that the corneal epithelium contains crystallin-
like proteins, (Cuthberson et al, 1992;) Pax-6 might regulate the expression of such

crystallin-like proteins in the in the adult cornea.

10.5 Conclusion:

We conclude that cultured corneal limbal stem cells contain unique and primitive cells
whose potential is as yet undefined. The presence of these transcriptions factors and stem
cell marker suggests that corneal limbal stem cells have properties of primitive
pluripotent stem cells. Thus further studies are needed to understand the role of these

transcription factors in the self-renewal of limbal stem cells cultured on these substrates.
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H CHAPTER 11 - SUMMARY AND CONCLUSIONS "

The ocular surface is uniquely suited to study epithelial cell biology since both
differentiated cells and their precursors reside therein. There is convincing clinical as
well as laboratory evidence that corneal epithelial stem cells are located within the
precincts of the limbal palisades. In this study we tried to understand the biology of the

corneal limbal stem cells.

Since corneal epithelium is a nonkeratinized epithelial multilayer that covers the anterior
surface of cornea. The integrity of this self-renewing epithelium relies on the existence of
limbal stem cells (LSCs). Severe ocular surface injuries such as alkali burn, thermal
injury, Stevens-Johnson syndrome, contact lens related epitheliopathy and ocular
cicatricial pemphigoid might cause limbal stem cell deficiency (LSCD). Severe LSCD
can finally result in reduced visual acuity, even blindness. Various surgical techniques
have been developed to treat LSCD. Treatment is mainly through the transplantation of
ex — vivo expanded corneal limbal stem cells on Human amniotic membrane matrix. The
diseases and conditions as mentioned above affect the vision of approximately 3000
patients every year in India. Usually during such damages, the corneal limbal stem cells
spontaneously multiply and repairs. But when the damage due to disease is very large or
when the stem cell themselves are damaged, such repair is not feasible. At present the
treatment available consists of either full thickness corneal transplant (only one among
every 10 person waiting for a transplant gets the corneal transplant done, due to

shortage of available cadaver corneas) or corneal epithelial transplant which are grown
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on homologous biological materials like Human amniotic membrane. The success rate
with such methods has been less than 30% due to haziness as well as rejection.

In this study, we tried to find out the usefulness of the intact (AM with devitalized
epithelium) and denuded (AM removed of its epithelium layer) Intact AM was able to

retain the stemness of the cultivated cells when compared to the denuded membrane.

We standardized culturing corneal limbal epithelial cells on the polymeric and
nonpolymeric matrices which can be used as an alternative matrix for culturing these
cells. As polymeric scaffold we used a Mebiol gel (which is NIPPAM polymer) and it has
thermoreversible property. We were successfully able to culture and study the
characteristics of the cultured cells. Autologous rabbit limbal corneal epithelial cells
could be cultured successfully on the thermo-reversible polymer (Mebiol gel). These
cultured cells on transplantation were able to adhere to the denuded corneal surface,
replicate and regenerate the corneal epithelium. Reparative surgery was a total success in
7 (58.3%), partial success in 2 (16.7%) and failure in 3 (25%). The transplantation
technique was very simple where cells with the gel could be applied as drops. The

procedure is sutureless technique.

We also studied the effect of 3T3 feeder layer in cultivation of corneal limbal epithelial
cells. The inactivated mouse feeder layer is commonly used for the expansion of the
corneal epithelial cells. We studied the expression of the various stem cells associated
markers and differentiation makers on cultivation of corneal epithelial cells with and

without the 3T3 feeder layer. The cells cultured in the presence of 3T3 feeder layer were
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able to maintain the limbal phenotype cells. Further studies are needed to know the

cytokines and growth factors released by these feeder cells.

P63, which is one of the important marker for the identification of the keratinocyte stem
cells. We studied the different isoforms of the p63 on the corneal limbal epithelial cells
cultured over the intact and denuded AM. ANp63a which is mainly expressed by the
basal limbal and corneal epithelial cells seems to be expressed only on the cells cultured
over the intact AM. This shows that cells cultured over the intact membrane were able to
maintain the progenitor cell properties. Which we also proved by the label retaining
properties of the cells cultured over the intact AM. And we were also able to demonstrate
the expression of the embryonic stem cell marker like OCT4, Nanog and Pax6 on the

cells cultured over the intact AM.

Since AM releases lot of growth factors and other cytokines we studied NGF mediated
signaling on the cells cultured over the intact, denuded and chitosan matrix. The cells
cultured over the intact AM were able to activate the downstream signaling pathway like
Akt —FKHRLI-MAPK pathway, which are involved in the regulation of cellular

proliferation and mitosis.

Further studies are needed to elucidate the actual role of these matrixes and signaling

molecules which mediate the proliferation of the progenitor cell population in vitro.
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Appendix I

Cell culture Reagents
Preparation of Media

Dulbecco’s Minimum Essential Medium:

1 vial of DMEM powder dissolved in 900 ml of double sterilized milli Q water and filter

sterilized under vacuum (sterility check-up — Incubation at room temperature, overnight)

HAM'’S F-12 MEDIUM:

1 vial F-12 medium powder is dissolved in 1 L of double sterilized milli Q water and

filter sterilized under vacuum (sterility check-up — Incubation at room temperature,

overnight)

DMEM-F 12 MIX: 50 ml of sterile DMEM is mixed with 50 ml of F-12 medium in a

100ml flask. The following are added to the mix:

L- glutamine (0.3gm/10 ml of distilled water) - 2 ml/ 100 ml of the media mix.
Sodium Bicarbonate (0.75 gm/10 ml of distilled water)
Antibiotics: Penicillin (1 vial in 10 ml of distilled water), Streptomycin (0.75
gms/10 ml of distilled water), ciprofloxacin (10 mg/10 ml of distilled water)
Fetal Bovine Serum (FBS): Gamma irradiated-commercially available.
Heat inactivated at 56 deg C for 30 minutes.
- 10 ml of FBS/ 100 ml of the DMEM / F-12 mix.
Growth Factors:
Epidermal Growth Factors- 50 ng/ ml
Hydrocortisone- 0.5 pg/ ml
Transferrin — 5 pg/ ml
Sodium Selenite — 5 pg/ ml
Keratinocyte growth supplement- 5 pg/ ml
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After the addition of the above components to the DMEM- F12 mix, the medium is

checked for its sterility (Incubation at room temperature, overnight).

TRANSPORT MEDIUM:
DMEM with 3 % FBS- aliquoted in 1.5 ml cryovials and stored at 4° C and is

used for collecting limbal biopsies.
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Gel Electrophoresis

Electrophoresis is a method by which the amplification of the gene sequence is confirmed
after PCR. DNA, negatively charged moves to the cathode on subjected to electric field
and moves according to the molecular weight in a matrix like agarose or polyacrylamide
gels. The gels are suitably stained to visualize the product (Fluorescent dyes for agarose

gels and silver staining of poly acryl amide gels).

Agarose gel electrophoresis

Preparation of TBE buffer: 54.1 g of Tris, 27.8g of boric acid and 3.65 g EDTA were
added in 500 ml water and pH adjusted to 8.0.The stock solution is diluted

1: 10 for further use.

Tracking dye- Bromophenol blue : 0.1gm BPB+100ml 1X TBE buffer in equal

volumes of 40%sucrose solution.
Requirements
Molecular weight marker, Agarose,10 X TBE buffer,Ethidium bromide (2mg/ml), BPB

Preparation of agarose gel

The gel trough was cleaned with ethanol and the ends were sealed with cellophane tape
with the combs placed in the respective positions to form wells. Two percentage of
agarose gel was prepared by dissolving agarose in 1X TBE buffer and 8ul of ethidium
bromide being finally added and mixed thoroughly and poured on to the trough followed
by electrophoresis of the amplified prodcuts at 100 V for 30 to 45 minutes.The gel was
then captured in the Vilber Lourmat and analysed using Imagemaster gel documentation

system.
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Western blotting Reagents

1. Acrylamide (30% ):

Acrylamide-14.6gm
Bis acrylamide-0.4gm
Dissolved in 30ml of water made up to 50ml.

2. Tris-HCI Buffer (PH 8.8):

Tris-9.0gm
Water-25ml
Adjust the PH to 8.8 withIN HCI and made up to 50ml with Distilled
Water.
3. Tris-HCI Buffer (PH6.8):

Tris-3.0gm

Water-25ml

Adjust the PH to 6.8 with 1N HCI and made up to 50ml with Distilled
Water.

4. 10% APS: Polymerization catalyst required for gel formation. 10% solution
used — always prepared fresh. Increasing APS concentration will make the gel set
quicker.

Ammonium per sulphate-10gm
Distilled water-100ml.

5. TEMED (readily available): Polymerization catalyst. Catalyses the formation of

persulphate free radicals from the APS, which in turn initiates polymerization.
Always the last reagent added to the gel.
6. 10% SDS: Binds proteins so they all become negatively charged, therefore
separation is on the basis of size alone and not the intrinsic protein charges.
SDS-10gm
Distilled water-100ml
Stored at room temperature.

7. Separating gel preparation: Sieves and separates the proteins by size.

Percentage gel depends upon the size of target proteins.
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Acryl amide % Range of separation (kDa)
15 12-43
10 16-68
7.5 36-94
5.0 57-212
10% gel:

30%Acrylamide- 4ml
TrisHCI PH 8.8-2.5ml

10%APS-50pl
TEMED-5ul

10%SDS-100ul

Distilled water-3.344ml

8. Stacking gel: Large pore size gel with little or no molecular sieving on the

sample. Standard 4% Acrylamide — large enough pore size for most samples.
30% Acrylamide-1.33ml
TrisHCI- (PH 6.8)-2.5ml

10%APS-50ul
TEMED-10ul
10%SDS-100ul

Distilled water-6.01ml.

9. Waestern blotting transfer buffer:

Tris-3.3gm
Glycine-14.4gm
SDS-1.0 gm

The contents were dissolved in 800ml of distilled water. The final volume was then made

up to 1000ml with methanol.

A study on Corneal Limbal stem cells



Appendix

10. Ponseau stain:

Ponseau S-0.5gm
Glacial acetic acid-1ml

Made up to 100ml with distilled water. Prepared just before use.

11. Electrophoretic buffer (5x):

Tris base-15.1gm
Glycine-72.0gm
SDS-5.0gm
Distilled water-made up to 1000ml.Donot adjust the PH of the stock, as the PH will be
8.3 when diluted. Stored at 4°C until use (up to 1 month).
12. Sample loading Buffer (3x):
IM Tris HCI (PH 6.8)-2.4ml
20%SDS-3ml

Glycerol-3ml
B-Mercaptoethanol-1.6ml
Bromophenol Blue-0.006gm

13. Tris buffered saline (pH:7.6) (TTBS):
Sodium chloride-8gm
IM tris HCI-20ml
Diluted to 1000ml with distilled water.
Tween- 20-10ml.
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Appendix 11
LIST OF CONSUMABLES
CONSUMABLES COMPANY
Agarose SRL, Mumbai, India
ABCG?2 antibody Chemicon, CA, USA
Acrylamide SRL, Mumbai, India

Ammonium Persulphate
Anti Mouse FITC conjugate
Antibiotic Mixture

Boric acid, Molecular grade
Bromophenol blue
Chloroform

100 bp DNA ladder, ¢ X bacteriophage DNA
Dulbeccos minimum essential medium

Hinf — 1 digest,

HAM’s F12

Hydrocortisone

dNTPs

ECL kit , Femto kit

EDTA, Molecular grade
Ethanol, Absolute

Ethidium bromide

Epidermal Growth Factor
Fetal Bovine Serum

Glycine

Isoamyl alcohol

Keratinocyte growth supplement
L-glutamine

Parafilm

P63 antibody

Phenol

Primers

Ponseau

Qiagen RNA extraction Mini kit
Qiagen cDNA conversion Kit
Sodium dodecyl sulphate
Sodium bi carbonate

Sodium Selenite

Taq DNA Polymerase

Tris, Molecular grade
Transferrin

TEMED

SRL, Mumbai, India

Sigma Aldrich Pvt. Ltd. USA
Invitrogen, USA

SRL, Mumbai, India

HiMedia, Mumbai, India

Merck Limited, Mumbai, India
Bangalore Genei Pvt. Ltd., India
Invitrogne, USA

Bangalore Genei Pvt. Ltd

Invitrogen, USA

Sigma Aldrich Pvt. Ltd, USA
Bangalore Genei Pvt. Ltd

Pierce, USA

SRL, Mumbai, India

S D fine chemicals Pvt Ltd, Mumbai,
HiMedia, Mumbai, India

Sigma Aldrich Pvt. Ltd. USA

Gibco.

SRL, Mumbai, India

Merck Limited, Mumbai, India
Sigma Aldrich Pvt. Ltd. USA
Invitrogen, USA

Axygen Inc, USA: Dialab Pvt Ltd, India
Santa Cruz, CA USA

SRL, Mumbai, India

Sigma Aldrich Pvt Ltd., USA
HiMedia, Mumbai, India

QIAGEN, Germany: Genetix Pvt Ltd,
QIAGEN, Germany: Genetix Pvt Ltd,
Merck Limited, Mumbai, India
HiMedia, Mumbai, India

Sigma Aldrich Pvt. Ltd, USA
Bangalore Genei Pvt. Ltd., India
SRL, Mumbai, India

Sigma Aldrich Pvt. Ltd, USA

SRL, Mumbai, India
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