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Abstract

Aims: Limbal stem cell (LSC) deficiency is one of the most challenging ocular
surface diseases. The aim of this thesis was to study damaged ocular surface
reconstruction. Therefore, a mouse model of limbal transplantation was estab-
lished. Furthermore, LSC isolation, transfer of LSCs and bone marrow-derived
mesenchymal stem cells (MSCs) on nanofiber scaffolds were studied.

Material and methods: Syngeneic, allogeneic and xenogeneic (rat) limbal grafts
were transplanted orthotopically into BALB/c mice. Graft survival, immune re-
sponse and the effect of monoclonal antibodies (mAb) (anti-CD4 and anti-CD8
cells) were analyzed. Mouse LSCs were separated by Percoll gradient; subse-
quently, they were analyzed for the presence of LSC and differentiation corneal
epithelial cell markers and characteristics using real-time PCR and flow cytom-
etry. Nanofiber scaffolds seeded with LSCs and MSCs were transferred onto the
damaged ocular surface in mouse and rabbit models. Cell growth on scaffolds,
post-operative inflammatory response and survival of transferred cell were ana-
lyzed.

Results: Limbal allografts were rejected promptly by the Th1-type of immune
response (IL-2, IFN-γ) involving CD4+ cells and nitric oxide produced by macro-
phages, contrary to the prevailing Th1 and Th2 immune responses (IL-4, IL-10)
in xenografts. Anti-CD4 mAb significantly postponed the rejection in allografts
and in xenografts. The lightest and densest fraction of the Percoll gradient were
both enriched with cell populations with a high expression of SC markers and
side-population phenotype. Contrary to the lightest (40%), the densest (80%)
fraction contained K12−/p63+ cells with characteristics that were closer to SCs.
In the mouse model, the nanofiber scaffolds with LSCs and MSCs suppressed the
inflammatory reaction. In the rabbit model, the MSCs on nanofiber scaffolds re-
duced alkali-induced oxidative stress and significantly accelerated corneal healing.

Conclusions: Limbal grafts do not enjoy any privileged position of immunity in
the eye. Anti-CD4 mAb treatment is a promising immunosuppressive approach
after limbal allotransplantation. By centrifugation on Percoll gradient, two dis-
tinct populations of corneal epithelial cells with SC characteristics were separated,
with the K12−/p63+ population being closer to LSCs. Nanofiber scaffolds can be
useful for LSC and MSC transfer and future treatment of ocular surface injuries.

Key words: limbal stem cells, limbal stem cell deficiency, limbal transplantation,
mesenchymal stem cells, nanofiber scaffolds.
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Abstrakt

Ćıle: Deficit limbálńıch kmenových buněk (LSC) patř́ı mezi nejzávažněǰśı onemoc-
něńı povrchu oka. Ćılem dizertačńı práce bylo studium obnovy poškozeného
povrchu oka. Proto byla zavedena limbálńı transplantace v experimentálńım
myš́ım modelu. Byla provedena izolace LSC, přenos LSC a mesenchymálńıch
kmenových buněk (MSC) izolovaných z kostńı dřeně na nanovláknových nosič́ıch
na povrch poškozeného oka u myš́ı a u kráĺık̊u.

Materiály a metody: U myš́ı BALB/c byla provedena syngenńı, alogenńı a
xenogenńı limbálńı transplantace. Po transplantaci byla sledována doba přež́ıváńı
štěp̊u, imunitńı reakce a účinky monoklonálńıch protilátek (mAb) (anti-CD4 a
anti-CD8). Myš́ı LSC byly rozděleny pomoćı centrifugace na Percollovém gra-
dientu a následně byla provedena analýza povrchových znak̊u LSC pomoćı PCR
a pr̊utokové cytometrie. Na myš́ım a kráĺıč́ım modelu byly přenášeny LSC a MSC
pomoćı nanovláknových nosič̊u na poškozený povrch oka. Byl sledován in vitro
r̊ust buněk na nosič́ıch, pooperačńı zánětlivá reakce a přež́ıváńı buněk na povrchu
oka po přenosu nosič̊u.

Výsledky: K odhojeńı alogenńıch limbálńıch štěp̊u došlo promptně a v pr̊uběhu
rejekce převažovala Th1 imunitńı odpověď (IL-2, IFN-γ) mediovaná CD4+ buňkami
a NO produkovaným makrofágy. U xenotransplantát̊u převažovala Th1 i Th2
(produkce IL-2, IFN-γ, IL-4 a IL-10) imunitńı odpověď. Pomoćı anti-CD4 mono-
klonálńıch protilátek došlo k signifikatńımu prodloužeńı přež́ıváńı alogenńıch a
xenogenńıch štěp̊u. Frakce źıskané po izolaci z vrchńı (40% Percoll) a spodńı (80%
Percoll) vrstvy gradientu obsahovaly buňky s vysokou expreśı znak̊u kmenových
buněk a side-population fenotypu. Spodńı frakce obsahovala buňky s expreśı
znak̊u K12−/p63+ vykazuj́ıćı vlastnosti bĺıžš́ı kmenovým buňkám na rozd́ıl od
vrchńı frakce. Společný přenos LSC a MSC výrazně inhiboval zánětlivou reakci v
myš́ım modelu. Přenos MSC na nanovláknech u kráĺık̊u potlačil oxidativńı stres
rohovky zp̊usobený poleptáńım a podpořil proces hojeńı.

Závěr: U transplantace limbálńıch štěp̊u se neuplatňuje imunologická privilego-
vanost oka. Anti-CD4 monoklonálńı protilátky představuj́ı slibnou imunosupresi
u alotransplantát̊u. Pomoćı centrifugace na Percollovém gradientu lze źıskat
dvě odlǐsné populace buněk vykazuj́ıćı vlastnosti kmenových buňek, ze kterých
K12−/p63+ populace je bližš́ı k LSC. Nanovláknové nosiče jsou vhodné pro léčbu
poškozeného povrchu oka pomoćı LSC a MSC v experimentálńım modelu.

Kĺıčová slova: limbálńı kmenové buňky, deficit limbálńıch kmenových buněk,
limbálńı transplantace, mesenchymálńı kmenové buňky, nanovláknové nosiče.
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1 GENERAL INTRODUCTION

1.1 Introduction

The integrity of the corneal epithelium is essential for maintaining corneal trans-
parency and ensuring visual function. The corneal epithelium is renewed by the
cells, which migrate from the limbus. These cells originate from the LSCs, which
are located in the basal layer of the limbus (Cotsarelis et al., 1989). The limbus
is a transient zone between the corneal and conjunctival epithelium. Loss of LSC
source through primary disease or secondarily, due to ocular surface damage, can
cause opacity, corneal cicatrization, impairment of transparency, and can lead to
blindness (Dua et al., 2000). The correct assessment of LSC deficiency (LSCD)
is crucial in clinical practice because these patients are not suitable candidates
for conventional corneal transplantation. In these cases, lamellar or penetrating
keratoplasty would provide only a short-term replacement of corneal epithelium
in the recipient. It does not resolve the primary cause of the disease the loss
of LSCs. The only way to cure LSCD is through transplantation of the whole
limbus (Tan et al., 1996); (Holland, 1996); (Dua and Azuara-Blanco, 1999), or
through transfer of cultured LSCs (Pellegrini et al., 1997); (Rama et al., 2010).
When both eyes are involved, the limbal allografts must be used for transplan-
tation. Such procedures have a high risk of rejection during the postoperative
period, therefore a high dosage of systemic immunosuppression is required for a
long period. The corneal transplantation can be done simultaneously with limbal
transplantation or as a subsequent procedure. To date, there are limited numbers
of experimental limbal transplantation studies. Further studies are necessary to
improve understanding of the limbal graft and LSC survival, as well as their ca-
pacity to renew the ocular surface after transplantation. Further studies are also
warranted to find effective immunosuppressive treatment. Animal models in this
area can contribute substantially to improvement of LSCD treatment and, thus,
improve the poor prognosis of this disease in clinical practice.

1.2 The ocular surface anatomy

1.2.1 Cornea

The cornea is a transparent tissue, responsible for light transmission and refrac-
tion and is essential for good vision. It is composed of epithelium, Bowman’s
membrane, stroma, the Descemet’s membrane and endothelium. Recently, a well-
defined, acellular and strong layer was described in the pre-Descemet’s area in
the human cornea (Dua et al., 2013). The human corneal epithelium consists of
5-6 layers of non-keratinized, stratified cells. The cells differ in shape across its
layers. They are column-shaped in the basal layer, cuboid wing shaped in the
suprabasal layer and flat squamous shaped cells in the superficial layer (Beuer-
man and Pedroza, 1996). Conversely, mouse corneal epithelium is more complex
and consists of 13 cell layers in the center, becoming thinner in the periphery
(Henriksson et al., 2009). Mouse epithelium has a stratified array, in which the
basal columnar cells become flattened as they near the surface and increased cell
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layers are explained by the presence of multiple squamous layers (Smith et al.,
2002); (Henriksson et al., 2009). The tight junctions in the superficial layers of
human corneal epithelium are responsible for epithelium barrier function (Sugrue
and Zieske, 1997); (Yi et al., 2000). The basal epithelial cells are attached to
the basement membrane by hemidesmosomes. The Bowman’s layer is composed
of a thin acellular layer of collagen fibrils with the anterior well-defined surface
and posterior surface merging with the stroma (Forrester et al., 2008). There
is controversy about the presence of the Bowman’s layer in mice whereby some
authors believe that mice do not have a true Bowman’s layer, while others believe
they do (Hayashi et al., 2002); (Smith et al., 2002); (Henriksson et al., 2009). The
stroma is composed predominantly of regular collagenous lamellae and forms 90%
of the thickness of the human cornea, contrary to the 70% seen in mice (Li et al.,
1997); (Henriksson et al., 2009). It is more compact anteriorly than posteriorly
and proteoglycan composition varies in the anterior and posterior parts (Bron,
2001); (Müller et al., 2001).

Keratocytes (modified fibroblast) exist between the collagen lamellae in the
stroma. Descemet’s membrane is a modified basement membrane of endothelium.
The corneal endothelium is composed of simple squamous interdigitated cells and
is essential for regulating corneal hydration. The relative acellular matrix of the
cornea is fundamental to its transparency. In particular, the regular and smooth
corneal epithelium (Puangsricharern and Tseng, 1995), the regular arrangement
of collagen and cellular stromal components (Fini and Stramer, 2005), the level
of hydration determined by endothelial pump function (Meek et al., 2003), the
presence of corneal crystallins in the stroma (Jester et al., 1999), and the corneal
avascularity (Nishida, 2005) are essential elements of the transparent cornea.

1.2.2 Limbus

The human limbus is described as a transition zone, 1.5-2.0 millimeter (mm) in
width, between the transparent cornea and the opaque sclera, which is highly
vascularized and innervated (Davanger and Evensen, 1971). The epithelium has
10 to 12 layers and overlies the stroma, which is radially arranged into the pal-
isades of Vogt (Dua et al., 1994). The exact definition of the limbus differs among
anatomists, pathologist and ophthalmic surgeons. According to Van Burskirk, the
anatomical (histological) limbus is described as a V-shape transition line between
the corneal lamellae and scleral lamellae (Van Buskirk, 1989) (Figure 2).

Pathologists define the limbus as a block of tissue in which the anterior border
is a line connecting the junction of the conjunctival and corneal epithelium with
termination of Schwalbe’s line. The posterior border is a perpendicular line from
the scleral spur to the ocular surface (Figure 1, 2). In clinical practice, the lim-
bus is characterized as a blue-grey transition zone seen on slit lamp examination
(Figure 1). Limbal surgical incision goes anteriorly from the trabecular meshwork
and Schlemm’s canal (Figure 2 and Figure 3).
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Figure 1: Anterior segment photography: A) Ocular surface of human eye
showing the cornea, limbus and conjunctiva; B) Ocular surface of mice showing
the cornea and limbus. (Courtesy of Ivan Koĺın)
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Figure 2: Anatomy of the anterior segment of the human eye: 1. Subep-
ithelial connective tissue; 2. Collector channels; 3. Schlemm’s canal; 4. Sclera; 5.
Scleral spur; 6. Ciliary muscle; 7. Lens; 8. Iris; 9. Uveal meshwork; 10. Corneal
endothelium; 11. Descemet’s membrane; 12. Corneal stroma; 13. Bowman’s
layer; 14. Corneal epithelium; 15. Schwalbe’s line; 16. Pre-Descemet’s layer; 17.
Trabecular meshwork; 18. Limbus; 19. Episcleral vessels; 20. Conjunctival ep-
ithelium. Dotted lines demarcate the histologist’s limbus; dashes demarcate the
pathologist’s limbus. (Courtesy of Michala Lenčová)
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Figure 3: Anatomy of the limbus: 1. Sclera; 2. Collector channels; 3.
Schlemm’s canal; 4. Trabecular meshwork; 5. Schwalbe’s line; 6. Corneal en-
dothelium; 7. Descemet’s membrane; 8. Corneal stroma; 9. Corneal epithelium;
10. Bowman’s layer; 11. Pre-Descemet’s layer; 12. Uveal meshwork; 13. Limbus;
14. Episcleral vessels; 15. Conjunctival epithelium; 16. Subepithelial connective
tissue. (Courtesy of Michala Lenčová)

The limbal area has several physiological attributes. The limbus serves as a
reservoir of LSCs, which are essential for corneal epithelium renewal and healing.
In addition, the limbus has an important role in “barrier function”, preventing
encroachment of the conjunctival epithelium onto the cornea during homeostasis
and the healing process (Thoft et al., 1979); (Tseng, 1989); (Huang and Tseng,
1991). When this function is compromised, the conjunctival epithelium, together
with blood vessels and fibrous tissue, encroaches onto the cornea: this is termed
as conjunctivalization, a hallmark of LSCD (Dua et al., 2009). The limbus main-
tains nourishment of the peripheral cornea, contains pathways of aqueous humour
outflow and is the site of surgical incisions into the anterior chamber for cataract
and glaucoma surgery (Van Buskirk, 1989). Several important transitions take
place at the limbus; for example, the regular corneal lamellae terminate here and a
more randomly structured scleral lamellae start here; the non-keratinized corneal
epithelium gives way to the conjunctival epithelium; the conjunctiva has a high
density of goblet cells and major histocompatibility complex (MHC) class II den-
dritic cells (Langerhans), which sharply declines at the limbus; the conjunctival
capillaries and lymphatic capillaries terminate here; Descemet’s membrane and
Bowman’s layer terminate here; the loose conjunctival subepithelial vascularized
connective tissue (substantia propria), containing immunocompetent cell types
(mast cells, plasma cells, lymphocytes) tapers off at the limbus (Forrester et al.,
2008).
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1.2.3 Conjunctiva

The conjunctiva is a mucous membrane consisting of stratified, squamous, non-
keratinized epithelium overlying the loose connective tissue substantia propria.
The conjunctival epithelium varies in structure regarding to localization and is
divided into 3 regions: bulbar, forniceal and palpebral. The human bulbar con-
junctiva consists of cuboidal epithelial cells in 6 to 9 layers irregularly organized
compared to the cornea (Krachmer et al., 2005). The forniceal conjunctival ep-
ithelium is between the bulbar and palpebral epithelium, is more columnar in
shape, and composed of just 3 cell layers overlying the thickest substantia propria
(Nelson and Cameron, 2011). The palpebral epithelium is more cuboidal in na-
ture, 2 to 3 cell layers over the superior tarsus and 4 to 5 layers over the inferior
tarsus (Nelson and Cameron, 2011). In the mouse eye, the conjunctiva epithe-
lium is much thinner and the bulbar conjunctiva consists of 2 to 4 cell layers, the
tarsal conjunctiva of 2 to 4 layers and the fornix of just 1 to 2 layers (Smith et al.,
2002). Goblet cells are characteristic for their conjunctival epithelium and produc-
ing mucin, which coats the ocular surface and stabilizes the tear film (Krachmer
et al., 2005).

1.3 The concept of corneal epithelial maintenance
and wound healing

1.3.1 Corneal epithelial maintenance

Corneal epithelium homeostasis is vital for ocular surface integrity and, thus,
healthy corneal epithelium is essential for corneal transparency and vision. Hu-
man corneal epithelial cells are continually desquamated into the tear pool and
replaced by cells moving centrally from the limbus and anteriorly from the basal
layers of the corneal epithelium (Dua et al., 1994).

In 1971, Davenger and Evensen were the first to assume that the corneal ep-
ithelium is recovered by the cell population located in the limbal area (Davanger
and Evensen, 1971). Research in the years following demonstrated further evi-
dence of epithelial stem cells (SCs) located in the limbus and their crucial role
in the renewal and repair process of the corneal ocular surface. In 1983, Thoft
described the concept of corneal epithelial maintenance as the X, Y, Z hypothe-
sis, defined as X+Y=Z, in which the epithelial cells are thought to move slowly
toward the center (Thoft and Friend, 1983). The X component represents the pro-
liferation of basal epithelial cells, the Y component the centripetal cell migration
of the limbal cells, and the Z component the epithelial cell loss from the surface
(Figure 4). Tissue hierarchy in corneal epithelium was proven by several studies.
The corneal SCs at the limbus generate the transient amplifying cells (TACs),
which proliferate, migrate into towards the cornea and become post-mitotic and
terminally differentiated cells (TDC) of corneal epithelium with an ability to re-
generate (Figure 3, Figure 4) (Cotsarelis et al., 1989); (Tseng, 1989); (Lehrer
et al., 1998); (Schlötzer-Schrehardt and Kruse, 2005). Cell divisions have been
demonstrated at the basal corneal epithelium (Haskjold et al., 1989). The vertical
movement of basal cells and their daughter cells (TDC) toward the ocular surface
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Figure 4: The concept of corneal epithelial maintenance: The limbal stem
cells (1) at the limbus (5) generate transient amplifying cells (2), which proliferate,
migrate towards the cornea (6) and become post-mitotic (3) and terminally dif-
ferentiated cells (4) of corneal epithelium with no ability to self-renew. (Courtesy
of Michala Lenčová)

contributes to corneal epithelial homeostasis and is stimulated by cell shedding
(Beebe and Masters, 1996). The superficial corneal epithelial cells are constantly
desquamated after terminal differentiation or apoptosis (Kruse, 1994); (Ren and
Wilson, 1996).

1.3.2 Corneal wound healing

LSC activity is sensitive to corneal injury: cell migration starts at the limbus and
moves towards a wounded cornea in a centripetal and vertical manner (Nagasaki
et al., 2003); (Lempet and Mathers, 1989). Corneal and limbal epithelial healing
has a characteristic clinical pattern. Following corneal epithelial injury, centripetal
migration and formation of convex corneal epithelium sheets occur, these sheets
undergo contact inhibition and create a characteristic geometric shape, which fi-
nally closes by contact lines “pseudo-dendrites” (Dua and Forrester, 1987). In
partial limbal epithelial defect, a preferential circumferential migration of tongue-
shaped sheets of limbal epithelial cells arises from either end of the remaining
intact epithelium (Dua and Forrester, 1990). The circumferentially migrating
“tongues” meet to restore limbal epithelial integrity and subsequently centripetal
epithelium movement completes the healing process (Dua and Forrester, 1990).
For epithelial maintenance and healing, it is essential that growth factors come
through with the tear film (Watanabe et al., 1987), the epithelium (Rolando et
al., 2001), the stromal keratocytes (West-Mays and Dwivedi, 2006) and aqueous
humor (Welge-Lüssen et al., 2001).

The LSC concept of epithelial renewal was confirmed in several experimental
studies. In rabbit models, partial limbal deficiency can arise from the surgical re-
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moval of two thirds of the limbal zone and can result in abnormal prolonged heal-
ing, vascularization and overgrowth of conjunctival epithelium onto the cornea
(Chen and Tseng, 1990); (Chen and Tseng, 1991). After total limbal removal
in a rabbit model, only limited proliferative capacity of corneal epithelium re-
mains until the corneal epithelium is wounded, following which delayed healing
and corneal conjunctivalization occur (Huang and Tseng, 1991). The complete
removal of limbal and corneal epithelium results in LSCD in rabbit models (Kruse
et al., 1990).

1.3.3 Challenging the limbal stem cell concept

However, contrary to the accepted dogma that the cells responsible for corneal
renewal reside mainly, if not exclusively, in the limbus, there are results of re-
cent animal transplantation studies (Majo et al., 2008) and clinical observations
(Dua et al., 2009); (Bi et al., 2013), which suggest that the corneal epithelium
possess at least some degree of self-renewing capacity. Majo et al. described
that mouse central cornea contains oligopotent SCs (Majo et al., 2008). Con-
trary to this hypothesis, the existing human data on epithelial differentiation and
cell migration in the ocular surface do not support this theory and suggest inter-
species differences in cornea anatomy (Sun et al., 2010). However, Dua et al.
showed that normal central island of corneal epithelium remained in 8 patient
eyes despite diagnosis of LSCD (Dua et al., 2009). The authors have given two
explanations for these observations: 1) that some clinically invisible LSCs still
survive and maintain the epithelium, or 2) that the basal TACs of central ep-
ithelium are independently capable of central corneal maintenance. In the recent
study on human cornea maintained in organ culture, it was demonstrated that
the central corneal epithelium was capable of self-regeneration following the total
ablation of the limbus and thus the LSCs may not, in fact, respond immediately
to an acute wound (Chang et al., 2008). The animal study in rabbits showed
that after complete removal of limbus, the central epithelium survived until it
was wounded (Huang and Tseng, 1991). Generally, stratified epithelial cells are
renewed by SCs from their basal layers. The belief that the corneal epithelium is
replenished by the centripetal movement of TACs generated from SCs at the lim-
bus has a long proved an anomaly among stratified epithelial and has generated
speculation about benefits of this mechanism (Barbaro et al., 2007). However, the
further studies are needed to confirm the data about corneal self-renewal capacity.

1.4 The limbal stem cells

1.4.1 Limbal stem cell location

Histologically, the human limbal epithelium consists of more than ten cells layers
and is the thickest of the three compared to one to two cell layers in the conjunc-
tival epithelium and four to six cell layers in the corneal epithelium (Tseng, 1989).
The layers are organized in papillae-like structures termed as palisades of Vogt,
which are located in the sub-epithelial connective tissue (Townsend, 1991). The
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LSCs reside in the basal layer of the limbus at the bottom of the Vogt palisades,
which represent the well-protected environment in close contact with a specific
stromal niche (Cotsarelis et al., 1989);(Li et al., 2007). In addition, the LSCs
contain melanin, which has a protective role against UV light (Cotsarelis et al.,
1989). Unlike the conjunctival epithelium, the limbal epithelium does not contain
goblet cells (Hogan et al., 1971).

In 2005, Dua et al. identified a novel and unique anatomical structure termed
as limbal epithelial crypts (LECs), which were proposed as a putative LSC niche
(Dua et al., 2005). LECs extend outward from some palisades of Vogt and are
found deeper in the substantia propria of the limbus providing both protection
and a microenvironment of extracellular matrix with its multitude of resident cells
(Dua et al., 2005); (Yeung et al., 2008). LECs occur in clusters and their size and
distribution often varies (Shanmuganathan et al., 2007). LECs may be a result of
normal physiological development in order to protect and maintain the SCs, the
numbers probably decline with age (Yeung et al., 2009). Some epithelial cells with
features of LSCs ectopically reside the peripheral cornea and adjacent conjunctiva
on either side of the limbus (Kawasaki et al., 2006); (Yeung et al., 2009).

1.4.2 Limbal stem cell characteristics

Adult SCs are characterized by proliferative potential and cell phenotype. The
widely accepted features of adult SCs include: 1) the ability for self-renewal and
functional tissue regeneration, 2) slow cycling or long cell cycle time during home-
ostasis in vivo, 3) high proliferative potential after wounding or placement in vitro,
4) small size with poor differentiation and primitive cytoplasm (Cotsarelis et al.,
1999); (Lavker and Sun, 2000); (Watt, 2000); (Watt and Hogan, 2000); (Blau et
al., 2001).

Basal limbal cells have the characteristics of adult SCs. LSCs have a high pro-
liferative potential in vitro compared to the epithelial cells in the peripheral and
central cornea, a high capacity for error-free self-renewal, a long life span, slow
cell cycle and the ability to retain labelled DNA precursors over a long period
(Cotsarelis et al., 1989); (Pellegrini et al., 1999). Clonal analysis has shown that
limbal basal cells are holoclone-forming cells in contrast to corneal epithelial cells
(Pellegrini et al., 1999). LSCs undergo asymmetrical division and produce one
SC to replenish the SC pool and one TAC (Daniels et al., 2001). TACs are fast-
dividing progenitor cells and reside the basal epithelium of limbus and peripheral
cornea. These cells give rise to post-mitotic and TDCs in the suprabasal and
superficial layers (Lehrer et al., 1998); (Schlötzer-Schrehardt and Kruse, 2005)
(Figure 5).

Basal limbal cells are morphologically characterized by a small size, poor differ-
entiation, high nucleus/cytoplasm ratio, euchromatin-rich nucleus and minimally
differentiated cytoplasm (Romano et al., 2003); (Chen Z. et al., 2004). In contrast,
the basal central corneal epithelium is characterized by low nucleus/cytoplasm ra-
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Figure 5: Limbal stem cell concept: A) asymmetric limbal stem cell division;
B) Limbal and corneal epithelium stratification; C) Cells contributing to epithe-
lial maintenance: 1. Limbal stem cells; 2. Transient amplifying cells; 3. Post-
mitotic cells; 4. Terminally differentiated cells; (Courtesy of Michala Lenčová)

tio, heterochromatin-rich nucleus and cytoplasm with a high amount of ribosomes
and tonofilaments (Chen Z. et al., 2004). The cell size correlates with cell differ-
entiation phenotypes and proliferative capacity in human corneal epithelial cells,
whereby the small cell size may represent one of the important properties of adult
corneal epithelial SCs (De Paiva et al., 2006). The basal limbal cells contain a
melanin pigment, which protects the cells from ultraviolet light damage (Wolosin
et al., 2000).

The adult tissue-specific SCs express the side-population (SP) phenotype,
which is characterized by the ability to efflux the DNA-binding vital dye Hoechst
33342 (Budak et al., 2005); (Umemoto et al., 2005). ATP-binding cassette sub-
family G member 2 (ABCG2) is a transporter important for determining the
limbal SP phenotype (Shaharuddin et al., 2013). The SP phenotype is a property
of SCs (Shimano et al., 2003); (Zhou et al., 2001). Several animal and human
studies showed that only a small fraction (from 0.2% to 0.9%) of limbal cells ex-
hibit the SP phenotype (Watanabe et al., 2004); (Budak et al., 2005); (Umemoto
et al., 2006); (Kusanagi et al., 2009); (Akinci et al., 2009).

In a mouse model, the cells with LSC markers and characteristics isolated
from adult limbal tissue suppress the pro-inflammatory immune response and are
themselves more resistant to apoptosis than other adult cell populations (Holan
et al., 2010). These results suggest that immune-modulatory and self-protecting
properties of LSCs are the general properties of SCs, which may contribute to
their survival. LSCs also display an enhanced expression of genes for the anti-
apoptotic proteins, a property that is imperative for the survival of transplanted
tissues (Shaharuddin et al., 2013).
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1.4.3 Limbal stem cell markers

The unique SC marker for LSCs has not yet been identified, therefore the LSC
identification methods are indirect. A large amount of putative LSC markers were
proposed. The major LSC markers include the expression of the drug resistance
membrane transporter ABCG2 (De Paiva et al., 2005), the nuclear transcription
factor p63α (Pellegrini et al., 2001); (Di Iorio et al., 2005), integrin α9 (Schlötzer-
Schrehardt and Kruse, 2005), keratin K19 (Kasperet al., 1992), C/EBPδ and
Bmi1 (Barbaro et al., 2007), the ligand-activated transmembrane receptor Notch-
1 (Thomas et al., 2007) and the absence of cornea-associated differentiation mark-
ers such as the keratin K3, K12, the gap junction protein - connexin 43 and the
transmembrane receptor E-cadherin (Liu et al., 1993); (Matic et al., 1997); (Chen
Z. et al., 2004).

Currently, a combination of positive markers specific for undifferentiated SCs
(transcription factor p63, membrane protein ABCG2, vimentin and keratin K19),
and an absence of markers typical for differentiated corneal epithelium (connexin
43, keratin K3 and K12) is used for LSC determination (Schlötzer-Schrehardt and
Kruse, 2005). Moreover, SC morphology can be used in combination with putative
SC markers (O‘Sullivan and Clynes, 2007). The finding of universal SC markers
would enable LSC identification, isolation and use of SC enriched population for
the treatment of LSCD.

1.4.4 Limbal stem cell niche

It is well known that the ‘niche’ is an essential microenvironment for SC that
nurtures the cells and maintains their stemness. The LSC niche is located at
the limbus within the palisades of Vogt and the LSC stemness is controlled by
various intrinsic and extrinsic factors (Li et al., 2007). The limbal niche cells
have been suggested to modulate LSC maintenance, proliferation and differen-
tiation by producing specific matrix components, secreting growth factors and
signaling molecules in a tightly regulated spatial and temporal pattern (Li et al.,
2007). LSCs are in close contact with specific basal membrane vessels and stro-
mal fibroblasts. Such configuration enables LSCs to maintain their high supply
of nutrition and growth factors (Schlötzer-Schrehardt and Kruse, 2005). The pro-
nounced heterogeneity of the basement membrane at the corneal-limbal transition
zone provides unique microenvironments for corneal epithelial stem cells and late
progenitor cells (Schlötzer-Schrehardt et al., 2007). Specific cell surface receptors
and adhesions molecules appear to mediate LSC anchorage to their niche (Ordonez
and Girolamo, 2012). The underlying limbal niche stroma plays a crucial role in
modulating the LSC stemness, in contrast to corneal stroma, which promotes the
epithelial cell differentiation (Espana et al., 2003). Reproducing the LSC niche
enables it to prepare optimal in vitro conditions for SC culture and thus to obtain
a good quality of cell cultures for in vivo transfer. Therefore further investigation
of niche characteristics would be beneficial for LSC ex vivo expansion.
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1.5 Limbal stem cell deficiency

1.5.1 Etiology

LSCs are essential for corneal epithelium regeneration and also act as a barrier
against conjunctival overgrowth onto the cornea. After LSC source loss, corneal
conjunctivalization takes place: it is accompanied by vascularization, recurrent
defects, chronic inflammation, corneal cicatrization and opacity. This condition
is called LSCD and can lead to loss of vision. Corneal scarring and opacity is the
fifth most common cause of global blindness (Resnikoff et al., 2004). However,
the incidence and prevalence of LSCD throughout the world is unknown. The
incidence of LSCD in North America is estimated to be in the thousands (Schwab
et al., 2000), LSCD prevalence in India is approximately 1.35 million (Vemuganti
and Sangwan, 2010). Global blindness caused by LSCD could, in fact, be higher
due to corneal scarring caused by trachoma, which is the sixth most common
cause of global blindness (Resnikoff et al., 2004).

LSCD can be subdivided into congenital, acquired and idiopathic (Espana et
al., 2002). Congenital LSCD is characterized by insufficient stromal microenvi-
ronment for LSC support and the absence of external causes. This group includes
aniridia (Nishida et al., 1995); (Skeens et al., 2011), multiple endocrine deficiencies
(Puangsricharern and Tseng, 1995), epithelial and stromal dystrophies (Dunaief
et al., 2001), lacrimo-auriculo-dento-digital syndrome (Cortes et al., 2005), and
xeroderma pigmentosa (Fernandes et al., 2004). Hereditary aniridia is character-
ized by non-development of the iris (Hill et al., 1991). The PAX6 (paired box
6) gene is one of the main regulatory genes involved in the development of the
eye and LSCs: therefore the gene defect disrupts normal corneal epithelium for-
mation (Collinson et al., 2004). Clinically congenital aniridia is characterized by
weak corneal epithelium differentiation, corneal conjunctivalization and neovascu-
larization (Li et al., 2008).

Acquired LSCD is more common in clinical practice than congenital LSCD.
LSC and niche destruction is caused by external insults through direct damage or
as a consequence of a post-injury inflammatory process. The acute and chronic
inflammation of the ocular surface leads to exhaustion of the LSC population,
which causes conjunctivalization and, ultimately, complete corneal opacity and
blindness (Dua et al., 2010). Examples of acquired LSCD include chemical or
thermal injuries (Fish and Davidson, 2010), exposure to ultraviolet and ionizing
radiation (Fujishima et al., 1996), (Shortt et al., 2014), advanced ocular cica-
tricial pemphigoid (Shimazaki et al., 2007), multiple surgeries or cryotherapies
(Puangsricharern and Tseng, 1995), long-standing contact lens wear (Chan and
Holland, 2013) and extensive or chronic infection such as trachoma (Kremer et
al., 2009).
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Figure 6: Clinical picture of limbal stem cell deficiency (LSCD): A) Total
LSCD after chemical burn injury; B) Total LSCD in ocular cicatricial pemphigoid;
C) Partial LSCD after chemical injury. (Courtesy of Ivan Koĺın)

1.5.2 Clinical signs

LSCD symptoms include impaired vision, photophobia, and tearing, recurrent
episodes of pain, blepharospasm, and red eye (Dua and Azuara-Blanco, 2000).
Clinical features of LSCD include corneal conjunctivalization, neovasculariza-
tion, chronic inflammation, recurrent and persistent epithelial defects, scarring,
fibrovascular pannus, ulceration, keratolysis, perforation, and keratinisation (Dua,
2006)(Figure 6). The conjunctival epithelium over the cornea is irregular and thin
with a dull reflex and there is stippled staining of fluorescein dye comparing to
corneal epithelium (Dua et al., 1994). The alteration of limbal anatomy with loss
of the palisades of Vogt can also be seen (Dua et al., 2003).

1.5.3 Diagnosis

Diagnosis of LSCD is based on a detailed history and clinical findings. In par-
ticular, the clinical triad of corneal conjunctivalization, neovascularization and
chronic inflammation should be confirmed (Chen and Tseng, 1990); (Kruse et al.,
1990); (Chen and Tseng, 1991). However, impression cytology can be used to
confirm the diagnosis (Puangsricharern and Tseng, 1995). It is a useful tool to
prove the presence of conjunctival epithelium and goblet cells on the conjuncti-
valized cornea and can be combined with immunohistochemistry of keratin K19,
K7 and K13 (Donisi et al., 2003); (Singh et al., 2005); (Jirsova et al., 2011);
(Ramirez-Miranda et al., 2011). Nevertheless, keratin detection could be help-
ful for identifying conjunctival epithelium when the impression cytology does not
prove the presence of goblet cells on the conjunctivalized cornea. Goblet cells may
not be detected in the presence of severe chronic inflammation (Tsubota et al.,
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1995). In vivo confocal microscopy can be useful for diagnosis and monitoring
of limbal structural changes in patients with LSCD and can be combined with
impression cytology (De Nicola et al., 2005); (Barbaro et al., 2010); (Lagali et al.,
2013). However, some authors believe that the clinical signs of LSCD are sufficient
for diagnosis assessment and therefore do not use impression cytologic analysis in
their studies (Rama et al., 2010); (Chan and Holland, 2013). In clinical practice,
it may be more difficult to clearly distinguish the conjunctival epithelium from
the corneal epithelium. The conjunctival epithelium is translucent and dull com-
pared to the corneal epithelium but its opacity may be due to corneal scarring.
In addition, stippled fluorescein staining due to abnormal conjunctival epithelium
can be seen by the pooling of fluorescein dye at the junction of abnormal and
remaining normal corneal epithelium (Dua, 2006). Biopsy of the fibrovascular
pannus can show the multilayered epithelium, vascularization and intraepithelial
lymphocytes along basal layers, which are the features of the conjunctival ep-
ithelium (Dua, 2006). In patients with a less clinically obvious LSCD diagnosis,
biopsy of the fibrovascular pannus is desirable to exclude other pathologies like
xeroderma pigmentosa (Gupta et al., 2011).

1.6 Treatment of limbal stem cell deficiency

Nomenclature for the various ocular surface transplantation procedures uses the
anatomic source of the transplanted tissue (conjunctival, limbal and other mucosal
grafts), the donor cell genetic source (autograft, living non-related and living
related allograft, cadaveric allograft) and the donor cell type (tissue or ex vivo
cultured cells) (Daya et al., 2011).

1.6.1 Prophylaxis of limbal stem cell deficiency

The incidence of LSCD can be diminished by prompt anti-inflammatory therapy,
which reduces the risk of consequent LSC exhaustion and cicatricial complications
in the chronic phase, both of which can lead to corneal blindness. Ocular surface
injury involving the limbus does not ascertain that LSCs at the basal layers are
completely destroyed at the time of insult (Liang et al., 2009). Therefore, appro-
priate treatment during the acute phase is essential, especially in chemical burns
and Steven-Johnson syndrome. Persistent inflammation is described as a main
risk factor for LSCD (Puangsricharern and Tseng, 1995). Early application of the
amniotic membrane (AM) after chemical injury suppresses the inflammation and
reduces the risk LSCD development (Meller et al., 2000). Several studies have
showed that AM application after chemical burns promotes epithelial healing,
reduces corneal haziness and prevents cicatricial complications such as symble-
pharon formation (Meller et al., 2000); (Kobayashi et al., 2003); (Prabhasawat et
al., 2007). The beneficial effect of AM was also demonstrated in the acute phase
of Stevens-Johnson syndrome and toxic epidermal necrolysis in other studies (Di
Pascuale et al., 2005); (Kobayashi et al., 2003). As another effective treatment,
modality nanofibers may be used for SC transfer and, with this in mind, we de-
cided to investigate in greater detail.
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1.6.2 Limbal tissue transplantation

LSCD therapy is based on LSC recovery. However, the treatment is complex and
the outcome depends, not only on the LSC replacement, but also on timing the
LSC surgery to take place during a quiescent stage; the reconstruction of ocular
surface abnormalities; and treatment of underlying dry eye, glaucoma and sys-
temic disease (Dua et al., 2010). Uncontrolled ocular inflammation and eyelid
deformations have been associated with reduced graft survival (Tsai and Tseng,
1995); (DeSousa et al., 2009). LSCD patients are not suitable for conventional
corneal transplantation, which offers only temporary corneal epithelium recovery
in recipients and does not substitute LSC function (Dua et al., 2010). Therefore,
transplantation of an LSC source is the only treatment. Current treatment of
LSCD is via tissue transplantation of the limbus or via transfer of ex vivo cul-
tured LSCs to an LSC deficient recipient eye. The management of LSCD depends
on its extent, which is classified as unilateral or bilateral, partial or total.

In partial LSCD or in the unaffected eye in unilateral LSCD, LSCs are still
present and these cells can therefore be used for tissue transplantation or LSC
culture. The use of autologous tissue has the advantage of not causing immune
rejection in the recipient and thus has a higher rate of survival and does not re-
quire systemic immunosuppression. In 1989, Kenyon and Tseng described how
the corneal surface can be restored via direct transfer of a healthy limbal auto-
graft. Since then, there has been much evidence of successful autologous limbal
transplantation for unilateral LSCD (see review (Sangwan et al., 2014)). Autol-
ogous and living-related (LR) grafts have the advantage of being very “fresh”,
or relatively young. They are superior to cadaveric tissue with regard to LSC
content but their availability is limited (Dua et al., 2010). However, there is a
risk of iatrogenic donor-site LSCD after harvesting the limbal graft. Therefore,
it is necessary to exclude clinically subtle signs of LSCD in the donor eye and
graft length should not exceed 30◦ (Tan et al., 1996); (Miri et al., 2011). After
autologous and living-relative limbal transplantation, it is necessary to observe
the re-epithelization process during the postoperative period because limbal areas
that are not fully covered are at risk of conjunctival epithelium overgrowth onto
the cornea.

Treatment of total bilateral LSCD, in which a new source of LSCs must be
provided vie allografts from LR, cadavers or ex vivo cultured epithelial cells is
more challenging (Dua, 2006). The cadaveric grafts have the advantage of serving
the whole limbus, which can cover the entire recipient bed. The disadvantage
is immune non-histocompatibility with a high risk of rejection and the need for
systemic immunosuppression (Holland, 1996); (Dua and Azuara-Blanco, 1999).
Technically, the LR grafts are harvested in the same manner as the limbal auto-
grafts (Rao et al., 1999); (Miri et al., 2011). The cadaveric graft can be obtained
from the whole eye bulbus (Tsubota et al., 1995); (Dua and Azuara-Blanco, 1999)
or from the sclero-corneal ring (Holland, 1996). Several techniques involving ca-
daveric limbal harvesting and limbal transplantation have been described. The
cadaveric donor graft can have a ring shape (Tsubota et al., 1999) or two semi-
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circular segments (Holland, 1996). The grafts can be also prepared from two
cadaveric donors in which one donor limbal ring is cut in one place and the gap
is filled with a small limbal segment from the second donor. The posterior place-
ment of these grafts facilitates subsequent corneal transplantation (Dua et al.,
2010). Limbal transplantation can be combined with AM and penetrating ker-
atoplasty (Dua et al., 2008); (Barreiro et al., 2014). Human leukocyte antigen
(HLA) tissue matching enables the most suitable LR graft to be selected for the
recipient, however, the disadvantages of this procedure are the cost and delay of
tissue availability (Javadi and Baradaran-Rafii, 2009). Despite HLA matching,
complete immune-histocompatibility match cannot always be obtained and sys-
temic immunosuppression is still required after transplantation (Tsubota et al.,
1995); (Dua et al., 2000).

1.6.2.1 Limbal graft rejection and survival

Limbal allograft rejection has typical clinical signs. Acute rejection is character-
ized by limbal edema, hyperemia and an epithelial rejection line over the cornea
(Baradaran-Rafii et al., 2013). Chronic rejection is described as a low-grade in-
flammation with no visible signs of rejection and perilimbal engorgement with
vessel stagnation may be present (Baradaran-Rafii et al., 2013). Therefore, regu-
lar follow-ups, early recognition of rejection and appropriate topical and systemic
medication is necessary in the postoperative period.

The strong immune response in limbal allotransplantation differs from corneal
transplantation, in which immune privilege is defined. The limbal donor graft
is highly antigenic and contains Langerhans cells and HLA-DR antigens, which
enable greater host recognition of the graft. Additionally, the recipient limbal
area possesses blood vessels, lymphatics and Langerhans cells, enabling acute al-
losensitization and swift rejection (Pels et al., 1984); (Williams and Coster, 1989);
(Niederkorn, 1995); (Daya et al., 2000). However, rejection has been described
even after transplantation of cultured allogeneic limbal cells (Qi et al., 2013).
On a cellular level, the MHC class II+, cluster of differentiation (CD4+), CD8+

cells are detected during graft rejection (Miyazaki et al., 1999); (Chen W. et al.,
2004); (Qi et al., 2013). The major and minor histocompatibility antigens are
both related to corneal epithelial rejection and appear to be mediated primarily
by a delayed-type hypersensitivity (DTH) response, similar to penetrating corneal
grafts, rather than by a cytotoxic T lymphocyte (Yao et al., 1995); (Miyazaki et
al., 1999); (Maruyama et al., 2003). To avoid rejection, long-term local and sys-
temic immunosuppression is necessary after allogeneic limbal tissue or cultured
limbal cell transplantation. Different protocols are currently available. Postoper-
ative therapy includes the application of oral prednisolone, cyclosporine (Tsubota
et al., 1999), azathioprine (Williams et al., 1995), tacrolimus (Dua and Azuara-
Blanco, 2000); (Sloper et al., 2001), mycophenolate mofetil (Reinhard et al., 2004)
or steroid sparing combined therapy of mycophenolate mofetil and tacrolimus
(Holland et al., 2012). Therapy duration is not uniform among ophthalmologists.
Some surgeons prefer to use life-long immunosuppression, while others for a period
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of at least 2 years. Despite potent immunosuppressive therapy, severe allograft
rejection may occur (Thoft and Sugar, 1993); (Holland, 1996); (Daya et al., 2000);
(Cauchi et al., 2008).

There are a limited number of animal studies focusing on immunosuppression
after limbal allograft transplantation. In rabbit models, rejection episodes can
be reduced by topical corticosteroids or by systemic and topical cyclosporine A.
Contrary to these results, human AM showed no beneficial effect to graft survival
(Dios et al., 2005). In a rat model of enhanced green fluorescent protein (E-GFP)
labelled limbal transplantation, significantly prolonged survival of allografts was
observed in a group treated by clodronate liposome applied subconjunctivally
to the untreated allografts. Minor infiltration of macrophages and lymphocytes
(CD4+ and CD8+ cells) was shown in the treated group (Keijser et al., 2006).
However, the survival of donor cells derived from limbal grafts after transplanta-
tion remains unclear. Animal studies show that the donor cells did not survive
on the ocular surface despite the use of systemic immunosuppression (Mills et al.,
2002). The long-term results after limbal transplantation show that the ocular
surface is not regenerated by the donor graft cells despite good clinical results
(Henderson et al., 2001); (Daya et al., 2005). There is a need for further research
into effective and safe immunosuppression on donor graft survival. Testing of the
monoclonal antibodies aimed against the immune cells as an immunosuppressive
treatment may be a worthwhile approach.

1.6.2.2 Experimental models of limbal transplantation

The availability of inbred, transgenic and gene-targeted strains of rodent has
provided important information on the mechanisms of corneal graft rejection
(Williams and Coster, 2007). The mouse model enables a large amount of ge-
netically targeted and inbred strains with a well-defined immune system to be
used. However, the disadvantage is the small size of the eye, which makes limbal
transplantation very challenging from a surgical point of view. The rat model
provides a variety of inbred strains, and limbal transplantation is technically eas-
ier because of the larger eyeball. Anatomically, the rabbit model is closer to the
human eye, but entirely inbred strains are not available and the immune system
is not as well defined as it is in the murine model and the choice of antibodies is
limited.

Early animal studies focused on limbal syngrafts and proved more beneficial
effects of limbal syngrafts in restoring the ocular surface compared to conjunctival
syngrafts (Tsai et al., 1990). Further rabbit studies described how the intensive
stromal inflammation impedes the capability of limbal syngrafts to attain normal
corneal epithelial recovery and leads to poorer prognosis (Tsai and Tseng, 1995).
Taken together, not only the graft origin, but the corneal stromal environment
upon which the graft is placed has an important influence upon the graft (Moore
et al., 2002). For epithelial cell migration study in the murine model, the green
fluorescent protein (GFP) labelled paracentral corneal and limbal autografts were
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used in which the paracentral grafts demonstrated significant increase in prolifer-
ative potential on third day postoperatively than the limbal grafts (Moore et al.,
2002). GFP expressing transgenic mouse, in conjunction with in vivo microscopy,
enables the movement of epithelial cells in the normal cornea to be observed
(Nagasaki et al., 2003). E-GFP-labelled isografts and allografts were used for
assessment of graft survival in a rat limbal model (Keijser et al., 2006). Further
studies are needed to understand limbal graft behavior after transplantation.

1.6.3 Stem cell-based therapy

The transfer of ex vivo cultured LSCs is currently a very favorable method for
LSCD therapy. The concept of ex vivo cultured SCs has derived from the use
of cultured human epithelial cells as autologous grafts in burns patients (Phillips
and Gilchrest, 1992); (Croasdale et al., 1999). In 1997, for the first time, Pel-
legrini et al. reported that autologous cultured human corneal epithelial cells
restored the damaged corneal surface in the long term (Pellegrini et al., 1997).
Limbal epithelial cells can be harvested by biopsy from the contralateral healthy
eye in unilateral LSCD. In bilateral disease, the donor cells can be obtained from
the healthy limbal region of living relatives or from cadaveric corneoscleral rim.
Subsequently, the cells are cultured in the laboratory until a sufficient amount of
cells is obtained, which can be transferred onto the ocular surface (Schwab, 1999);
(Koizumi et al., 2001); (Rama et al., 2010).

Compared to autologous and living-related tissue limbal transplantation, ex
vivo LSC culture has the advantage of minimizing the risk of ocular surface de-
compensation in the healthy eye by taking only minimal limbal biopsy (2 mm x 2
mm), which can be also repeated following unsuccessful cultured limbal epithelial
cell transplantation (Basu et al., 2012a). Furthermore, ex vivo cultured cells do
not obtain the Langerhans antigen-presenting cells and blood vessels, therefore
there is a reduced risk of acute and chronic rejection but the risk is not fully
diminished (Schwab et al., 2000); (Shortt et al., 2007); (Qi et al., 2013).

1.6.3.1 Limbal stem cell isolation and culture methods

Since in vitro culture of LSC was first demonstrated by Sun and Green (1977),
many epithelial cell culture strategies have been introduced (Sun and Green,
1977). Two main strategies of LSC proliferation are currently being used: the
explant culture technique and the single cell suspension technique. In the explant
culture technique, a small limbal explant is taken by biopsy and placed either on
the human AM on the basement membrane side or on plastic culture plates with
3T3 feeder or on human AM with 3T3 feeder as a co-culture (Grueterich et al.,
2003); (Sangwan et al., 2003); (Joseph et al., 2004). The AM and 3T3 feeders
inhibit the differentiation of corneal epithelial cells ex vivo and allow the LSC to
expand (Pellegrini et al., 1999); (Grueterich et al., 2002). In single cell suspension
technique, the limbal epithelial cells of the explant are enzymatically separated
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from the stroma by dispase. This is followed by trypsin digestion of epithelial clus-
ters until single cell suspension is obtained. The limbal epithelial cells are placed
either on human AM or on other substrates like plastic plates with 3T3 feeder,
fibrin or modified surfaces (Rama et al., 2001); (Koizumi et al., 2007); (Notara et
al., 2007). The cell suspension culture technique was significantly superior to the
explant culture technique in terms of SC content, however, the explant technique
is easy to perform and has no risk of enzymatic damage to donor cells (Koizumi
et al., 2002).

The composition of the culture medium is very important, not only for ep-
ithelial cell propagation, but also for retaining the SC phenotype and for cell
modulation. In 1975, in their pioneering work, Reinwald and Green described the
culturing method of human epidermal keratocytes by using a mouse 3T3 feeder
layers later applied to LSC culturing (Rheinwald and Green, 1975). Cell cultur-
ing enables a sufficient amount of cells needed for transplantation to be obtained.
Current protocols for the ex vivo culture of LSC use different allogeneic and an-
imal materials (human AM, mouse 3T3, fetal bovine serum (FBS)), which have
potential risks of infection, tumorigenesis, precipitating immunologic rejection and
acquisition of prion disease (Schwab et al., 2006). Therefore, there is a need to
use a safer xeno-free culture system. To eliminate the risk, autologous human
serum can be used as an alternative to FBS and the first reports with a com-
pletely xeno-free culture technique have recently been made available (Nakamura
et al., 2006); (Mariappan et al., 2010); (Sangwan et al., 2011); (Basu et al., 2012b).

1.6.3.2 Transfer of cultured limbal stem cells

For SC-based therapy, the use of a suitable carrier for growth and transfer of
cultured cells onto the ocular surface is crucial. To date, various substrates have
been tested and used for culture and transplantation. The most commonly used
carrier for LSC is human AM (Tsai et al., 2000). The human AM stroma serves as
a pool of various growth factors, anti-inflammatory, anti-angiogenic proteins and
inhibitors of proteases (Güell et al., 2006). However, due to human AM variability,
risk of infection and crease formation, it is not an ideal substrate and other scaf-
folds have been proposed for SC therapy (Levis and Daniels, 2009). Fibrin-based
scaffolds (Rama et al., 2001); (Talbot et al., 2006), contact lens-based scaffolds
(Di Girolamo et al., 2009) or synthetic polymers (Sharma et al., 2011) and various
types of nanofiber scaffolds (Dubský et al., 2012) have been used as an alterna-
tive scaffold for cell culture and transfer collagen scaffolds (Schwab et al., 2006);
(Dravida et al., 2008).

Clinically, successful transplantation is considered to be the improvement of
LSCD clinical findings and visual acuity. The long-term success rate of autologous
cultured epithelial cell transplantation for LSCD was shown in several animal and
clinical studies (Schwab, 1999); (Koizumi et al., 2001); (Shimazaki et al., 2007);
(Rama et al., 2010); (Sangwan et al., 2011). Repeated surgery even increased the
clinical outcome of the cell transplantation (Basu et al., 2012a). A recent study by
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co-authors Shortt et al. showed the beneficial effect of ex vivo cultured allogeneic
corneal epithelial cells for a period of 12 months in patients with LSCD, however
clinical deterioration was observed after this period (Shortt et al., 2014). However,
allogeneic ex vivo cultured limbal epithelial cells from cadavers have lower prolif-
erative rate in vitro compared to cells from fresh limbal tissue from living donors
(Vemuganti et al., 2004) and a lower corneal epithelisation rate in vivo compared
to living relative donors (Prabhasawat et al., 2012). Despite good postoperative
result after transplantation of cultured cells, there is controversy surrounding the
origin of cells regenerating the surface over the long term. The clinical study of ex
vivo cultured allografts showed that restored ocular surface is not regenerated by
donor-derived cells beyond 9 months (Daya et al., 2005). These findings question
the need for long-term use of systemic immunosuppression. Contrary to these
results, clinical studies of limbal tissue allotransplantation proved the presence
of donor-derived cells on the ocular surface after 3 years (Reinhard et al., 2004);
(Djalilian et al., 2005).

Recent publications show promising results for SC-based treatment in ocular
surface disorders. However, it is necessary to find an optimal scaffold for the SCs.
Therefore, one of the objectives of our investigation was to test a new tool for SC
transfer and analyze the effect of the co-transfer of LSCs and MSCs.

1.6.3.3 Alternative sources for cell-based therapy

In bilateral LSCD, there is no autologous limbal tissue available for ocular
surface reconstruction. Therefore, the LSC source needs to be substituted by al-
logeneic limbal grafts either from living donors (family- or non-family related) or
from cadavers. These procedures require long-term systemic immunosuppression
to prevent rejection, which has a risk of side effects in patients (Sloper et al.,
2001); (Liang et al., 2009). Therefore, the search for alternative non-limbal autol-
ogous cells is a promising therapeutic approach for ocular surface reconstruction
in regenerative medicine with the advantage of not needing systemic immunosup-
pression. Epithelial and non-epithelial cells have been proposed as an alternative
SCs source for LSCD.

To date, several sources of alternative epithelial cells for ocular surface recon-
struction have been reported in animal and human studies. Ex vivo cultured oral
mucosal epithelium transplantation (COMET) has been well documented. Ini-
tially, the potential of COMET was proven in animal models of LSCD (Nakamura
et al., 2003); (Nakamura and Kinoshita, 2003), subsequent clinical studies have
given promising long-term results in ocular surface restoration of LSCD (Nishida
et al., 2004); (Shimazaki et al., 2007); (Nakamura et al., 2011); (Priya et al., 2011).
Oral mucosal cells are easily available, however these cells possess more angiogenic
potential than cultured corneal epithelial cells (Kanayama et al., 2007). Therefore,
a varying degree of peripheral corneal neovascularization occurs following corneal
transplantation (Inatomi et al., 2006). Another alternative epithelial source for
treatment of LSCD is the ex vivo cultured conjunctival epithelium, which was
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used in a rabbit model (Tanioka et al., 2006); (Ono et al., 2007); (Ang et al.,
2010) and clinical studies demonstrated favorable results (Sangwan et al., 2003);
(Di Girolamo et al., 2009); (Ricardo et al., 2013). Cultured epidermal epithelial
cells were successfully used for corneal reconstruction in a goat model with total
LSCD (Yang et al., 2008).

Several non-epithelial alternative SCs have been studied in vitro and in vivo
in experimental models of damaged ocular surface. MSCs represent one of the
potential sources of autologous non-epithelial SCs with promising results for oc-
ular surface reconstruction (see review by (Li and Zhao, 2014)). MSCs have a
heterogeneous population of non-hematopoietic cells with multi-lineage potential
(Pittenger et al., 1999). These cells were described as spindle shaped cells de-
rived from bone marrow that adhere to plastic and form fibrocyte-like colonies
(Friedenstein et al., 1970). They can be isolated from bone marrow or other adult
tissue including adipose tissue, umbilical cord blood, heart tissue, oral tissue,
etc. and have the capacity for extensive proliferation in vitro (Zannettino et al.,
2008); (Hoogduijn et al., 2007); (Zhang et al., 2009). The studies showed that
bone-derived MSCs suppress T lymphocyte proliferation in vitro (Di Nicola et
al., 2002); (Le Blanc et al., 2003), the differentiation of cytotoxic CD8+ T lym-
phocytes (Angoulvant et al., 2004) and nitric oxide (NO) production (Sato et al.,
2007). The immune-modulatory properties of MSCs have been demonstrated in
vivo in animal models (Bartholomew et al., 2002); (Casiraghi et al., 2008). MSCs
derived from bone marrow and adipose tissue have been proposed in experimental
studies of corneal chemical injury (Ma et al., 2006); (Oh et al., 2008); (Ho et al.,
2011). The transplantation of bone marrow-derived MSCs after corneal chemical
burn showed anti-inflammatory and anti-angiogenic activity in rat models (Ma
et al., 2006); (Oh et al., 2008). Bone marrow-derived MSC transplanted onto
damaged rabbit cornea differentiated into corneal epithelial-like cells (Gu et al.,
2009). The differentiation of engrafted MSC contributed to the corneal wound
healing process and reconstruction of the ocular surface after chemical injury (Ye
et al., 2006); (Jiang et al., 2010). However, there is a need for further studies
to elucidate the mechanism of MSC effectiveness and find a suitable scaffold for
transfer onto the ocular surface.

Another potential source of non-epithelial SCs includes cultured hair follicle-
derived SCs, which were used to treat LSCD in mice and rabbit experimental
models (Blazejewska et al., 2009); (Meyer-Blazejewska et al., 2011). The cultured
dental pulp SCs and umbilical cord SCs were successfully transplanted for ocular
surface reconstruction in the rabbit LSCD model (Gomes et al., 2010); (Reza et al.,
2011). Induced epithelial progenitor cells from mouse embryonic SCs regenerated
the damaged ocular surface in mice (Homma et al., 2004). Human embryonic SCs
have shown the ability to differentiate into corneal-like cells in vitro (Ahmad et
al., 2007). Recently, corneal epithelial cells were generated from induced pluripo-
tent SCs derived from human dermal fibroblasts and corneal limbal epithelium
(Hayashi et al., 2012).
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2 AIM

The aim of this thesis was to study the reconstruction of damaged ocular sur-
face by transfer of LSCs in the mouse experimental model. Due to LSC de-
ficiency, ocular surface reconstruction is one of the most challenging issues in
current ophthalmology. The loss of LSC source through ocular surface damage
leading to blindness can be resolved by LSC transplantation. The clinical course
and cellular mechanisms of limbal graft rejection have to be recognized in order
to develop a successful strategy to manage immune reaction in limbal allo- and
xeno-transplantation. This thesis summarizes the results of limbal tissue trans-
plantation, characterization of immune response and immunosuppressive therapy
in the mouse model. In addition, the LSC isolation method, ex vivo culture of
LSCs and MSCs on nanofiber scaffolds and their in vivo transfer were studied and
applied for ocular reconstruction in the mouse and rabbit experimental model.

1. Firstly, we introduced an experimental model of orthotopic limbal trans-
plantation into our laboratory to evaluate limbal allograft and xenograft
survival. We decided to characterize the immune response to limbal graft,
analyze donor-derived cell survival and assess the effect of systemic immuno-
suppression in the form of monoclonal antibodies.

2. Then we investigated an optimal LSC isolation method from limbal explant,
which can be used for further SC-based experiments including LSC culture
and transfer for ocular surface reconstruction in the experimental mouse
model.

3. We intended to test a new nanofiber scaffold for SC transfer and analyze the
effect of co-transfer of LSCs and MSCs onto the damaged ocular surface in
the mouse model. We investigated whether the selected nanofiber scaffolds
are useful and suitable for SC culturing and transfer onto the ocular surface
in the mouse model. We used our established limbal allotransplantation
model to analyze the anti-inflammatory effect of the transferred cultured
cells.

4. There is a need for further studies to elucidate the mechanism of MSC effect
in chemical burns in the acute phase and to find a suitable scaffold for trans-
fer before clinical application. The results from our previous experiments
in the mouse model led us to investigate the effect of MSCs transferred
on nanofiber scaffolds in further detail. We decided to study whether rab-
bit bone marrow-derived MSCs on nanofiber scaffolds effectively decrease
alkali-induced oxidative stress in the rabbit cornea after chemical injury
and whether this can contribute to the healing process.

The results of our experiments have already been published and the publications
with detailed descriptions of the methods used, results and discussion are attached
in their original published form in the appendix at the end of this thesis.
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3 MATERIALS AND METHODS

Detailed descriptions of the methods used are mentioned in the publications in
the appendix.

3.1 Animals

3.1.1 Mouse experimental model

Mice of both sexes of the inbred strains BALB/c and C57BL/6 (B6) at the age of
7-10 weeks and rats of the inbred strain Lewis at the age of 7-8 weeks were used
for the experiments. The mice were from the breeding unit of the Institute of
Molecular Genetics, Prague; rats were purchased from the Institute of Physiology,
Academy of Sciences, Prague. The local Animal Ethics Committee approved
all of the experiments (xenogeneic model of limbal transplantation). The mice
were anesthetized before the operation by intramuscular injection with a mixture
of xylasine (Rometar, Spofa, Prague, Czech Republic) and ketamine (Calypsol,
Gedeon Richter Ltd, Budapest, Hungary) (Publication 1).

3.1.2 Rabbit experimental model

Adult female New Zealand white rabbits (2.5-3.0 kg) were used in our experiments.
The investigation was conducted according to the ARVO Statement on the Use
of Animals in Ophthalmic and Vision Research. Rabbits were anesthetized by an
intramuscular injection of Rometar (Xylazinum hydrochloricum, Spofa, Prague,
CR, 2%, 0.2 ml/1 kg body weight) and Narkamon (Ketaminum hydrochloricum,
Spofa, 5%, 1 ml/1 kg body weight) (Publication 4).

3.2 Surgical techniques, clinical evaluation and immuno-
suppression

3.2.1 Technique of limbal transplantation in murine model

The surgical method of limbal transplantation was a slight modification of the
transplantation method described by Maruyama et al. (Maruyama et al., 2003).
In brief, donor limbal lenticule was circularly cut out from conjunctiva without
scleral tissue and around the cornea and was embedded into balanced salt solu-
tion. The rest of the corneal endothelium was removed from the lenticule. The
width of the limbal graft was approximately 1.0 mm. The corneal epithelium of
the recipient ocular surface was debrided by a sharp needle (G23) and the limbus
was cut out with Vannas scissors (Duckworth & Kent, Baldock, England). The
donor limbal graft was placed orthotopically and was secured with 5 interrupted
sutures with 11.0 Ethilon (Ethicon, Johnson & Johnson, Livingston, UK) (Fig-
ure 7). The ophthalmic ointment compound containing bacitracin and neomycin
(Ophthalmo-Framykoin, Zentiva, Prague, Czech Republic) was applied onto the
ocular surface and the eyelids were closed for 72 hours by tarsorraphy using 7.0
Resolon suture (Resorba, Nuernberg, Germany). Mice with complications such
as cataracts, hemorrhage etc. were excluded from the experiments. Only the
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Figure 7: Limbal transplantation technique: A) The BALB/c mice recipi-
ent’s eye before limbal transplantation, the donor limbus was circularly cut out;
B) the recipient’s limbus and corneal epithelium were surgically removed prior to
surgery. The donor limbus was placed orthotopically and sutured with 5 inter-
rupted stitches. (Courtesy of Ivan Koĺın)

right eye was operated on. In all experiments BALB/c mice were used as the
recipients and BALB/c mice (syngeneic grafts), B6 mice (allografts) or Lewis rat
(xenografts) as the graft donors (Figure 8). To detect survival of allogeneic cells,
limbal grafts from B6 male mice were grafted into BALB/c female recipients and
the presence of cells expressing Sry (sex determining Y protein) (male specific)
antigen was detected by real-time PCR.

3.2.2 Clinical evaluation of graft survival

Postoperatively the ocular surface was observed daily using the operating micro-
scope. The corneal re-epithelization was followed by fluorescein staining. The
cornea was scored for opacity and neovascularization and the limbal graft was
evaluated for edema. A scoring scale ranging from 0 to 4 for corneal opacity
was used to evaluate rejection (Maruyama et al., 2003). Corneal opacity was
graded: 0) clear cornea, 1) lenticular or regional corneal epithelial edema, opacity
or clearly visible iris vessels, 2) diffuse epithelial edema, opacity or both, obscur-
ing iris vessels, 3) diffuse epithelial edema, opacity or both, iris vessels not visible,
4) anterior chamber not visible due to epithelial edema, corneal opacity, or both
(Figure 9). If the opacity score reached 2 or more, the graft was considered as
rejected. The following scoring system was used to evaluate limbal edema: 0) no
edema, 1) focal slight limbal edema, 2) diffuse mild limbal edema, 3) moderate
diffuse limbal edema, 4) severe diffuse limbal edema. The corneal neovascular-
ization was graded as follows: 0) no vessels 1) incipient vessels reaching only the
periphery of the cornea, 2) one-quarter of the cornea vascularized, 3) half of the
cornea vascularized, 4) the entire cornea vascularized.
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Figure 8: Limbal graft transplantation in the mouse model: The xeno-
geneic limbal graft soon after limbal orthotopical transplantation in BALB/c mice.
(Courtesy of Ivan Koĺın)

Figure 9: Scoring of limbal graft rejection: A) corneal opacity grade 0 (no
rejection); B) corneal opacity grade 2 was considered as rejection of the limbal
graft (Courtesy of Ivan Koĺın)
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3.2.3 Antibody treatment

Monoclonal antibodies (mAb) anti-CD4 (clone GK1.5) (Dialynas al., 1983) and
anti-CD8 (clone TIB 150) (Gottlieb et al., 1980) were prepared in the form of
ascites in nu/nu mice and were injected intraperitoneally at a dose of 200 µg of
mAb per mouse per day. The treatment started on the day of grafting and con-
tinued every other day until rejection. Fluorescence-activated cell sorting analysis
performed 1 week after the beginning of the treatment revealed that the numbers
of targeted cell populations were reduced in both the spleen and lymph nodes to
less than 1.5% of the level in control untreated animals and this selective lym-
phopenia was sustained for the duration of the treatment (data not shown). The
control group was treated with physiological solution.

3.2.4 Transfer of nanofiber scaffolds

Three dimensional (3D) nanofiber scaffolds were prepared by an electrospinning
technology from a polyamide 6/12, which was chosen according to best properties
and biocompatibility for LSC and MSC growth and the stability of nanofiber scaf-
folds in aqueous solutions. In the mouse model, a 4-mm diameter nanofiber circle
(with and without LSCs and MSCs) was used to cover the damaged limbal and
corneal region. The nanofiber scaffolds were transferred with the cell side facing
down to ocular surface (Figure 10). The scaffold was secured by 4 interrupted
sutures using 11.0 Ethilon (Ethicon, Johnson & Johnson, Livingston, England).
The eyelids were closed by tarsorrhaphy by 1 suture (Resorba 7.0, Resolon) for
3 days. The scaffolds were transferred in two models. The one model was char-
acterized by removal of corneal epithelium and limbus in BALB/c mice. The
transferred LSCs from BALB/c mice were labelled with PKH26 dye and the fate
of cell survival was analyzed on the cryosections postoperatively. In the second
model, a strong immune response was induced by allogeneic limbal transplanta-
tion (CB7BL/6 donor, BALB/c recipient). The co-transfer of LSCs and MSCs
was performed after this procedure. A control group with empty nanofiber scaf-
folds and a group with no treatment were also studied. Real-time PCR was used
to assess the postoperative inflammatory response in all groups.

In the rabbit alkali model, nanofiber scaffolds from polymer poly (L-lactid
acid) were used. These nanofiber scaffolds were prepared by the original needle-
less electrospinning procedure as described previously (Publication 3; (Holan et
al., 2011). Nanofiber scaffolds were cut into squares (approximately 1.5 x 1.5 cm)
and fixed into CellCrownTM24 inserts (Scaffdex, Tampere, Finland). The inserts
with nanofiber scaffolds were sterilized and transferred into 24-well tissue culture
plates (Corning, Schipol-Rijk, Netherlands). One hundred thousand cells in a vol-
ume of 700 µl of culture medium with 10% FCS were transferred into each well.
The cells were cultured on nanofiber scaffolds for 24 hours (Publication 4). A 10-
mm diameter nanofiber circle seeded with rabbit bone marrow-derived MSCs and
without MSCs was applied onto the corneal surface. The scaffolds were sutured
to the conjunctiva with four interrupted sutures and the eyelids were closed for 2
days using the same technique as the mouse model (Figure 11) (Publication 4).
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Figure 10: The nanofiber scaffold transfer in the mouse model: A) The
cells were cultured on PA6/12 nanofiber scaffolds; B) The scaffold was transferred
onto the damaged ocular surface; C) The scaffold was secured by 4 interrupted
sutures with the cell side facing down. (Courtesy of Ivan Koĺın)
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Figure 11: The nanofiber scaffold transfer in a rabbit model with alkali
injury: A) The cells were transferred onto the scaffold, which was prepared
with polymer poly using an electrospinning needleless procedure; B) A 10 mm
nanofiber circle was cut out and used for covering the corneal and limbal area
immediately after the injury; C) The scaffold was secured by 4 interrupted sutures
with the cell side facing down. D) The eyelids were closed by tarsorrhaphy for 48
hours. (Courtesy of Čestmı́r Čejka)
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3.2.5 Alkali injury in the rabbit model

The right corneas of anesthetized rabbits were injured by applying 0.15 N NaOH
(sodium hydroxide) onto the corneal surface for 1 minute, then the eyes were rinsed
with tap water. The rabbits were divided into four groups. In each experimental
group six corneas were investigated. In the first group of rabbits, the injured
corneas were left without any treatment. In the second group, the injured cornea
were treated with MSCs and the eyelids were sutured for two days. In the third
group, nanofiber scaffolds seeded with MSCs (in the fourth group nanofibers alone)
were transferred onto the corneas immediately after the injury and the eyelids were
sutured (Publication 4).

3.3 Cellular and molecular methods

3.3.1 Limbal stem cell isolation

Limbal tissue was obtained by scissor dissection of the eyes of mice (guided by an
operating microscope). Limbal tissues from 10 to 12 BALB/c mice were pooled
and cut into small pieces in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO).
The tissue was centrifuged (8 minutes at 250 g), and the pellet was subjected to
digestion with trypsin from porcine pancreas (Sigma-Aldrich, St. Louis, MO). The
procedure consisted of 10 trypsinization cycles (300 µL of 0.5% trypsin solution
per 10 limbuses, 10 minutes incubation in 37◦C). The supernatants (tissue-free
solution) from each trypsinization step were harvested into an excess (30 mL) of
RPMI 1640 medium with 10% fetal calf serum (FCS; Sigma-Aldrich, St. Louis,
MO) on ice and the trypsinization procedure was repeated on the residual pel-
let. After the last trypsinization step, the harvested cell suspension was filtrated
through a nylon mesh and centrifuged for 8 minutes at 250 g. The pellet was resus-
pended in 1.2 mL of RPMI 1640 medium, and the number of cells was determined
by hemocytometry (Publication 2).

3.3.2 Mesenchymal stem cell isolation

Mouse MSCs were isolated from the bone marrow of BALB/c mice. The bone
marrow from the femurs and tibias was flushed out, homogenized, filtered through
a nylon mash, and cultured in RPMI 1640 medium in tissue culture plates. Rabbit
MSCs were isolated from the bone marrow of adult New Zealand white rabbits
and were cultured and characterized as described for mouse MSCs (Svobodova et
al., 2012) (Publication 3 and 4).

3.3.3 Percoll gradient centrifugation

To prepare a stock solution, nine parts Percoll was mixed with one part 10x
concentrated phosphate buffered saline (PBS). From the stock solution, a 40%,
50%, 60%, 70%, or 80% Percoll solution was prepared by dilution in 1x PBS. A
Percoll gradient was prepared in a 10-mL test tube by overlaying of 1.0 mL of
each Percoll dilution 80% through 40%. Finally, 1.0 mL of suspension of trypsin-
dissociated limbal cells was gently overlaid on the top of the Percoll gradient.
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The gradient was centrifuged for 10 minutes at 300 g at 4◦C. After centrifugation,
the separated layers of cells on individual Percoll concentrations could be directly
visualized and individual cell layers (as well as the cell pellet) were harvested into
RPMI 1640 medium with 5% of FCS and washed three times by centrifugation
(8 minutes at 250 g). After the last washing, the cells were re-suspended in
500 µL of RPMI 1640 medium containing 10% of FCS, 10 mM HEPES buffer,
antibiotics (100 U/mL of penicillin, 100 µg/mL of streptomycin) and 5 × 10−5

M 2-mercaptoethanol (hereinafter called complete RPMI 1640 medium). The
number of cells in each fraction was then determined. Subsequently, cells from
five individual fractions were characterized for the presence of limbal SC markers
and differentiation markers of corneal epithelial cells by Real-time PCR. The SP
phenotype was determined by flow cytometry and the growth properties were
analyzed in vitro (Publication 2).

3.3.4 Cell culture

After cell isolation, the mouse LSCs were seeded into 12-well tissue culture plates
(Nunc, Roskilde, Netherlands) and, after one week, expanded in 25 − cm2 tissue
culture flasks (Corning, Schipol-Rijk, Netherlands). Cells growing in vitro for 2-3
weeks were used for growth on nanofiber scaffolds (Publication 3).

The mouse MSCs were cultured at a concentration of 4 × 106 cells/ml in
complete RPMI 1640 medium in 25− cm2 tissue culture flasks (Corning, Schipol-
Rijk, Netherlands). On the following day, the non-adherent cells were washed out
and the adherent cells were cultured. After one day, the non-adherent cells were
washed out and adherent cells were cultured for at least 3 weeks. After 3 weeks
of culturing, the cells were characterized phenotypically by flow cytometry (over
90% of the growing cells were MHC class II− molecules, CD86− and CD11b−, but
CD105+) and by their ability to differentiate into adipocytes (Publication 3).

The rabbit MSCs were cultured at a concentration of 4 × 106 cells/ml in 6 ml
of culture medium in 25 − cm2 tissue culture flasks (Nunc, Roskilde, Denmark).
After a 24-h incubation period, the non-adherent cells were removed by washing
and the remaining adherent cells were cultured with a regular exchange of the
culture medium and passaging of the cells. After approximately 3 weeks of being
cultured (2-3 passages), the cells were harvested by gentle scraping and used for
transplantation onto the ocular surface (Publication 4).

3.3.5 RNA isolation and reverse transcription from limbal grafts

Total RNA was extracted from the samples of limbal grafts using TRI Reagent
(Molecular Research Center, Cincinnati, OH) in accordance with the manufac-
turer’s instructions. The grafts were cut out by Vannas scissors, embedded in TRI
Reagent and homogenized. Two µg of total RNA were treated using deoxyribonu-
clease I (Sigma, St. Louis, MO) and used for subsequent reverse transcription.
The first-strand cDNA was synthesized using random hexamers (Promega, Madi-
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son, WI ) in a total reaction volume of 25 µl using M-MLV Reverse Transcriptase
(Promega) (Publication 1).

3.3.6 DNA isolation for detection of limbal graft cell survival

Cells from B6 mouse were detected according to the presence of the Sry gene
(Masaki et al., 1995) by analyzing DNA from limbal grafts of male origin. Genomic
DNA was extracted from B6 male limbal grafts in BALB/c female recipients
using NucleoSpin Tissue XS extraction kit (Macherey-Nagel, Dueren, Germany)
in accordance with the manufacturer’s instructions (Publication 1).

3.3.7 Quantitative real-time polymerase chain reaction in mouse model
of limbal transplantation

Quantitative Real-time RT-PCR (polymerase chain reaction) was performed on
the iCycler (BioRad, Hercules, CA) and the data were analyzed on the iCycler
Detection system (Version 3.1). Levels of mRNA for various cytokines (IL-2, IL-4,
IL-10, IFN-γ) and the expression of gene for inducible nitric oxide synthase (iNOS)
were detected. The specificity of the amplified products was checked by the melt-
ing analyses. iQ SYBR Green Supermix (BioRad) was used for all experiments.
Experiments were conducted in triplicates and the relative quantification model
was applied to calculate the expression of target genes in comparison to GADPH,
which was used as the housekeeping gene. The list of primers is described in Table
1 (Publication 1). The PCR parameters for 25 µl reactions included denaturation
at 95◦C for 3 min, then 40 cycles at 95◦C or 10 seconds, annealing at 60◦C for 20
seconds and elongation at 72◦C for 20 seconds. Data were collected at each cycle
after the elongation step at 80◦C for 5 seconds (Publication 1).

3.4 Statistical analysis

The statistical significance of differences in graft survival between experimental
and control groups was calculated using the Mann-Whitney U test; differences in
gene expression were calculated using the Students t-test. A p-value less than
0.05 was considered statistically significant (Publication 1).
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4 RESULTS

4.1 Limbal tissue transplantation in a mouse model

Allografts, syngrafts and xenografts were grafted orthotopically in BALB/c mice.
Graft rejection was assessed on the basis of clinical evaluation (corneal opacity
score grade ≥ 2) and donor cell survival detection by RT-PCR postoperatively.
The clinical observation of allografts and xenografts showed that limbal rejection
was accompanied by limbal edema, limbal graft neovascularization, corneal neo-
vascularization and opacity (Publication 1, Figure 1). The postoperative limbal
edema was strongly developed in the xenogeneic model compared to the allogeneic
and syngeneic model (Publication 1, Figure 2A). Postoperative corneal neovascu-
larization was present in all quadrants in xenografts, less in allografts, unlike in
the syngeneic model where only minimal peripheral neovascularization was present
(Publication 1, Figure 2B). While syngeneic limbal grafts survived permanently
(> 28 days, n=10), the limbal allografts were rejected in 9.0 ± 1.8 days (n=14)
and limbal xenografts in 6.5± 1.1 days (n=10) (Publication 1, Figure 2C)(Figure
12).

The survival of donor limbal graft cells and the donor-derived cells on recipient
cornea were detected by Real-time PCR using primers for MHC class I molecules
in xenogeneic model and for Sry in allogeneic male-to-female transplantation. The
clinical manifestation of graft rejection onset correlated with the kinetics of donor
cell survival in the graft and on the recipient cornea in the allograft and xenograft
model. Xenogeneic cells were detected on day 8 but not on day 12 after trans-
plantation and allogeneic cells were detected up to day 14 after grafting in the
limbal graft and on the corneal surface (Publication 1, Figure 3). When syngeneic
grafts from male donors were grafted into female recipients, the male cells were
still detected in the graft on day 28 after grafting.

The intragraft expression of cytokine response (IL-2, IL-4, IL-10, IFN-γ) and
iNOS were detected by real-time PCR during the onset of graft rejection. Distinct
patterns of intragraft gene expression of Th1 cytokines (IL-2 and INF-γ) and Th2
cytokines (IL-4 and IL-10) were detected during rejection of limbal allografts and
xenografts. A significant expression of genes for Th1 cytokines IL-2 and IFN-γ
was found in allografts, but the expression of genes for Th2 cytokines IL-4 and
IL-10 did not exceed the levels in syngeneic grafts. Rejection of limbal xenografts
was accompanied by the high expression of genes for both Th1 (IL-2 and IFN-γ)
and Th2 (IL-4, IL-10) cytokines (Publication 1, Figure 4). Significant iNOS gene
expression was detected during rejection in both allografts and xenografts (Pub-
lication 1, Figure 4). The rejection reaction was prevented by systemic immuno-
suppression in the form of anti-CD4 mAb, and allograft survival was significantly
prolonged (22.8±4.2 days, n=8). The survival of limbal xenografts was postponed
by anti-CD4 mAb (9.5 ± 1.8 days, n=6), but all grafts were rejected within 12
days (Publication 1, Figure 5) (Figure 13). The administration of anti-CD8 mAb
did not prolong the allo- and xenograft survival significantly.
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Figure 12: Limbal graft transplantation in the mouse model: A) The
syngeneic limbal graft on the 21st day after limbal transplantation. B) The al-
logeneic limbal graft during the onset of rejection on the 12th day after limbal
transplantation. C) The xenogeneic limbal graft during the onset of rejection on
the 5th day after limbal transplantation. (Courtesy of Ivan Koĺın)
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Figure 13: Limbal grafts in the mouse model treated with systemic im-
munosuppression: A) The syngeneic limbal graft on the 18th day after limbal
transplantation; B) Limbal allograft rejection on the 8th day after transplanta-
tion in the control group; C) The allogeneic limbal graft on the 21st day after
transplantation in the anti-CD4 mAb treated group; D) Allogeneic limbal graft re-
jection on the 11th day after transplantation in the anti-CD8 mAb treated group.
(Courtesy of Ivan Koĺın)
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4.2 Isolation and characterization of mouse limbal stem
cells

We described that Percoll density gradient centrifugation is a convenient method
of harvesting cells with SC characteristics from limbal tissue. These cells can
subsequently be used for in vitro tissue culturing. In our experiments, the mouse
limbal epithelial cells were separated and analyzed for expression of SC markers
and characteristics.

In practice, a single cell heterogenous population was obtained after trypsin-
dissociation of limbal tissue (Publication 2, Figure 1). Next, the cell suspension
was separated by the Percoll gradient (Publication 2, Table 1). The Percoll gradi-
ent centrifugation was used to separate the isolated cells into 5 individual fractions
(40%, 50%, 60%, 70% and 80% Percoll gradient). Each fraction was characterized
through Real-time PCR for both the presence of limbal SC markers (ABCG2,
Lgr5, p63) and a differentiation marker of corneal epithelial cells (K12) (Publica-
tion 2, Figure 2).

SCs express the SP phenotype based on the ability to efflux the DNA-binding
dye Hoechst 33342. The SP phenotype is associated with ABCG2 expression.
The SP phenotype was determined by flow cytometry (Publication 2, Figure 3).
Cells retained in the lightest fraction (40% Percoll) and in the densest fraction
(80% Percoll) of the gradient were both enriched for populations with a high
expression of the SC markers ABCG2 and Lgr5 and also expressed the SP pheno-
type (Publication 2, Figure 2 and 3). However, the lightest fraction (representing
approximately 12% of total limbal cells) contained cells with the strongest spon-
taneous proliferative capacity and expressed the corneal epithelial differentiation
marker K12 (Publication 2, Figures 2D and 5A). In contrast, the densest fraction
(<7% of original cells) was K12 negative and contained small, non-spontaneously
proliferating cells, which instead were positive for p63 (Publication 2, Figures 2D,
4C and 5A). Unexpectedly, cells from this fraction had the highest proliferative
activity when cultured on a 3T3 feeder cell monolayer (Publication 2, Figure 5B).

4.3 Limbal and mesenchymal stem cell transfer on nanofiber
scaffolds for treatment of ocular surface damage in a
mouse model

The LSCs and MSCs were successfully cultured and transferred onto the mouse
ocular surface. Nanofiber 3D scaffolds were prepared by electrospinning from
polyamide 6/12 (PA6/12). The copolymer PA6/12 was selected on the basis of
the nanofibers stability in aqueous solutions and its biocompatibility for LSC and
MSC growth (Publication 3).

We found that the metabolic and proliferative activities of LSC and MSC on
plastic culture plates or on PA6/12 nanofiber scaffolds were comparable (Pub-
lication 3, Figure 1A, 1B). The growth of LSCs and MSCs seeded on a plastic
surface and on PA6/12 nanofiber scaffolds was similar: gradually increasing dur-

44



ing a 48-hour incubation (Publication 3, Figure 2). The morphology of growing
LSCs was analyzed based on the cell shape and organization of actin cytoskeleton.
A comparable morphology of LSCs growing on PA6/12 and on the poly-L-lysin
coated glass surface was found (Publication 3, Figure 3).

The LSC transfer and co-transfer of LSC and MSC onto scaffolds PA6/12 were
performed on the damaged ocular surface of BALB/c mice. The damaged ocular
surface was induced by corneal epithelium and limbus removal in BALB/c mice.
The LSC from BALB/c mice were labeled with PKH26 dye, cultured on nanofiber
scaffolds and transferred onto damaged ocular surface. The PKH26-labeled LSCs
migrated to the corneal surface from the nanofiber scaffold and were detected on
cryosections on day 7 and 14 postoperatively (Publication 3, Figure 4).

The immunosuppressive properties of MSCs were demonstrated in vitro by
their ability to inhibit T-cell proliferation and IFN-γ production (Publication 3,
Figure 5). To demonstrate the suppression of a local inflammatory reaction by
the co-transfer of LSCs and MSCs in vivo, two experimental models were used.
In the first model, the damaged ocular surface was induced by corneal epithelium
and limbus removal in BALB/c mice. The second model combined the mechanical
trauma and allogeneic (C57BL/6) orthotopic limbal transplantation in BALB/c
mice. Both models were used in order to study the immunosuppressive effect of
LSC and MSC. The co-transfer of LSC and MSC on the scaffolds was performed
immediately after the ocular surface damage. The control group was treated with
empty nanofiber scaffolds. The group with non-damaged eye was also analyzed.
The postoperative inflammatory response after scaffolds transfer was assessed by
Real-time PCR. The mechanical trauma induced a moderate inflammatory as-
sociated with IFN-γ and iNOS production. This response was inhibited by the
co-transport of LSCs and MSCs. In the model of limbal allotransplantation, the
LSC and MSC co-transport on nanofibrous scaffolds significantly inhibited the
local strong inflammatory reaction characterized by expression of IL-2, IFN-γ
and iNOS genes determined by real-time PCR (Publication 3, Figure 6). The
inflammatory reaction was slightly suppressed in the control group with cell-free
nanofiber scaffolds and not affected in the group with no treatment (Publication
3, Figure 6).

4.4 Mesenchymal stem cell transfer on nanofiber scaffolds
for treatment of chemical corneal injury in a rabbit
model

In our study, we demonstrated the suppression of oxidative alkali-induced injury
by transfer of MSCs on nanofiber scaffolds in the experimental rabbit model. The
model of alkali injury was induced by the alkali (0.15 N NaOH) applied on the
cornea of the right eye and then rinsed with tap water. In the first group of
rabbits the injured corneas remained untreated. In the second group, the MCSs
were applied on the injured ocular surface after the injury and the eyelids were
sutured for two days. In the third group, nanofiber scaffolds seeded with MSCs (in
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the fourth group nanofibers alone) were transferred onto the corneas immediately
after the injury and the eyelids were sutured. The rabbit corneas were examined
immunohistochemically, morphologically and for the central corneal thickness.

The injured untreated corneas showed decreased expression of the antioxidant
aldehyde dehydrogenase 3A1 (ALDH3A1) in the corneal epithelium, particularly
in superficial parts, where apoptic death (detected by active caspase 3) was high.
ALDH3A1 is an enzyme protecting the cornea from oxidative stress caused by
chemical injury. High expressions of matrix metalloproteinase 9 (MMP9) and
markers of lipid peroxidation and oxidative stress (malondialdehyde (MDA) and
nitrotyrosine (NT)) were found in this untreated group. In contrast, the injured
rabbit corneas treated with MSCs on nanofiber scaffolds showed a high expres-
sion of ALDH3A1 in the epithelium, which was similar to the control untreated
corneas. A low expression of MMP9 and active caspase 3, absent expression of
MDA and NT were detected in this group, similarly as in the control corneas (Pub-
lication 4, Figure 1 5). Immunohistochemical staining also confirmed significantly
lower expression of IL-8 and IL-1β in the group treated with MSC compared to
the group without treatment (Publication 4, Figure 6 and 7). The corneas were
harvested on day 10 after an alkali injury in order to detect the gene expression
of pro-inflammatory cytokines. The gene expression of IL-1β, IL-2 and IFN-γ
determined by real-time PCR was significantly reduced in the group treated with
MSC compared to the group without treatment (Publication 4, Figure 12). The
expression of genes for the pro-inflammatory cytokines corresponded with their
immunohistochemical expression.

At the end of the experiment (on day 15), the injured untreated corneas
were vascularized (with high vascular endothelial growth factor (VEGF) expres-
sion) and numerous inflammatory cells (macrophages/monocytes) were present in
the corneal stroma. The stromal inflammatory infiltration was also significantly
suppressed in corneas treated with MSCs on nanofiber scaffolds (Publication 4,
Figure 9). Clinically, a significant suppression of corneal neovascularization was
detected in corneas treated with MSCs on nanofiber scaffolds compared to the
untreated corneas with extensive neovascularization on day 15 and corresponded
with neovascularization quantification by VEGF gene expression with real-time
PCR (Publication 4, Figure 10). 10 days after chemical injury, corneal thickening
was noticed in both groups. The corneal thickening and opacity after alkali injury
have regained their normal characteristics only in the group treated with MSCs
on nanofiber scaffolds (Publication 4, Figure 8). The results from injured corneas
treated with nanofiber scaffolds alone and with MSCs without scaffolds showed
similar results to the untreated injured corneas.
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5 DISCUSSION

5.1 Limbal tissue transplantation in a mouse model

LSCD is a blinding eye condition and its treatment is very challenging. The only
way to treat severe LSCD and restore the patient’s vision is via limbal tissue or
cultured LSC transplantation. Successful ocular surface transplantation restores
ocular surface stability, reduces symptoms and improves the patient’s vision. For
bilateral ocular surface disease, the limbal allograft must be used and the immune-
associated rejection remains the main risk factor responsible for the low success
rate. Several studies have shown beneficial effects of limbal transplantation in
patients with LSCD (Dua and Azuara-Blanco, 1999); (Daya et al., 2000); (Cauchi
et al., 2008). However, the major problem with limbal allotransplantation is the
high risk of immune rejection and the necessity for systemic immunosuppression
(Tsubota et al., 1999); (Daya et al., 2000). Conversely, the corneal allografts often
survive with only topical prophylactic immunosuppressive treatment. This stark
contrast between incidence of rejection in corneal and limbal allografts may be,
in part, due to a stronger vascular supply, and a higher density of antigen pre-
senting cells, such as Langerhans cells, in the limbal region (Gillette et al., 1982);
(Niederkorn, 1995). Additionally, the corneal epithelium is a highly immunogenic
ocular tissue and the epithelial rejection takes the main place after limbal trans-
plantation (Treseler et al., 1985); (Qi et al., 2013). Therefore, the clinical course
and cellular mechanisms of limbal graft rejection have to be recognized in order
to develop a successful strategy to manage immune reaction in limbal transplan-
tation.

Our experimental limbal transplantation confirmed high incidence of rapid re-
jection similar to that observed in other experimental studies (Mills et al., 2002);
(Maruyama et al., 2003). Allogeneic donor cells were not detectable in the recip-
ient 2 weeks after transplantation indicating potent and rapid immune rejection
(Mills et al., 2002). To elucidate the immunological mechanism responsible for low
survival rate of limbal grafts, we studied the murine model of limbal allotransplan-
tation and developed a novel method of xenotransplantation. The clinical features
of limbal rejection in patients after allogeneic limbal tissue transplantation include
limbal congestion, edema, vessel dilatation and significant corneal opacity (Shi et
al., 2008); (Baradaran-Rafii et al., 2013). Similarly to these observations, the re-
jection of limbal allografts and xenografts in our experiments was characterized by
graft and corneal neovascularization, limbal graft edema and significant corneal
opacity with more profound reactions in xenogeneic models.

There is much controversy about the fate of donor limbal graft and donor-
derived cells on the ocular recipient’s surface after limbal transplantation. Some
studies showed that donor cells did not survive despite good clinical results (Williams
et al., 1995); (Henderson et al., 2001)) while others confirmed long-term donor
cell survival (Reinhard et al., 2004); (Djalilian et al., 2005); (Egarth et al., 2005).
Several methods are described for the detection of donor cell survival onto ocular
surface after transplantation (Yin et al., 2013). In our allograft male-to-female
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model, the presence of corneal opacity (grade ≥ 2) coincided with the complete
disappearance of allogeneic donor cells from both the limbus and corneal epithe-
lium at 7-12 days after transplantation. To elucidate the limbal graft failure
due to a technical issue, male donor limbal grafts were transplanted into female
BALB/c recipients in a syngeneic model. Detection of donor male cells 4 weeks
after surgery in the male-to-female model indicated that the prompt drop in al-
logeneic limbal cells is not due to surgical failure. No clinical signs of rejection of
H-Y incompatible limbal grafts were observed in our study: similar to the results
in H-Y incompatible corneal grafts in BALB/c mice (Hasková et al., 1997). In
contrast, limbal grafts, incompatible in another relatively weak antigen enhanced
green fluorescent protein, were rejected by the rat recipients (Keijser et al., 2006).
These differences may reflect interspecies differences or suggest that BALB/c fe-
male mice are non-responder to the male-specific antigen. All limbal xenografts
were rejected within 8 days of transplantation and no xenogeneic cells were de-
tected by the real-time PCR beyond this period in the donors. These data suggest
that limbal allografts and xenografts are promptly rejected and do not enjoy the
immune privilege of the anterior part of the eye. The clarification of donor cell
survival after the LSC transfer is essential for deciding immunosuppressive ther-
apy duration in clinical practice.

Rejection of limbal allografts was associated with a strong Th1 cytokine re-
sponse characterized by the expression of genes for IL-2 and IFN-γ in the rejected
limbal grafts. Expression of the gene for IL-4 was not detected in rejected lim-
bal allografts and also expression of the gene for IL-10, another Th2 cytokine,
did not exceed the baseline levels in syngeneic limbal grafts. On the contrary,
a strong expression of genes for Th2 cytokines IL-4 and IL-10, in addition to
Th1 cytokines, was detected in rejected limbal xenografts. This pattern of cy-
tokine expression during limbal graft rejection resembles cytokine profiles after
corneal allo- and xenotransplantation, but the role of the Th2 cytokines in the
rejection of xenografts is unclear (Pindjáková et al., 2005). Macrophages and
their product nitric oxide have been shown to play a more important role in graft
rejection. Mills et al. observed a significant infiltration of limbal allografts in
rats by macrophages and we found a strong expression of the gene for iNOS in
both rejected limbal allografts and xenografts (Mills et al., 2002). It has already
been shown in various allo- and xenotransplantation models, including corneal
transplantation, that the inhibition of iNOS activity may prolong graft survival
(Krulová et al., 2002); (Strest́ıková et al., 2003)). The production of NO by graft
infiltrating macrophages depends on the availability of IFN-γ, which was also de-
tected during rejection of both limbal allo- and xenografts and is a key factor
in delayed-type hypersensitivity (DTH) reaction. This suggests that strategies
directed to inhibit IFN-γ (Th1 response), NO production and the DTH reaction
should be beneficial in the promotion of limbal graft survival. Indeed, Maruyama
et al. have shown that the Th2-biased immune system and the suppression of the
DTH reaction may support the survival of limbal allografts in mice (Maruyama
et al., 2003).

The success rate of limbal tissue allotransplantation differs among published
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studies from as low as 33.3% with inappropriate immunosuppression to as high
as 77.2% with adequate immunosuppressive therapy (Miri et al., 2010); (Holland
et al., 2012); (Tan et al., 2012). In clinical practice, various protocols of systemic
treatment are being used after limbal allotransplantation. There is evidence of
the systemic use of steroids, cyclosporin (Tsubota et al., 1999), tacrolimus (Dua
and Azuara-Blanco, 2000) and mycophenolate mofetil (Reinhard et al., 2004). It
is widely recommended to use systemic immunosuppression for a period of at least
2 years postoperatively. The systemic therapy is associated with a serious side
effects such as higher susceptibility to infectious and cancerous diseases. There-
fore, a new approach would be welcomed for postponing the rejection in limbal
allografting. In our study, we showed that targeting of CD4+ cells by systemic
application of mAb results in a suppression of the rejection reaction and in a
significant prolongation of limbal allograft and xenograft survival. The effect of
anti-CD4 therapy may be due to the elimination of CD4+ T cells, which medi-
ate the DTH reaction and are an important source of IFN-γ for iNOS expression
(Krulová et al., 2002). In addition, the anti-CD4 antibody can inactivate CD4+

macrophages, which play a role in both the afferent phase of transplantation reac-
tion as antigen-presenting cells and in the effector phase as cytotoxic macrophages
(Keijser et al., 2006); (Strest́ıková et al., 2003); (Slegers et al., 2004). It has been
shown that a subpopulation of macrophages expresses CD4 molecules, and these
CD4+ macrophages have been shown to be involved in graft rejection (Wallgren et
al., 1995). Nevertheless, anti-CD4 mono-therapy did not ensure a permanent lim-
bal allograft survival. The rejections observed in the anti-CD4 treated recipients
may be due to the activity of other CD4+ cell-independent mechanisms (such as
CD8+ cell-activated macrophages, cytotoxic T cells, etc.). The results also showed
that anti-CD8 treatment was not effective in the prevention of limbal allograft re-
jection, similar to the case of corneal transplantation (He et al., 1991); (Vı́tová et
al., 2004). For the first time, our study demonstrates intragraft cytokine response
in orthotopic limbal allo- and xenograft recipients and indicates the key role of
Th1 response and CD4+ cells in limbal graft rejection. Therefore, the strategies
targeting CD4+ cells as the main mediators of Th1 response and activators of
macrophages for NO production were suggested to prevent limbal graft rejection.
This suggestion was confirmed by the effectiveness of anti-CD4 treatment in the
suppression of graft rejection in allogeneic limbal transplantation in the mouse
model.

5.2 Isolation and characterization of mouse limbal stem
cells

LSC-based therapy for LSCD has great potential. However, LSCs comprise just
a minor fraction of the whole limbal tissue and there is a need to find an optimal
isolation method. Indeed, the limbus has a very heterogeneous cell population
with LSCs residing in the basal layer. At this epithelial level, there are several
other cell types in the vicinity such as the immediate progeny, i.e. early TAC,
melanocytes, Langerhans cells and corneal epithelial basal cells (Li et al., 2007).
The transplantation of LSCs contributes to long-term homeostasis and the lack of
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SCs in the graft may be the cause of the failure (O‘Callaghan and Daniels, 2011).
Therefore, the ability to isolate a cell population with a high number of LSCs is
essential for successful transplantation.

Our experiments have shown that cells sharing morphologic, phenotypical, and
functional characteristics of LSCs can be found in the mouse limbus. LSCs are
characterized by small size, a low replication rate, expression of certain markers
such as a transporter ABCG2, p63, integrin 9, or K19, and expression of the SP
phenotype, which have been described in human, rat and rabbit models (Chen
Z. et al., 2004); (Schlötzer-Schrehardt and Kruse, 2005); (Umemoto et al., 2005);
(De Paiva et al., 2006); (Park et al., 2006)). We found two distinct, separable pop-
ulations of corneal epithelial cells with SC characteristics (expression of ABCG2
and Lgr5, and SP phenotype) obtained from the mouse limbus by Percoll gradient
centrifugation. The presence of SCs (less than 7% of original cells) was found in
the densest fraction (80% Percoll gradient) containing small, non-spontaneously
proliferating cells, positive for p63, and negative for K12. These cells occurred in
a quiescent state and did not proliferate within the first 3 days in tissue culture,
as has been described for SP cells in rabbits (Park et al., 2006). However, this cell
population acquired a high proliferative activity when cultured on a 3T3 feeder
cell monolayer. Thus, the quiescent cells from the densest fraction may require a
specific niche to facilitate proliferation. The densest fraction also expressed the SP
phenotype (>30% in comparison to 2%-5% in the whole limbus). All these char-
acteristics mimicked the LSCs described in the human and rabbits more closely
(Chen Z. et al., 2004); (Schlötzer-Schrehardt and Kruse, 2005); (De Paiva et al.,
2006); (Park et al., 2006); (Umemoto et al., 2006).

A second cell fraction showing some characteristics of LSCs (positive expres-
sion of ABCG2 and Lgr5) was detected in the lightest cell population (40% Percoll
gradient) and represented approximately 12% of the total limbal cell population
and over 20% of the cells expressed in the SP phenotype. However, the light cell
population was positive for the corneal differentiation marker K12. This popula-
tion had the highest spontaneous proliferative capacity compared to unseparated
limbal cells. Their proliferation response did not increase when they were cultured
on a feeder cell monolayer.

The SP phenotype is a property of SCs (Shimano et al., 2003); (Zhou et al.,
2001) and is associated with ABCG2 expression, however not all cells expressing
ABCG2 exhibit the SP phenotype (Kim et al., 2002). The SP phenotype was
reported in the conjunctival and limbal epithelium in humans and rabbits but not
in the corneal epithelium (Watanabe et al., 2004); (Umemoto et al., 2005). Both
populations contained cells expressing the SP phenotype based on the efflux of
Hoechst 33342 dye. The number of SP cells in the unseparated mouse limbus
was 3.8% of the total limbal cells, substantially higher than the number of slow
cycling corneal epithelial cells found at the mouse limbus or the number of SP
cells in human, rabbit, and rat limbal epithelia (De Paiva et al., 2005), (Umem-
oto et al., 2005); (Pajoohesh-Ganji et al., 2006); (Park et al., 2006). However,
it corresponds to the number of SP cells found in the rat cornea (Umemoto et
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al., 2006). The studies of Umemoto and coworkers in humans (Watanabe et al.,
2004), rabbits (Umemoto et al., 2006) and rats (Umemoto et al., 2005) showed
that although the number of cells exhibiting the SP phenotype was less than 2%
in the limbus, immunochemistry revealed that a larger proportion (approximately
10%) of limbal basal epithelial cells expressed ABCG2 transporter (Umemoto et
al., 2005). Similarly, (Budak et al., 2005) suggested the existence of a significantly
higher number of ABCG2+ cells than SP cells. This discrepancy was explained by
the differences in the transport activity of ABCG2. (Umemoto et al., 2005) also
showed that in the rat, unlike the human and rabbit, the central cornea contains
cells with the SP phenotype but that these cells expressed significantly lower levels
of putative SC markers than the SP cells in the limbus (Umemoto et al., 2005).
In addition, SP cells found in the rat cornea had a different profile on forward
scatter analyses than SP cells in the limbus.

Our study showed that mouse limbal cells with the SP phenotype from the
light cell fraction of the Percoll gradient (40%) had distinctive light-scattering
properties from SP cells from the dense cell fraction (80%). It appears that the
light cell fraction positive for K12 resembles the SP cells described by Umemoto et
al. (Umemoto et al., 2005) in the rat central cornea rather than the basal LSCs.
The interspecies differences exist in the distribution and properties of corneal
epithelial cells with LSC characteristics and the mouse may represent a unique
species that is different to human, rabbit, or rat.

5.3 Limbal and mesenchymal stem cell transfer on nano-
fiber scaffolds for treatment of ocular surface damage
in a mouse model

Recent publications have shown promising results of SC-based treatment for ocu-
lar surface disorders. However, there is a need to find an optimal scaffold for the
SC transfer. Nowadays, there is growing evidence of in vitro experiments using
various electrospun nanofibers of various polymers to enable cell adhesion, prolif-
eration and differentiation (Das et al., 2009); (Bhattarai et al., 2005); (Schindler
et al., 2005). However, there is a limited evidence of in vivo use of nanofiber
scaffolds in models of ocular surface disease. Therefore, we investigated whether
these nanofiber polyamide scaffolds are useful and suitable for the SC culture and
transfer onto the ocular surface in the mouse model. For the LSC isolation we
used the Percoll method described in our previous experiments (Publication 2).
To analyze the anti-inflammatory effect of the transferred cultured cells, our al-
ready established limbal allotransplantation model was used to induce a strong
immune response (Publication 1).

The human AM is currently the most widely used carrier of LSCs (Tsai et al.,
2000). However, due to human AM variability, the risk of infection transmission
and crease formation it is not an ideal substrate and other scaffolds have been
proposed for SC therapy (Levis and Daniels, 2009). Alternative scaffolds for cell
culture and transfer have been used and include collagen scaffolds (Schwab et al.,
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2006); (Dravida et al., 2008), fibrin-based scaffolds (Rama et al., 2001); (Talbot
et al., 2006), contact lens-based scaffolds (Di Girolamo et al., 2009) and synthetic
polymers (Sharma et al., 2011). The synthetic (polyamide) scaffolds have advan-
tage of biocompatibility, easy accessibility, no risk of infection transmission and
good manipulation.

Previous experimental studies have shown that embryonic SCs can be grown
and differentiated on nanofiber scaffolds (Nur-E-Kamal et al., 2006); (Smith et al.,
2009). Our results with nanofiber scaffolds demonstrated that the scaffolds pre-
pared by electrospinning technology from polyamide PA6/12 can be used for the
culture and transfer of LSCs and MSCs. The 3D structure of nanofiber materials
has a large surface area, which can mimic the extracellular matrix and is therefore
supports cell growth and function. Up to day 14 after transfer, it was important
for us to detect the labelled LSCs on the ocular surface. These results support
the fact that nanofiber scaffolds PA6/12 are suitable for SC transfer and that 3
days of coverage is sufficient for LSC migration onto the damaged ocular surface.
In our pilot experiments, we found that the nanofiber scaffolds from PA6/12 are
stable with no cytotoxicity and surgical manipulation was simple. And the exper-
imental study showed that these scaffolds are suitable for various cell types to be
cultured (Dubský et al., 2012).

In our experiments, we found that the scaffolds without cells reduced the
inflammatory reaction as well, but less so compared to the scaffolds with LSC
and MSC. In view of these results, these scaffolds may serve as therapeutic ban-
dage scaffolds for promoting epithelial healing. The advantage of this compared
to human AM is easy accessibility, mechanical stability and no risk of infection
transmission. However these scaffolds are not transparent and need to be removed.
The 3D reconstruction of LSC niche in which the SCs are associated with adjacent
epithelial and stromal cells has been demonstrated (Dziasko et al.,2014). There-
fore the 3D structure of nanofiber scaffolds can mimic the extracellular structure
of limbal niche. A transfer of scaffold with LSC in the limbal region may serve
as a long-term source of LSCs and allow cell migration. However, further studies
are needed to show that the scaffolds are able to allow the cells to maintain their
SC properties and to serve as a niche.

We used the co-transfer of LSCs and MCSs on nanofiber scaffolds for ocular
surface reconstruction in our experiments because these cells may act synergis-
tically and may be both beneficial for ocular surface healing in clinical practice.
The LSCs were used from the aspect that they serve as a source of SCs on dam-
aged ocular surface and our experiments proved the migration of LSCs on ocular
surface. MSCs were used as they have anti-inflammatory properties, which are
proven in previous experimental studies (Ma et al., 2006); (Oh et al., 2008). In-
flammation is one of the highest risk factors for the failure of SC based therapy
for ocular surface reconstruction and the suppression of inflammation is crucial
(Shortt et al., 2010). In our experiments, the co-transfer had immunosuppressive
properties, significantly inhibited the local inflammatory reaction and supported
healing of the damaged ocular surface.
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Two main mechanisms are generally used for transferring cultured LSCs onto
a damaged ocular surface. Primarily, the LSCs act as a source of SCs. Secondar-
ily, the transferred LSCs may have a stimulatory effect on residual LSCs, even on
an ocular surface with (a clinical diagnosis of) LSCD. This is supported by the
fact that the long-term survival of transferred cells was not detected despite good
clinical results (Rama et al., 2010). Additionally, the LSCs alone have immune-
modulatory properties, which may be beneficial for suppressing inflammation and
postponing the rejection (Holan et al., 2010). The co-transfer with MSCs may
have another additional benefit, namely that MSCs have the potential to differ-
entiate into different cell types, including the corneal epithelial cells (Pittenger et
al., 1999); (Neuss et al., 2008); (Gu et al., 2009). However, there is controversy in
current literature surrounding in vivo MSCs’ ability to trans-differentiation into
corneal epithelial cells (Reinshagen et al., 2011).

Used together, our results showed that the nanofiber scaffolds from PA6/12
polyamide are suitable for the growth and transfer of adult tissue specific SCs in
the treatment of ocular surface disease in the mouse model. In the future, the
nanofiber scaffolds may have a great potential to serve as a scaffold for a wider
spectrum of adult SCs and could be used for treatment of various SC deficiencies
in humans. However, further studies are needed to test SC survival and the
preservation of SCs’ properties after transfer onto the ocular surface.

5.4 Mesenchymal stem cell transfer on nanofiber scaffolds
for the treatment of chemical corneal injury in a rabbit
model

Chemical corneal injuries are one of the most common causes of LSCD. Alkali
injuries cause extensive damage to the ocular surface, which can lead to loss of
vision. After the injury, acute inflammation, corneal neovascularization, recurrent
epithelial erosions and corneal ulcers are present. In the acute phase after injury,
there is a need for a prompt anti-inflammatory therapy to reduce the risk of sub-
sequent LSCD development. Appropriate anti-inflammatory treatment reduces
the risk of LSCs exhaustion, which is believed to be the more common cause of
LSCD than the primary LSC damage caused by the chemical injury. However,
current therapy is not always efficient enough and it is necessary to look for al-
ternative treatment options. The discovery of new effective treatment strategies
may diminish the incidence of LSCD after chemical corneal injury, thus reducing
the risk of vision loss and improving guarded prognosis. Currently, there is grow-
ing evidence that MSCs have great potential in regenerative medicine in terms of
their anti-inflammatory and immune-modulatory properties (Uccelli et al., 2008);
(Nauta and Fibbe, 2007); (Zhao et al., 2010). Based on our previous experience
with SC transfer on nanofiber scaffolds (Publication 3), we studied the effect of
MSCs after ocular surface injury in a rabbit model. The rabbit eye model is closer
to the human eye and may have more similar applications in clinical practice.
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Previous studies focused on healing after alkali injury in rats demonstrated
the anti-inflammatory and anti-angiogenic effect of MSCs transferred onto human
AM (Ma et al., 2006), applied topically (Oh et al., 2008) and injected subconjunc-
tivally (Yao et al., 2012). Similar to these results, we found that MSCs transferred
onto nanofiber scaffolds contributed to the healing process in the cornea after al-
kali injury. To elucidate the mechanisms of the healing process, we showed the
positive effect of MSCs on nanofiber scaffolds on alkali-induce oxidative stress in
the cornea for the first time. We found a higher antioxidant expression and lower
expression of oxidative stress markers in the cornea after MSC therapy. On a
cellular basis, the reduced stromal inflammatory infiltration by macrophages was
found in the MSCs treated group during post-operative period. The expression
of genes for pro-inflammatory cytokines (IL-1β, IL-6 and IFN-γ) was significantly
reduced in the group treated with MSCs on nanofiber scaffolds compared to the
group without treatment. The nanofiber scaffolds are suitable for SC growth and
transfer and are easily transferred onto the ocular surface.

In view of the current knowledge, both mechanisms of MSCs (suppression of
inflammation and differentiation into corneal-like epithelium) may participate in
the healing process of ocular surface damage after alkali injury. The MSCs are
able to differentiate in vivo into corneal epithelium-like cells after transfer onto
damaged ocular surface (Gu et al., 2009). There are studies that demonstrate
the therapeutic effects of MSCs for treating LSCD due to differentiation (Jiang
et al., 2010); (Ye et al., 2006). However, the study of Reinshagen et al. did not
prove the clinical improvement of LSCD in rabbits after the MSCs were injected
under human AM secured on the corneal surface (Reinshagen et al., 2011). They
described that the possible causes of therapy failure may be due to cell spread
under conjunctiva or the washing out effect of tear film after transfer. Human
AM has the disadvantage of inducing epithelial repair accompanied by dense vas-
cularization (Kim and Tseng, 1995); (Reinshagen et al., 2011).

For corneal transparency and to maintain good vision, it is essential to main-
tain the avascularity and uniform ultrastructure of collagen fibrils. Both attributes
can be damaged after alkali injury. We found that corneal neovascularization was
significantly suppressed after MSC transfer in alkali-injured corneas. This anti-
angiogenic therapeutic effect may be given by a concurrent anti-inflammatory ef-
fect. But the exact mechanism is not known. Corneal swelling is a sign of corneal
damage after alkali injury and can be measured by an ultrasound pachymeter
(O‘Donnell et al., 2006); (Cejka et al., 2010). We found that the MSCs transferred
on nanofiber scaffolds normalized the corneal hydration after 10 days. Thus the
corneal ultrasound pachymetry is a good tool for monitoring corneal restoration
and thus following the healing process.

In conclusion, the use of autologous MSCs cells have the advantage of not
inducing immune rejection. The MSCs are easy to isolate, therefore there is a
high potential for clinical application. In addition, the rabbit eye model is closer
to the human eye and, therefore, the results of our experiments may have more
clinical applications.
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6 CONCLUSIONS

The aim of this thesis was the reconstruction of the damaged ocular surface by
LSC transfer in the experimental mouse and rabbit model. To achieve ocular
surface recovery in LSCD, it is necessary to understand the cellular mechanism of
LSC transplantation, immune response and graft survival. Based on the promising
results of recent publications, there is a need to focus, not only on tissue transfer,
but also on SC-based treatment for ocular surface disorders in more depth. The
main conclusions of this study are as follows:

1. Allogeneic limbal grafts do not enjoy any immune privileged position of the
eye and are rejected promptly by the Th1-type of immune response involving
CD4+ cells and NO produced by macrophages. Anti-CD4 treatment thus
represents a promising immunosuppressive approach after limbal allotrans-
plantation. Th1 and Th2 immune responses were detected in the xenogeneic
model during the rejection. Depletion of CD4+ cells significantly prolonged
the limbal survival in the allograft and in the xenograft model. Limbal
graft transplantation is a useful model for testing various immunosuppres-
sive approaches. This surgical technique was successfully used for further
experiments with nanofiber scaffolds and enabled a better understanding of
the immune mechanism of SC transfer.

2. By centrifugation in Percoll gradient of epithelial LSCs, two distinct pop-
ulations of corneal epithelial cells with LSC characteristics were separated
in the 40% and 80% Percoll fraction of the gradient. The densest fraction
(less than 7% of original cells) contained small, non-spontaneously prolifer-
ating cells, K12−/p63+, with a high ex vivo proliferative activity culturing
on a 3T3 feeder cell monolayer. The K12−/p63+ population is closer to the
primitive LSCs. Therefore this technique can be used for SC isolation from
limbal explant and subsequently for SC based therapy of ocular surface dis-
orders. This method was used for our further experiments with LSC transfer
and is still used as a standard method for LSC isolation in mouse model.

3. The nanofiber scaffolds from a polyamide 6/12 can be useful for growth and
transfer of LSCs and bone marrow-derived MSCs, and can be utilized for
future treatment of ocular surface injuries and LSCD. The co-transfer of
LSCs and MSCs suppressed the inflammatory reaction and therefore im-
proved corneal healing in the mouse model.

4. Bone marrow-derived MSCs on nanofiber scaffolds reduced the alkali-induced
oxidative stress in the cornea after alkali injury and significantly accelerated
corneal healing in the experimental rabbit model. The transferred MCSs
protected against the peroxynitrite production, suppressed the cell apopto-
sis, matrix metalloproteinase levels and pro-inflammatory cytokine produc-
tion. Reduced inflammation resulted in decreased corneal neovascularization
after alkali injury.
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The understanding of cellular and molecular mechanism of limbal tissue trans-
plantation and finding of new treatment strategies may improve long-term limbal
graft survival, clinical outcome and thus may be beneficial for patients with LSCD
diagnosis. Additional to that, the better understanding of mechanism of SC-based
therapy may give us more knowledge for future treatment options for patients with
this severe diagnosis, especially in cases of bilateral LSCD. Therefore, this field of
experimental ophthalmology has a great potential for patients with LSCD, who
have a very poor prognosis. Further studies are necessary to determine the long-
term effect of LSC transfer, the fate of donor cells on ocular surface in term of SCs
properties and the long-term cell survival after the transfer of ex vivo cultured
LSCs and MSCs on the ocular surface.
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Limbal transplantation or limbal stem cell (LSC) transfer represents the only way to treat severe ocular surface
damage or LSC deficiency. However, limbal allografts are promptly rejected in spite of extensive
immunosuppressive therapy. To characterize immune response after limbal transplantation, we established
an experimental model of limbal transplantation in the mouse. Syngeneic, allogeneic and xenogeneic (rat)
limbal grafts were grafted orthotopically in BALB/c mice and graft survival was evaluated. The presence of
graft donor cells and the expression of IL-2, IL-4, IL-10, IFN-γ and inducible nitric oxide synthase (iNOS)mRNA
in the grafts were detected by real-time PCR. While syngeneic grafts survived permanently, allografts were
rejected in 9.0±1.8 days and xenografts in 6.5±1.1 days. The manifestation of clinical symptoms of rejection
correlated with the disappearance of donor cells in the graft and in the recipient cornea. Intragraft expression
of iNOS mRNA and distinct expression patterns of Th1 (IL-2, IFN-γ) and Th2 (IL-4, IL-10) cytokines were
detected during rejection of limbal allografts and xenografts. The limbal graft rejection was prevented with
anti-CD4, but not anti-CD8 monoclonal antibody therapy. The results indicate that limbal grafts do not enjoy
immune privilege of the eye and are promptly rejected by Th1 (allografts) or by a combined Th1 and Th2
(xenografts) type of immune response involving CD4+ cells and iNOS expression. Targeting this pathwaymay
be an effective way to prevent and treat limbal graft rejection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The studies in experimental models and clinical observations in
patients have shown that a wounded or otherwise damaged corneal
surface is healed by cells which originate from limbal stem cells (LSC)
located in the basal layer of the limbus [1,2]. If the source of LSC is
destroyed, either due to an inherited disease or as a result of ocular
surface damage, corneal surface does not heal properly and the cornea
is overgrown by cells originating from the conjunctiva. This process
leads to corneal neovascularization, chronic inflammation and
persistent epithelial defects. The impairment of corneal transparency
may result in a loss of vision [3]. Although recent studies on themouse
[4] and human [5,6] indicate that the corneal epithelium possesses
some degree of self-renewing capacity, the only way to treat LSC
deficiency remains to be limbal transplantation or LSC transfer [7,8].
Indeed, the beneficial effects of limbal transplantation have been
shown in several clinical studies [9,10].

However, success of limbal allotransplantation is very low due to a
strong immune reaction against the graft donor antigens. The severe
allograft rejection occurs despite the potent and extensive immuno-
suppressive therapy [11–14]. Therefore research and development of
novel therapies to prevent and treat limbal allograft rejection is
mandatory. So far, there is a limited number of experimental studies
that address this issue. Mills et al. [15] introduced a method to
orthotopically transplant segments of the limbus. This model was
used to study effects of immunosuppressive therapy in rats [15] and
onmodulation the delayed-type hypersensitivity (DTH) reaction after
limbal transplantation in mice [16]. These studies in inbred strains of
rodents, as well as the older work performed in outbred rabbit models
[17], demonstrated a donor antigen specific immune response that
promptly rejects limbal allografts, and that is difficult to suppress
rejection reaction by traditional immunosuppressive regiments.

Cellular and molecular mechanisms of limbal allograft rejection
have to be recognized in order to develop a successful strategy to
manage immune reaction in limbal transplant patients. We have used
our previous experience with corneal allo- and xenotransplantation
in mice [18–20] to develop and characterize a murine model of
orthotopic limbal transplantation. For the first time we also
demonstrate a detailed chronology of the fate of limbal xenografts.
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We found that rejection of limbal allografts and xenografts is
accompanied by different intragraft cytokine responses and by a
significant expression of the gene for the inducible nitric oxide
synthase (iNOS). Since our previous studies on corneal [20] and skin
[21] transplantation have shown the important role of CD4+ cells and
macrophages expressing iNOS in graft rejection, we targeted CD4+

cells for immunosuppressive therapy also after limbal transplantation.
The results have suggested that anti-CD4 treatment could be an
effectiveway to suppress rejection reaction after limbal transplantation.

2. Materials and methods

2.1. Animals

Mice of both sexes of the inbred strains BALB/c and C57BL/6 (B6) at
the age of 7–10 weeks and rats of the inbred strain Lewis at the age of
7–8 weeks were used for the experiments. The mice were from the
breeding unit of the Institute of Molecular Genetics, Prague; rats were
purchased from the Institute of Physiology, Academy of Sciences,
Prague. All experiments were approved by the local Animal Ethics
Committee (according to Tenets of the Declaration Helsinki).

2.2. Technique of limbal transplantation

Themice were anesthetized before the operation by intramuscular
injection with a mixture of xylasine (Rometar, Spofa, Prague, Czech
Republic) and ketamine (Calypsol, Gedeon Richter Ltd., Budapest,
Hungary). The surgery method was a slight modification of the
transplantation method described by Maruyama et al. [16]. In brief,
donor limbal lenticule was circularly cut out from conjunctiva without
scleral tissue and around the cornea and was embedded into balanced
salt solution. The rest of the corneal endothelium on the back side was
removed to eliminate a possible rest of corneal tissue in limbal graft.
The width of the limbal graft was approximately 1.0 mm. The corneal
epithelium of the recipient ocular surface was debrided by sharp
needle (G23) and the limbus was cut out with Vannas scissors
(Duckworth and Kent, Baldock, England). The donor limbal graft was
placed orthotopically and was secured with 5 interrupted sutures
with 11.0 Ethilon (Ethicon, Johnson and Johnson, Livingston, UK). The
ophthalmic ointment compound containing bacitracin and neomycin
(Ophthalmo-Framykoin, Zentiva, Prague, Czech Republic) was applied
on the ocular surface and the eyelids were closed for 72 h by
tarsoraphy using 7.0 Resolon suture (Resorba, Nuernberg, Germany).
Mice with complications such as cataracts, hemorrhage etc. were
excluded from the experiments. Only the right eye was operated on.

In all experiments BALB/c mice were used as the recipients and
BALB/c mice (syngeneic grafts), B6 mice (allografts) or Lewis rat
(xenografts) as the graft donors. To detect survival of allogeneic cells,
limbal grafts from B6 male mice were grafted into BALB/c female
recipients and the presence of cells expressing Sry (male-specific)
antigen was detected by real-time PCR.

2.3. Clinical evaluation of graft survival

Postoperatively (fromday 3,when the tarsoraphywas removed) the
ocular surface was observed daily using the operating microscope. The
reepithelization of cornea was followed by fluorescein staining. The
cornea was scored for opacity and neovascularization, and limbal graft
was evaluated for edema. A scoring scale ranging from 0 to 4 for corneal
opacity was used to evaluate the rejection [16]. The corneal opacity was
graded: 0) clear cornea, 1) lenticular or regional corneal epithelial
edema, opacity with clearly visible iris vessels, 2) diffuse epithelial
edema, opacity or both, obscuring iris vessels, 3) diffuse epithelial
edema, opacity or both, iris vessels not visible and 4) anterior chamber
not visible due to epithelial edema, corneal opacity, or both. If the
opacity score reached value 2 or more, the graft was considered as

rejected. The following scoring system was used to evaluate limbal
edema: 0) no edema, 1) focal slight limbal edema, 2) diffusemild limbal
edema, 3) moderate diffuse limbal edema, 4) severe diffuse limbal
edema. The corneal neovascularization was graded as follows: 0) no
vessels 1) incipient vessels reaching only the periphery of the cornea, 2)
one-quarter of the cornea vascularized, 3) half of the cornea
vascularized and 4) the entire cornea vascularized.

2.4. RNA isolation and reverse transcription

Total RNA was extracted from the samples of limbal grafts using
TRI Reagent (Molecular Research Center, Cincinnati, OH) according to
the manufacturer's instructions. The grafts were cut out by Vannas
scissors, embedded in TRI Reagent and homogenized. Two μg of total
RNAwas treated using deoxyribonuclease I (Sigma, St. Louis, MO) and
used for subsequent reverse transcription. The first-strand cDNA was
synthesized using random hexamers (Promega, Madison, WI) in a
total reaction volume of 25 μl using M-MLV Reverse Transcriptase
(Promega).

2.5. DNA isolation

Male B6 cells were detected according to the presence of the Sry
gene [22] by analyzing DNA from limbal grafts of male origin.
Genomic DNA was extracted from B6 male limbal grafts in BALB/c
female recipients using NucleoSpin Tissue XS extraction kit
(Macherey-Nagel, Dueren, Germany) according to the manufacturer's
instructions.

2.6. Quantitative real-time polymerase chain reaction

Quantitative real-time RT-PCR was performed on the iCycler
(BioRad, Hercules, CA) and the data were analyzed on the iCycler
Detection system (Version 3.1). The specificity of the amplified
products was checked by the melting analyses. iQ SYBR Green
Supermix (BioRad) was used for all experiments. Experiments were
conducted in triplicates and the relative quantification model was
applied to calculate expression of target gene in comparison to
GADPH used as the housekeeping gene. The list of primers is described
in Table 1. The PCR parameters for 25 μl reactions included
denaturation at 95 °C for 3 min, then 40 cycles at 95 °C for 10 s,
annealing at 60 °C for 20 s and elongation at 72 °C for 20 s.
Fluorescence data were collected at each cycle after elongation step
at 80 °C for 5 s.

2.7. Antibody treatment

Monoclonal antibodies (mAb) anti-CD4 (clone GK1.5) [23] and
anti-CD8 (clone TIB 150) [24] were prepared in the form of ascites in
nu/nu mice and were injected intraperitoneally at a dose of 200 μg/
mouse/day. The treatment started on the day of grafting and
continued every other day until the rejection. FACS analysis
performed 1 week after the beginning of the treatment revealed

Table 1
Primer sequences used for real-time PCR.

Gene Sense primer Antisense primer

GAPDH AGA ACA TCA TCC CTG CAT CC ACA TTG GGG GTA GGA ACA C
RT1-M3 TCT TGG GTG AAG GGT CAC A TCC TGC AGA ATG GAA AAG AGA
SRY AGC CTC ATC GGA GGG CTA AGG CAA CTG CAG GCT GTA AA
IL-2 GCT GTT GAT GGA CCT ACA GGA TTC AAT TCT GTG GCC TGC TT
IL-4 GAG AGA TCA TCG GCA TTT TGA TCT GTG GTG TTC TTC GTT GC
IL-10 CAG AGC CAC ATG CTC CTA GA TGT CCA GCT GGT CCT TTG TT
IFN-γ ATC TGG AGG AAC TGG CAA AA TTC AAG ACT TCA AAG AGT CTG AGG
iNOS CTT TGC CAC GGA CGA GAC TCA TTG TAC TCT GAG GGC TGA C
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that the numbers of cells of targeted cell population was reduced in
both spleen and lymph nodes to less than 1.5% of value in control
untreated animals and this selective lymphopenia was sustained for
the duration of the treatment (data not shown). Control group was
treated with physiological solution.

2.8. Statistical analysis

The statistical significance of differences in graft survival between
experimental and control groups was calculated using the Mann–
Whitney U test; differences in gene expression were calculated using
the Student's t test. A p value less than 0.05 was considered
statistically significant.

3. Results

3.1. Clinical evaluation of limbal grafts and recipient cornea

To monitor kinetic of rejection reaction after limbal transplantation, we evaluated
the appearance and clinical characteristics (edema, neovascularization and opacity) of
the grafted limbal tissue. In addition, we also scored and evaluated clinical
characteristics of the recipient's cornea, because the corneal transparency and
appearance of the corneal surface depend on the presence of the functional limbus
and reflect limbal rejection [16].

When the limbal grafts were evaluated clinically and scored, the most remarkable
differences were observed in xenografts which developed edema more strongly than
allografts or syngeneic grafts (Fig. 1). The edema in allografts and syngeneic grafts
developed only slightly and disappeared within 2 weeks (Fig. 2A). The neovasculariza-
tion and opacity of the limbal graft were most apparent in xenografts, less in allografts
and only slightly and temporary in syngeneic grafts (Fig. 1).

The corneal neovascularization significantly developed after limbal transplantation
in allogeneic and xenogeneic models, but remained minimal after transplantation of
syngeneic limbal grafts (Fig. 2B). In addition, corneal opacity clearly developed after
limbal allo- and xenotransplantation, but only slightly and temporally after syngeneic
transplantation. On the basis of preliminary experiments, the opacity score 2 or more
was considered as limbal graft rejection. As demonstrated in Fig. 2C, all corneas in
recipients of limbal allografts reached score 2 or more between days 7 and 12 after
transplantation (the average 9.0±1.8 days, n=14). Opacity score 2 or more in corneal
xenografts was reached in 5 to 8 days (the average 6.5±1.1 days, n=10) after grafting.

The opacity in the cornea of recipients of syngeneic limbal grafts did not reach score 2 in
any case (n=10).

3.2. Survival of donor cells in the limbal graft and in recipient cornea

Using PCR we were able to detect allogeneic and xenogeneic donor cells in the
limbal graft and in the recipient cornea until the day of graft rejection as evaluated by
clinical criteria. Allogeneic cells were detected till day 14 after limbal transplantation;
xenogeneic cells were present in the graft on day 8, but not on day 12 after grafting
(Fig. 3). Similar kinetic of donor cells was seen in the recipient cornea (Fig. 3). When
syngeneic grafts from male donors were grafted into female recipients, the male cells
were still detected in the graft on day 28 after grafting (data not shown). It shows
survival of grafted limbal cells and suggests that the male-specific antigen does not
induce rejection of limbal graft in BALB/c mice. The mean survival time of male
allografts in female recipients was the same like that of the allografts the same gender
(data not shown).

3.3. Intragraft cytokine response

Limbal allografts and xenografts were removed at the day of graft rejection (or
syngeneic grafts on days 8–12 after grafting) and the expression of genes for IL-2, IL-4,
IL-10, IFN-γ and iNOS was detected by real-time PCR. As demonstrated in Fig. 4, a
significant expression of genes for Th1 cytokines IL-2 and IFN-γwas found in allografts,
but the expression of genes for Th2 cytokines IL-4 and IL-10 did not exceed the levels in
syngeneic grafts. Rejection of limbal xenografts was accompanied by the high
expression of genes for both Th1 (IL-2 and IFN-γ) and Th2 (IL-4, IL-10) cytokines.
The gene for iNOS was significantly expressed in both allografts and xenografts (Fig. 4).

Fig. 1. The appearance of limbal grafts and recipient cornea. (A) Syngeneic graft on day
14 after grafting, (B) allograft on day 9 and (D) xenograft on day 5 after transplantation.
While syngeneic grafts are clear with a minimum of neovascularization in the limbal
region, apparent corneal opacity and corneal and limbal neovascularization can be seen
in allograft and xenograft. These signs of rejection are absent in surviving limbal
allografts on day 17 in the recipients treated with mAb anti-CD4 (C).
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corneal opacity after limbal transplantation in the mouse. Limbal grafts from BALB/c
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and limbal edema (A), corneal neovascularization (B) or corneal opacity (C) were
evaluated. When the opacity reached score 2 or more, the graft was considered as
rejected. Each point represents the average score from 12 to 14 mice per group.
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3.4. Effects of anti-CD4 and anti-CD8 treatment on survival of limbal allografts and
xenografts

The BALB/c recipients of B6 limbal allografts and Lewis limbal xenografts were either
saline-treated or treated with mAb anti-CD4 or anti-CD8. The opacity of the recipient's
corneawas scored and evaluated. As demonstrated in Fig. 5A, all limbal allografts in saline-
treated recipients or recipients treated with mAb anti-CD8 were rejected within 13 days
after grafting. The average graft survival time in saline-treated recipients was 9.5±
1.2 days (n=6) and in recipients treated with mAb anti-CD8 10.9±1.2 days (n=8).
Treatment of limbal allograft recipients with mAb anti-CD4 postponed the appearance of
signs of rejection (corneal opacity) and resulted in a significant (Pb0.001, Mann–Whitney
U test) prolongation of graft survival (the average 22.8±4.2 days, n=8). Limbal
xenografts in saline-treated and anti-CD8 treated recipients were rejected within 7 days
after grafting (the average times 6.0±0.8 and 6.3±0.2 days, respectively, n=6 for each
group). Treatment of xenograft recipients with mAb anti-CD4 significantly (Pb0.01)
prolonged graft survival (the average 9.5±1.8 days, n=6), but all xenografts were
rejected within 12 days after transplantation (Fig. 5B).

4. Discussion

Transplantation of limbal tissue or LSC is the only way to treat LSC
deficiency and thus improve or restore the vision in patients with
severe limbal damages. Beneficial effects of limbal transplantation in
patients with LSC deficiency have been reported [9,11–14], but the
major problem of limbal allotransplantation is a high risk of immune
rejection and a necessity of systemic immunosuppression [10,14]. By
contrast corneal allografts often survive with only topical preventive
immunosuppressive treatment. This stark contrast between incidence
of rejection in corneal and limbal allografts may be, in part, due to a
stronger vascular supply, and a higher density of antigen-presenting
cells, such as Langerhans' cells, in the limbal region [25].

Experimental limbal transplantation in animal models confirmed
high incidence of rapid rejection similar to that observed in patients
[15,16]. Allogeneic cells of donor origin were not detectable in the
recipient after 2 weeks after transplantation indicating a potent and
rapid immune rejection [15]. To address this issue we have
established and characterized a novel murine model of limbal allo-
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and xenotransplantation, and conducted series of studies to elucidate
immunological mechanisms responsible for the low survival rates of
limbal transplants. We have observed that rejection of limbal
allografts is characterized by neovascularization in the graft and in
the recipient cornea, and by a significant corneal opacity. Detection of
corneal opacity coincided with the complete disappearance of
allogeneic donor cells from both the limbus and corneal epithelium
at 7–12 days after transplantation. To test a possibility that the limbal
graft failure is due to a technical issue, male limbal cells were
transplanted into female recipients. No clinical signs of rejetion of H-Y
incompatible limbal grafts were observed and donor male cells were
detected in BALB/c female recipients as long as 4 weeks after the
surgery. Therefore, this weak incompatibility in the male-specific
antigen does not induce limbal graft rejection. Similarly, H-Y incom-
patible corneal grafts were not rejected in BALB/c mice [26] and H-Y
incompatible skin grafts are not rejected in BALB/c female recipients
(our unpublished observations). In contrast, limbal grafts incompatible
in another relatively weak antigen, enhanced green fluorescent protein,
were rejected by the rat recipients [27]. These differences may reflect
interspeciese differences or suggest that BALB/c female mice are non
responder to the male-specific antigen. Detection of donor male cells in
the female recipients as long as 4 weeks after the surgery indicates that
the prompt rejection of allogeneic limbal cells is not due to the surgical
failure. Transplantation of limbal xenograft (from the rat to the mouse)
evoked the strongest rejection reaction characterized by graft neovas-
cularization, opacity and edema and by neovascularization and opacity
in the recipient's cornea. All limbal xenografts were rejected within
8 days after transplantation and no xenogeneic cells were detected by
the real-time PCR beyond this period. These data suggest that limbal
allografts and xenografts are promptly rejected and do not enjoy
immune privilege of the anterior part of the eye.

Rejection of limbal allografts was associated with a strong Th1
cytokine response characterized by the expression of genes for IL-2
and IFN-γ in the rejected grafts. Expression of the gene for IL-4 was

not detected in rejected limbal allografts and also expression of the
gene for IL-10, another Th2 cytokine, did not exceed the baseline
levels in syngeneic limbal grafts. On the contrary, a strong expression
of genes for Th2 cytokines IL-4 and IL-10, in addition to Th1 cytokines,
was detected in rejected limbal xenografts. This pattern of cytokine
expression during limbal graft rejection resembles cytokine profiles
after corneal allo- and xenotransplantation, but the role of the Th2
cytokines in the rejection of xenografts is unclear [20]. Macrophages
and their product nitric oxide (NO) have been shown to play a more
important role in graft rejection. Mills et al. [15] observed a significant
infiltration of limbal allografts in rats by macrophages and we found a
strong expression of the gene for iNOS in both rejected limbal
allografts and xenografts. It has been already shown in various allo-
and xenotransplantation models, including corneal transplantation,
that the inhibition of iNOS activity may prolong graft survival [21,28].
The production of NO by graft infiltrating macrophages depends on
the availability of IFN-γ which was also detected during rejection of
both limbal allo- and xenografts and is key factor in DTH reaction. This
suggests that strategies directed to inhibit IFN-γ (Th1 response), NO
production and the DTH reaction should be beneficial in promotion of
limbal graft survival. Indeed, Maruyama et al. [16] have shown that
the Th2-biased immune system and the suppression of the DTH
reaction may support the survival of limbal allografts in the mouse.
We showed here that targeting of CD4+ cells results in a suppression
of the rejection reaction and in a significant prolongation of limbal
allograft and xenograft survival. The effect of anti-CD4 therapymay be
due to elimination of CD4+ T cells which mediate the DTH reaction
and are the important source of IFN-γ for iNOS expression [21]. In
addition, anti-CD4 antibody can inactivate CD4+ macrophages which
play a role in both afferent phase of transplantation reaction as
antigen-presenting cells and in the effector phase as cytotoxic
macrophages [27–29]. It has been shown that a subpopulation of
macrophages expresses CD4molecules, and these CD4+ macrophages
have been shown to be involved in graft rejection [30]. Nevertheless,
anti-CD4 monotherapy did not ensure a permanent limbal allograft
survival. The rejections observed in the anti-CD4 treated recipients
may be due to the activity of other CD4+ cell-independent
mechanisms (such as CD8+ cell-activated macrophages, cytotoxic T
cells, etc.). The results also showed that anti-CD8 treatment was not
effective in the prevention of limbal allograft rejection, similarly as in
the case of corneal transplantation [19,31].

For the first time our study demonstrates intragraft cytokine
response in orthotopic limbal allo- and xenograft recipients and
indicates the key role of Th1 response and CD4+ cells in the limbal
graft rejection. Therefore, the strategies targeting CD4+ cells as the
mainmediators of Th1 response and activators of macrophages for NO
production were suggested to prevent limbal graft rejection. This
suggestion was confirmed by the effectiveness of anti-CD4 treatment
in suppression of graft rejection in allogeneic limbal transplantation in
the mouse model.
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A Rapid Separation of Two Distinct Populations of
Mouse Corneal Epithelial Cells with Limbal Stem Cell
Characteristics by Centrifugation on Percoll Gradient

Magdalena Krulova,1,2 Katerina Pokorna,1,2 Anna Lencova,1,3 Jan Fric,1,2

Alena Zajicova,1 Martin Filipec,3 John V. Forrester,4 and Vladimir Holan1,2

PURPOSE. To detect and isolate cells with stem cell (SC) char-
acteristics in the limbus of the mouse.

METHODS. Limbal tissues from BALB/c mice were trypsin-
dissociated and separated on the gradient Percoll (Fluka,
Buchs, Switzerland). Several fractions were isolated and
characterized by real-time PCR for the presence of limbal SC
markers and differentiation markers of corneal epithelial
cells by flow cytometry for the determination of the side-
population (SP) phenotype and growth properties in vitro.

RESULTS. Cells retained in the lightest fraction (40% Percoll) and
in the densest fraction (80% Percoll) of the gradient were both
enriched for populations with a high expression of the SC
markers ABCG2 and Lgr5 and also expressing the SP pheno-
type. However, the lightest fraction (representing approxi-
mately 12% of total limbal cells) contained cells with the
strongest spontaneous proliferative capacity and expressed the
corneal epithelial differentiation marker K12. In contrast the
densest fraction (�7% of original cells) was K12 negative and
contained small nonspontaneously proliferating cells, which
instead were positive for p63. Unexpectedly, cells from this
fraction had the highest proliferative activity when cultured on
a 3T3 feeder cell monolayer.

CONCLUSIONS. These findings demonstrate the presence of two
distinct populations of corneal epithelial cells with limbal SC
characteristics, based on differential expression of the keratin-
specific marker K12 and transcription factor p63, and suggest
a difference in developmental stage of the two populations,
with the K12�p63� population being closer to the primitive
limbal SC. (Invest Ophthalmol Vis Sci. 2008;49:3903–3908)
DOI:10.1167/iovs.08-1987

The corneal surface is renewed under normal physiological
conditions or during healing after injury by cells that mi-

grate from the limbus. These cells originate from limbal stem
cells (SCs) which reside in the basal layer of the limbus and
represent a minor fraction of a heterogeneous limbal cell pop-
ulation.1–3 When the limbal SC population is damaged or de-
pleted (e.g., after injuries such as alkaline burns or genetically
as in the Pax6 heterozygotic mouse),4,5 healing of the corneal
surface is prevented, and the cornea is invaded by cells from
conjunctival epithelia resulting in poor epithelialization, vascu-
larization, and corneal scarring, potentially leading to blind-
ness. In such cases, transplantation of limbal SCs may be the
only way to treat various eye surface injuries or diseases.6–8

To study the biological properties and to provide a potential
source of limbal SCs, methods are needed to isolate or at least
enrich limbal SCs from the heterogenous population of limbal
cells. The absence of a definitive biological or phenotypic marker
contributes a degree of uncertainty to the unequivocal isolation
and characterization of limbal SCs. So far, a variety of SC markers
have been proposed to identify this population of cells. Among
the major characteristics proposed for SCs are small size9,10;
slow-cycling properties11; the expression of intracellular markers
such as drug resistance transporter ABCG2, the transcription
factor p63, the integrin �9, and the cytokeratin K1912–18; and the
absence of corneal differentiation markers K3 and K12 or con-
nexin 43.1,19–21 Recently, the leucine-rich-repeat–containing G-
protein-coupled receptor, Lgr5, has been suggested to mark of
SCs in multiple adult tissues.22 SCs express the side-population
(SP) phenotype based on the ability to efflux the DNA-binding dye
Hoechst 33342.18,23 Although SCs are in vivo in a quiescent state
and are only slowly dividing, in vitro they possess the highest
colony-forming unit efficacy and growth properties on feeder cell
monolayers.10,24,25 Some of these characteristics, mainly the SP
phenotype and small cell size, have been used in attempts to
isolate SCs from human and rabbit limbuses or limbal cell cul-
tures.10,12,24 Another approach to enriching human limbal epithe-
lial cells with SC properties is based on their differential adhesive-
ness to collagen type IV.26 To date, probably due to the small size
of the mouse eye, no attempt to isolate and characterize limbal
SCs in the mouse has been reported. We show here for the first
time that two distinct populations of corneal epithelial cells with
limbal SC characteristics can be isolated from the mouse limbus
by centrifugation on a Percoll gradient (Fluka, Buchs, Switzer-
land). These cells share characteristics of SCs with human or
rabbit limbal SCs and can be used for the study of limbal SC
properties and for studies of limbal SC deficiency in experimental
mouse models such as the Pax6�/� mouse.

MATERIAL AND METHODS

Mice

Mice of the inbred strain BALB/c of both sexes at the age of 2 to 4
months were used in these experiments. The animals were obtained
from the breeding unit of the Institute of Molecular Genetics (Prague,
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Czech Republic). The use of animals was approved by a local Ethics
Committee of the Institute of Molecular Genetics, and all animals were
handled in full accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Isolation of Limbal Cells

Limbal tissue was obtained by scissor dissection of the eyes of killed
mice guided by an operating microscope. Limbal tissues from 10 to 12
BALB/c mice were pooled and cut into small pieces in RPMI 1640
medium (Sigma-Aldrich, St. Louis, MO). The tissue was centrifuged (8
minutes at 250g), and the pellet was subjected to digestion with
trypsin from porcine pancreas (Sigma-Aldrich). The procedure con-
sisted in 10 trypsinization cycles (300 �L of 0.5% trypsin solution per
10 limbuses, 10 minutes incubation in 37°C). The supernatants (tissue-
free solution) from each trypsinization step were harvested into an
excess (30 mL) of RPMI 1640 medium with 10% fetal calf serum (FCS;
Sigma-Aldrich) on ice, and the trypsinization procedure was repeated
on the residual pellet. After the last trypsinization step, the harvested
cell suspension was filtrated through a nylon mesh and centrifuged for
8 minutes at 250g. The pellet was resuspended in 1.2 mL of RPMI 1640
medium, and the number of cells was determined by hemocytometry.

Percoll Gradient Centrifugation

To prepare a stock solution, nine parts Percoll was mixed with one
part 10� concentrated phosphate buffered saline (PBS). From the
stock solution, a 40%, 50%, 60%, 70%, or 80% Percoll solution was
prepared by dilution in 1� PBS. A Percoll gradient was prepared in a
10-mL test tube by overlaying of 1.0 mL of each Percoll dilution 80%
through 40%. Finally, 1.0 mL of suspension of trypsin-dissociated lim-
bal cells was gently overlaid on the top of the Percoll gradient. The
gradient was centrifuged for 10 minutes at 300g at 4°C.

After centrifugation, the separated layers of cells on individual
Percoll concentrations could be directly visualized, and individual cell
layers (as well as the cell pellet) were harvested into RPMI 1640
medium with 5% of FCS and washed three times by centrifugation (8
minutes at 250g). After the last washing, the cells were resuspended in
500 �L of RPMI 1640 medium containing 10% of FCS, 10 mM HEPES
buffer, antibiotics (100 U/mL of penicillin, 100 �g/mL of streptomycin)
and 5 � 10�5 M 2-mercaptoethanol (hereinafter called complete
RPMI 1640 medium). The number of cells in each fraction was then
determined.

Quantitative Real-Time Polymerase
Chain Reactions

The expression of genes for mouse ABCG2, Lgr5, the � isoform of
DeltaNp63 (p63), and K12 was determined by quantitative real-time
PCR. Total RNA was isolated from unseparated limbal cells or cells
from individual Percoll fractions (TRI Reagent; Molecular Research
Center, Cincinnati, OH). One microgram of total RNA was reverse
transcribed into cDNA in 20-�L reaction mixture, as described
previously.27

Quantitative real-time PCR was performed (iCycler; Bio-Rad, Her-
cules, CA), and the data were analyzed (iCycler Detection System, ver.
3.1; Bio-Rad). The specificity of the amplified products was checked by
the melting analyses. Master mix (iQ SYBR Green Supermix; Bio-Rad)
was used in all experiments. Each single experiment was performed in

triplicate, and the reaction efficiency for each gene was estimated by
the dilution curve method. The relative quantification model with
efficiency correction was applied to calculate expression of target
genes in comparison to GADPH, which was used as the housekeeping
gene. The primers are described in Table 1. The PCR parameters for
25-�L reactions included denaturation at 95°C for 3 minutes, then 40
cycles at 95°C for 10 seconds, annealing at 60°C for 20 seconds, and
elongation at 72°C for 20 seconds. Fluorescence data were collected at
each cycle after an elongation step at 80°C for 5 seconds.

Light-Scattering Measurements

Trypsin-dissociated unseparated limbal cells or limbal cells from indi-
vidual Percoll fractions were resuspended in PBS with 5% FCS and 2
�g/mL of propidium iodide (Sigma-Aldrich) for 20 minutes at 4°C. The
light-scattering properties of the cells were measured in a flow cytom-
eter (BD LSRII; BD Biosciences, Franklin Lakes, NY), with an Argon
laser (488 nm) providing the probing beam, and the FSC/SSC density
plots of viable cells were generated.

Hoechst 33342 Exclusion Assay

Freshly isolated unseparated limbal cells or cells of individual fractions
from a Percoll gradient were resuspended at a concentration of 1 �
106 cells/mL in Dulbecco;1 Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 2% FCS and incubated with 5 �g/mL Hoechst
33342 (Sigma-Aldrich) dye. To determine the effect of verapamil on the
Hoechst 33342 efflux, the cells were preincubated with verapamil (80
�M; Sigma-Aldrich) for 5 minutes before the addition of the Hoechst
33342 dye. After the incubation for 60 minutes at 37°C, propidium
iodide (2 �g/mL) was added to exclude dead cells from the analysis,
and the cells were then analyzed on a flow cytometer (FACSVantage
SE; BD Biosciences), as described by Goodell et al.28 Briefly, Hoechst
33342 was excited at 350 nm with a UV laser (Enterprise II-621;
Coherent, Santa Clara, CA), and fluorescence emission was detected
through 450-nm band-pass (Hoechst blue) and 660-nm long-pass
(Hoechst red) filters.

Spontaneous Proliferation of Limbal Cells
In Vitro

Unseparated limbal cells or cells from individual fractions from the
Percoll gradient were diluted to a concentration of 5 � 104 cells/mL in
complete RPMI 1640 medium. One hundred microliters per well of cell
suspension was incubated in triplicate in 96-well tissue culture plates
(Nunc, Roskilde, Denmark). Cell proliferation was determined by add-
ing 1 �Ci/well of [3H]thymidine (Nuclear Research Institute, Rez,
Czech Republic) for the last 8 hours of the 96-hour incubation period.
The cells were harvested (Automasch 2000 harvester; Dynatech, Bur-
lington, MA), and [3H]thymidine activity was determined.

Cell Proliferation on Feeder 3T3 Fibroblasts

Irradiated (150 Gy) mouse 3T3 fibroblasts were seeded as feeder cells
at a concentration of 104 cells/well in a volume of 50 �L of complete
RPMI 1640 medium into wells of 96-well tissue culture plates (Nunc)
and incubated overnight. Unseparated limbal cells or cells from indi-
vidual Percoll gradient fractions (5 � 103 cells in 50 �L) were then
added in triplicate into wells with feeder cells. The cultures were
incubated for 96 hours, [3H]thymidine (1 �Ci/well) was added for the

TABLE 1. Mouse Primer Sequences Used for Real-Time PCR

Gene Sense Primer Antisense Primer

GADPH GGG TGT GAA CCA CGA GAA AT ACA CAT TGG GGG TAG GAA CA
ABCG2 GCC TTG GAG TAC TTT GCA TCA AAA TCC GCA GGG TTG TTG TA
p63 TGG AAA ACA ATG CCC AGA CT CTG CTG GTC CAT GCT GTT C
Lgr5 CTT CAC TCG GTG CAG TGC T CAG CCA GCT ACC AAA TAG GTG
K12 CTG TGG AGG CCT CTT TTC TG ATT CCA GCT ATC CCC AAT CC
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last 8 hours of the incubation period, and the incorporated radioactiv-
ity was determined as just described.

Statistical Analysis

The statistical significance of differences between individual groups
was calculated by Student’s t-test.

RESULTS

Limbal Cell Isolation and Percoll
Gradient Separation

Trypsin-dissociation of limbal tissue from one BALB/c mouse
yielded on average 0.5 to 1 � 105 cells that were heteroge-
neous in both size and morphology, as determined by the
light-scattering profile (Fig. 1). Accordingly, limbal cells ob-
tained by trypsin digestion (see the Methods section) from 10
BALB/c mice were pooled and separated on the Percoll gradi-
ent. The proportion of cells retained in individual Percoll
gradient fractions and the recovery of original cells are shown
in Table 2. While the lightest fraction (40% Percoll) contained
predominantly large and more heterogeneous cells with a
smaller nucleus/cytoplasm ratio, the fraction retained on the
80% Percoll (densest fraction) was enriched in small dense
cells with a higher ratio nucleus/cytoplasm. The pelleted frac-
tion contained dead cells, cell debris, and fragments of corneal
tissue and thus was not included in the analyses.

Phenotype Characterization

The expression of genes for the putative SC markers ABCG2,
Lgr5, and p63 and for corneal epithelial cell differentiation
marker K12 was determined by using real-time PCR in unsepa-
rated limbal cells and limbal cell fractions isolated from Percoll
gradient. As demonstrated in Figure 2, both the lightest (40%
Percoll) and densest (80% Percoll) fractions were enriched in
cells expressing the SC markers ABCG2 and Lgr5, whereas the
fraction from the middle region of the Percoll gradient had a
lower expression of these markers compared to unseparated
limbal cells. The marker of primitive and SCs p63 was ex-
pressed selectively in the dense (80% Percoll) cell fraction (Fig.
2). The corneal differentiation marker K12 was expressed
predominantly in larger cells retained on 40% or 50% Percoll
and was absent in small cells of the dense fractions (Fig. 2).

Identification of the SP Phenotype on the Basis of
the Efflux of Hoechst 33342 Dye

Using flow cytometry we first demonstrated that normal fresh
mouse limbus contains a small population of cells (SP cells)
that can be detected by verapamil-sensitive disappearance of a
unique tail of a low Hoechst 33342 blue-red fluorescence (Figs.
3A, 3B). This population represented 2.3% to 5.4% of total
mouse limbal cells. Analysis of individual fractions from the
Percoll gradient showed that SP cells were enriched in light
and dense fractions (40% and 80% Percoll) and were relatively
decreased in cells from the intermediate fractions of the Percoll
gradient (Figs. 3C–H).

Forward-scattering analysis was performed to determine the
relative cell size and granularity of SP cells from unseparated
total limbal cells (Fig. 4A) or of the fractions from the 40% (Fig.
4B) and the 80% (Fig. 4C) Percoll gradients. The SP cells from
the 40% gradient fraction were apparently more heteroge-
neous with respect to granularity than were the small and more
uniform SP cells in the 80% fraction.

Growth Properties of Limbal Cell Fractions

To evaluate the proliferative capacity of the various cell frac-
tions, we seeded the cells at a concentration of 5 � 103

cells/well into 96-well tissue culture plates (in a volume of 100
�L complete RPMI 1640 medium/well). Cell proliferation was
determined by incorporation of [3H]thymidine. As demon-
strated in Figure 5A, the 40% Percoll gradient cell fraction
proliferated with a significantly higher intensity than did the
unseparated limbal cells, whereas cells from the 70% or 80%
fractions had very limited proliferative activity.

We also assessed the proliferative capacity of individual cell
populations on irradiated 3T3 fibroblast feeder cells in 96-well
tissue culture plates. The proliferative activity of limbal cells
was determined according to the incorporation of radioactiv-
ity. The results are expressed as the ratio of the proliferative
activity of limbal cells on a 3T3 feeder layer to the proliferation
of the same cells in wells without feeder cells. As demonstrated

FSC 

S
S

C
 

FIGURE 1. Flow cytometry analysis (light-scattering profile) of freshly
isolated, unseparated mouse limbal cells. Limbal tissue from normal
BALB/c mice was trypsin-dissociated, and single cell suspensions were
analyzed according to their size (FSC) and granularity (SSC) profiles. A
representative dot-plot is shown.

TABLE 2. Recovery of Original Limbal Cells and the Proportion of Cells in Individual Fractions after
Percoll Gradient Centrifugation

Exp.

% of Original Cells in the Percoll Fraction

Cell Recovery
(%)40 50 60 70 80 Bottom

1 14.2 17.2 16.3 22.8 7.2 8.0 85.7
2 10.4 17.3 27.1 13.5 3.1 8.4 79.8
3 13.0 11.6 23.1 17.3 7.7 9.7 82.4
4 10.2 13.3 22.1 21.7 6.1 4.2 77.6
5 14.6 16.3 20.0 20.3 7.1 8.4 86.7
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in Figure 5B, in this experimental setting, the strongest prolif-
erative activity was observed in the small cell population re-
tained in the 70% and 80% Percoll gradient fractions, while the
proliferative capacity of cells from the 40% and 50% fractions
was not increased over spontaneous proliferation levels with-
out feeder cells.

DISCUSSION

SCs for the renewal of the corneal surface epithelium are
located in the basal layer of the limbal epithelium. These cells,
which are characterized by small size; a low rate of replication;
expression of certain markers such as a transporter ABCG2,
p63, integrin �9, or K19; and by the expression of the SP
phenotype have been described in human,10,12–14 rabbit,24,29

and rat23 corneas. To date, there are no reports of isolation and
characterization of limbal SCs in the mouse.

We have shown that cells sharing morphologic, phenotyp-
ical, and functional characteristics with human and rabbit lim-
bal SC can also be found in the mouse limbus. To dissociate the
limbal tissue into a single cell suspension, we compared vari-
ous enzymatic digestion protocols including dispase treatment,
combination of dispase, and trypsin or trypsin digestion alone.
Repeated short trypsin digestions were the optimal method,
allowing recovery of 0.5 to 1 � 105 limbal cells per one BALB/c
mouse. These cells were heterogeneous with respect to the
size, granularity, and the ratio of cytoplasm to nucleus and
could be separated into six subpopulations on a 40% to 80%
discontinuous Percoll gradient. The densest fraction (80% Per-
coll), representing approximately 7% of original limbal cells,

was enriched in cells showing morphologic characteristics
described for the human and rabbit limbal SCs: small size,
dense cells, and a low ratio of cytoplasm to nucleus. Further
analysis of this fraction showed that this population was en-
riched in cells expressing the SP phenotype (�30% of SP cells
in comparison to 2%–5% of cells expressing the SP phenotype
in the whole limbus) and the fraction also had significantly
enhanced expression of the SC markers ABCG2, Lgr5, and p63
in comparison with unseparated limbal cells. In addition, these
cells were in a nonproliferative quiescent state as demon-
strated by their very low spontaneous uptake of radioactive
thymidine in vitro. However, when cultured on a feeder cell
layer, they demonstrated considerable proliferative capacity.
All these characteristics resemble properties of limbal SC de-
scribed in human or rabbit limbal tissue.12–14,24,29
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FIGURE 2. Expression of genes for SC markers ABCG2 (A), Lgr5 (B),
and p63 (C), and for corneal differentiation marker K12 (D) in unsepa-
rated limbal cells and in individual fractions from a Percoll gradient.
Real-time PCR was performed on unseparated limbal cells (total) and
cells retained on 40%, 50%, 60%, 70%, and 80% gradients. Data are the
mean � SD of three separate experiments. The comparative Ct method
was used to determine the change in targeted gene expression nor-
malized by the internal control gene GAPDH. *P � 0.05, **P � 0.01.
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FIGURE 3. SP profile of freshly isolated unseparated mouse limbal
cells and cells from the Percoll gradient fractions. Unseparated limbal
cells (A, B) or cells from fraction 40% (C, D), 60% (E, F), or 80% (G, H)
gradients were subjected to Hoechst 33342 exclusion assay. The cells
were analyzed by flow cytometry (A–H), and the dye efflux from the SP
was blocked by verapamil (B, D, F, H).

3906 Krulova et al. IOVS, September 2008, Vol. 49, No. 9



A second cell fraction showing at least some characteristics of
limbal SCs was detected in the lightest cell population (40%
Percoll gradient) and represented approximately 12% of the total
limbal cell population. These cells expressed genes for the SC
markers ABCG2 and Lgr5, and over 20% of the cells expressed the
SP phenotype, a property of SCs.30,31 However, unlike the dense
cell population (80% gradient) which also expressed the SP phe-
notype and SC markers, the light cell population was positive for
corneal differentiation marker K12 and had the highest spontane-
ous proliferative capacity (significantly higher than unseparated
limbal cells) and their proliferation response did not increase
when they were cultured on a feeder cell monolayer. Thus, two
separable populations of mouse limbal cells which have SC char-
acteristics (ABCG2 and Lgr5 expression, the SP phenotype) can
be obtained by centrifugation on Percoll gradient. The cells re-
tained in the intermediate layer of the gradient (60% Percoll) had
lower expression levels of SC markers and a lower percentage of
cells expressing the SP phenotype than original unseparated lim-
bal cells.

The results thus demonstrated that two distinct populations
of limbal cells with SC characteristics can be isolated in the
mouse. Both populations contained cells expressing the SP
phenotype based on the efflux of Hoechst 33342 dye. How-
ever, forward-scattering analysis of SP cells from the top and
bottom fractions showed that both populations differ in their
size and granularity. The number of SP cells in the unseparated
mouse limbus was 3.8% (average from five experiments) of
total limbal cells, substantially higher than the number of slow-
cycling corneal epithelial cells found at the mouse limbus32 or
the number of SP cells in human, rabbit, and rat limbal epithe-
lia,13,23,24 but corresponds to the number of SP cells found in
the rat cornea.23 Although it has been shown that the SP
phenotype is associated with ABCG2 expression,33 the corol-
lary is not necessarily true (i.e., not all cells expressing ABCG2
exhibit the SP phenotype). The studies of Umemoto and co-
workers in humans,16 rabbits,29 and rats23 showed that al-
though the number of cells exhibiting the SP phenotype was
less than 2% in the limbus, immunochemistry revealed that a
larger proportion (approximately 10%) of limbal basal epithe-
lial cells expressed ABCG2 transporter.23 Similarly, Budak et
al.18 suggested the existence of a significantly higher number
of ABCG2� cells than SP cells. This discrepancy was explained
by the differences in the transport activity of ABCG2.
Umemoto et al.23 also showed that in the rat, unlike the human
and rabbit, the central cornea contains cells with the SP phe-
notype but that these cells expressed significantly lower levels
of putative SC markers than did the SP cells in the limbus. In
addition, SP cells found in the rat cornea had a different profile
on forward scatter analyses than SP cells in the limbus. Our
study showed that mouse limbal cells with the SP phenotype
from the light cell fraction of the Percoll gradient had distinc-
tive light-scattering properties from SP cells from the dense cell
fraction. It appears that the light cell fraction resembles the SP
cells described by Umemoto et al.23 in the rat central cornea
rather than the basal limbal SCs. A high expression of the
corneal epithelial cell differentiation marker K12 in the light
cell population supports this analysis. It is therefore apparent
that interspecies differences exist in the distribution and prop-
erties of corneal epithelial cells with limbal SC characteristics
and that the mouse may, in this respect, represent a unique
species different from human, rabbit, or rat.

The limbal cells isolated in the dense cell fraction (80%
Percoll) mimicked more closely the limbal SCs described in the
human and rabbit by both SC characteristics (small cell size,
expression of ABCG2, p63 and Lgr5, the SP phenotype) and by
growth properties. These cells occurred in a quiescent state
and did not proliferate within the first 3 days in tissue culture,
as has been described for SP cells in the rabbit.24 Budak et al.18

showed that SP cells remained quiescent for at least 72 hours
after seeding, whereas the non-SP cells began to divide within
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FIGURE 5. Growth properties of unseparated, freshly dissociated
mouse limbal cells and cells from individual fractions obtained after
Percoll gradient centrifugation. Unseparated limbal cells (total cell
population) or cells retained on 40%, 50%, 60%, 70%, and 80% Percoll
gradient fractions were seeded into wells of 96-well tissue culture
plates (5,000 cells/well) (A) or into wells containing a 3T3 fibroblast
feeder layer (B). Cell proliferation was determined by incorporation of
[3H]thymidine added to the cultures for the last 6 hours of the 96-hour
incubation period. The results are expressed by the counts per minute
of incorporated [3H]thymidine (A) or as the increase in the prolifera-
tion of particular cell population cultivated on the 3T3 feeder layer in
comparison to proliferation of the same cells cultivated without the
3T3 feeder cells. Each bar represents the mean � SE of results in three
independent experiments. *P � 0.05, **P � 0.01, ***P � 0.001, signif-
icantly different from the control (unseparated limbal cells).
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24 to 48 hours. However, when we cultured the dense cell
population on a 3T3 feeder cell monolayer, they exhibited a
strong proliferative activity. Similarly, de Paiva et al.13 showed
that human limbal SP cells proliferate better on feeder cells
than do non-SP cells. To evaluate growth properties of individ-
ual cell fractions, we cultured these cells at low cell concen-
trations. The cells from the light fraction formed colonies of
fibroblast-like cells and their growth was enhanced in the
presence of epidermal or fibroblast growth factor. On the
contrary, the cells from the dense fraction did not grow in
cultures without feeder cells, even in the presence of the
growth factors. A similar pattern of proliferation and respon-
siveness to the growth factors was observed in the cells from
the light fraction when cultured on a 3T3 cell monolayer.
However, the cells from the dense fractions that did not pro-
liferate in cultures without feeder cells, formed on the 3T3 cell
monolayer colonies of spheric cells, and their growth was not
significantly influenced by epidermal or fibroblast growth fac-
tor. It is possible that quiescent, slowly dividing limbal SCs
(separated in the dense fraction) require a specific niche
(feeder cells) to support their proliferation.

This study showed that there are two distinct populations
of corneal epithelial cells with SC characteristics (expression of
ABCG2 and Lgr5, an SP phenotype) that can be isolated from
the mouse limbus and that Percoll gradient centrifugation is a
convenient method of enriching and harvesting such cells for
the study of their characteristics, growth requirements, and
use to treat various limbal SC deficiencies in experimental
models.
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Stem cell (SC) therapy represents a promising approach to treat a wide variety of injuries, inherited diseases,
or acquired SC deficiencies. One of the major problems associated with SC therapy remains the absence of
a suitable matrix for SC growth and transfer. We describe here the growth and metabolic characteristics of
mouse limbal stem cells (LSCs) and mesenchymal stem cells (MSCs) growing on 3D nanofiber scaffolds
fabricated from polyamide 6/12 (PA6/12). The nanofibers were prepared by the original needleless electros-
pun Nanospider technology, which enables to create nanofibers of defined diameter, porosity, and a basis
weight. Copolymer PA6/12 was selected on the basis of the stability of its nanofibers in aqueous solutions,
its biocompatibility, and its superior properties as a matrix for the growth of LSCs, MSCs, and corneal
epithelial and endothelial cell lines. The morphology, growth properties, and viability of cells grown on
PA6/12 nanofibers were comparable with those grown on plastic. LSCs labeled with the fluorescent dye
PKH26 and grown on PA6/12 nanofibers were transferred onto the damaged ocular surface, where their
seeding and survival were monitored. Cotransfer of LSCs with MSCs, which have immunosuppressive prop-
erties, significantly inhibited local inflammatory reactions and supported the healing process. The results
thus show that nanofibers prepared from copolymer PA6/12 represent a convenient scaffold for growth of
LSCs and MSCs and transfer to treat SC deficiencies and various ocular surface injuries.

Key words: Limbal stem cells (LSCs); Mesenchymal stem cells (MSCs); Nanofiber scaffolds;
Ocular surface injuries; Inflammation; Tissue regeneration

INTRODUCTION transfer of SCs to precise tissue locations. So far, vari-
ous materials and scaffolds have been tested for the
transportation of SCs. For example, macroporous hydro-Stem cell (SC) therapy represents a promising ap-

proach to treating various inherited diseases or tissue gels have been used to deliver MSCs for spinal cord
injury repair (29) or self-assembling peptide nanofibersinjuries associated with SC deficiency. Adult (tissue-

specific) SCs benefit from the ability to differentiate into have been tested for myoblast transplantation in in-
farcted myocardium (7). To treat severe ocular surfacethe cell type for which they are committed and even

from their ability to differentiate into other cell types damage and a deficiency in limbal SCs (LSCs), which
are irreplaceable for corneal healing, various carriers for(9,12). In addition, a population of SCs derived from

bone marrow, called mesenchymal stem cells (MSCs), the culturing of LSCs and for their transplantation onto
the recipient eye have been tested. They include fibrinhas immunosuppressive properties and thus can contrib-

ute to the healing process by inhibiting local inflamma- glue (24), polymers or collagen sponges (26), and hu-
man amniotic membrane (30).tory reactions (3,16,21).

One of the major problems associated with SC ther- In the last years, promising scaffolds for the growth
and transfer of various types of SCs have been offeredapy remains the absence of a suitable carrier for the
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by nanotechnology. Electrospinning processes can fabri- of nanometers to tens of micrometers in diameter. All
nanofibrous samples used during this study were pre-cate nanofibers with a diameter ranging from a few tens

to hundreds of nanometers and with a defined porosity. pared at a basis weight of 3–5 g/m2 and had nanofiber
diameter ranging from 290 to 539 nm.The three-dimensional structure of nanofibrous materials

has an extremely large surface area, and nanofibers can To test the stability of nanofibers in aqueuos solu-
tions, the nanofibrous samples were cut into small piecesmimic the structure of extracellular matrix proteins,

which provide support for cell growth and function. Na- and soaked in deionized water in petri dishes. The water
was exchanged every day. After a 7- or 14-day periodnofiber scaffolds can create specific niches where SCs

can reside and maintain their unique properties. It has of soaking the samples were dried at room temperature,
and their nanofibrous architecture was analyzed usingbeen shown that embryonic SCs or MSCs grow and dif-

ferentiate on nanofibers comparably or even better than scanning electron microscopy (SEM).
on plastic surfaces (10,20,27,33,34). We sought to deter-

LSCs, MSCs, Corneal Epithelial and Endothelialmine whether adult tissue-specific SCs can also be
Cell Linesgrown on nanofiber scaffolds and whether these scaf-

folds can be used as carriers for cell transplantation in LSCs were obtained by enzyme digestion from lim-
bal tissues as we have recently described (13). In brief,tissue regeneration.

Using the original Nanospider electrospinning tech- limbal tissues from 10–12 BALB/c mice were cut with
scissors and subjected to 10 short (10 min each) trypsin-nology we prepared nanofiber scaffolds from a panel of

natural and synthetic polymers and tested them for their ization cycles. The released cells were harvested after
each cycle, centrifuged (8 min at 250 × g) and resus-biocompatibility and their ability to support the growth

of various cell types (S. Kubinova et al., manuscript sub- pended in RPMI-1640 medium (Sigma, St. Louis, MO)
containing 10% fetal calf serum (FCS, Sigma), antibiot-mitted for publication). On the basis of the stability of

its nanofibrous architecture in aqueous solutions and its ics (100 U/ml of penicillin, 100 µg/ml of streptomycin),
10 mM HEPES buffer, and 2 × 10−5 M 2-mercaptoetha-optimal biocomptibility, we selected copolymer polyam-

ide 6/12 (PA6/12) for further studies. We characterized nol. The cells were seeded into 12-well tissue culture
plates (Nunc, Roskilde, Netherlands) and after 1 weekthe growth properties of LSCs and MSCs on these na-

nofibers and used PA6/12 scaffolds for the transfer of expanded in 25-cm2 tissue culture flasks (Corning, Schi-
pol-Rijk, Netherlands). For the growth on nanofibers,LSCs and MSCs to treat ocular surface injuries in an

experimental mouse model. cells growing in vitro for 2–3 weeks were used.
MSCs were isolated from femurs and tibias of

MATERIALS AND METHODS BALB/c mice. The bone marrow was flushed out, a sin-
Mice gle-cell suspension was prepared by homogenization,

and the cells were seeded at a concentration of 4 × 106Mice of the inbred strains BALB/c and C57BL/10Sn
cells/ml in complete RPMI-1640 medium in 25-cm2 tis-of both sexes at the age of 2–4 months were used in
sue culture flasks (Corning). On the following day thethe experiments. The animals were obtained from the
nonadherent cells were washed out and the adherentbreeding unit of the Institute of Molecular Genetics,
cells were cultured with a regular exchange of the me-Prague. The use of animals was approved by the local
dium and passaging of the cells to maintain their optimalAnimal Ethics Committee of the Institute of Molecular
concentration. After 3 weeks of culturing, the cells wereGenetics. The animals were treated in accordance with
characterized phenotypically by flow cytometry (overthe Principles of Laboratory Animal Care.
90% of them were MHC class II−, CD86−, and CD11b−,

Materials and Nanofiber Preparation but the majority was CD105+) and for their ability to
differentiate into adipocytes (data not shown).The copolymer PA6/12 was purchased from Chemo-

pharma (Wien, Austria). This material (10 wt%) was Mouse corneal epithelial and endothelial cell lines,
prepared by the immortalization of mouse corneal epi-dissolved in 85 wt% formic acid (Penta Company, Fair-

field, NJ) and heated at 50°C for 6 h. After reducing the thelial and endothelial cells (11), were also tested for
their growth on nanofiber scaffolds.temperature to room temperature, the material was used

for electrospinning. A modified needleless NanospiderTM

Demonstration of the Immunosuppressive Propertiestechnology (U.S. patent No. WO205024101.2005), in
of MSC In Vitrowhich polymeric jets are spontaneously formed from liq-

uid surfaces on a rotating spinning electrode, was used Spleen cells (0.5 × 106/ml) from BALB/c mice were
cultured in 200 µl of RPMI-1640 medium containingfor the preparation of the nanofibers. This Nanospider

technology flexibly enables the formation of fibers tens 10% FCS in 96-well tissue culture plates (Nunc), either
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unstimulated or were stimulated with 1.0 µg/ml of con- was measured using a Tri-Carb 2900TR scintilation
counter (Packard, Meridien, CT).canavalin A (Con A, Sigma). MSC were added to these

cultures at a ratio of MSCs to spleen cells of 1:2, 1:4,
Determination of Metabolic Cell Activityor 1:8. Cell proliferation was determined by incorpora-

tion of [3H]thymidine (1 µCi/well, Nuclear Research In- The metabolic activity of living cells was determined
by the WST assay. The assay is based on the ability ofstitute, Rez, Czech Republic) added to the cultures for

the last 6 h of a 72-h incubation period. The cells were living cells to cleave by mitochondrial dehydrogenases
tetrazolium salts into water soluble formazan, which isharvested using an Automash 2000 cell harvestor (Dy-

nex, Chantilly, VA) and the radioactivity was deter- then measured by spectrophotometry. Fifty thousand
cells in 700 µl of RPMI-1640 culture medium were cul-mined. The presence of IFN-γ in the supernatants was

assessed by an enzyme-linked immunosorbent assay tured in the wells of 24-well tissue culture plate (Corn-
ing) with or without inserts containing nanofibers for 24(ELISA) using capture and detection anti-cytokine anti-

bodies purchased from PharMingen (San Diego, CA) h at 37°C in an atmosphere of 5% CO2. WST-1 reagent
(Roche, Mannheim, Germany) (10 µl/100 µl of the me-and following the instructions of the manufacturer.
dium) was added to each well, and the plates were incu-
bated for another 4 h to form formazan. Formazan-Morphology of Cells Growing on Nanofibers
containing medium (100 µl) was transferred from eachand Plastic
well into the wells of a 96-well tissue culture plate (Cor-

LSCs or MSCs were cultured at various cell concen-
ning) and the absorbance was measured using a Sunrise

trations on nanofibers fixed in the inserts or on plastic
Remote ELISA Reader (Grödig, Austria) at a wave-

surfaces. Nanofiber scaffolds were cut into squares (ap-
length of 450 nm.

proximately 1.5 × 1.5 cm) and fixed into CellCrownTM24

inserts (Scaffdex, Tampere, Finland). The inserts with A Model of the Damaged Ocular Surface
nanofibers were sterilized by UV light, soaked in sterile and Cell Transfers
destilled water, washed in culture medium, and trans-

The recipient BALB/c mice were deeply anesthetized
ferred into 24-well tissue culture plates (Corning). Fifty

by an intramuscular injection of a mixture of xylazine
thousand cells in a volume of 700 µl of culture RPMI-

and ketamine (Rometar, Spofa, Prague, Czech Repub-
1640 medium with 10% of FCS was transferred into

lic). The surface (corneal region) of the right eye was
each well. One or 2 days after seeding, the cells were

damaged by epithelial debridement with a sharp needle
fixed for 15 min in 4% paraformaldehyde, washed with

(G23) and the limbus was cut out with Vannas scissors
phosphate-buffered saline (PBS), and treated with

(Duckworth and Kent, Baldock, UK). To induce a
Chemiblocker (1:20, Chemicon, Temecula, CA) and Tri-

stronger immune reaction in the anterior segment of the
ton X-100 (0.2%, Sigma). To label F-actin, the cells

eye, an allogeneic limbus from C57BL/6 donors was
were incubated with Alexa fluor 568 Phalloidin (Molec-

grafted orthotopically to the recipients with a removed
ular Probes, Invitrogen, Paisley, UK) diluted 1:300 in

limbus according to the technique of Maruyama et al.
PBS containing 1% bovine serum albumin (Sigma) and

(17). A 4-mm-diameter nanofiber circle (with or without
0.5% Triton X-100 (Sigma) overnight at room tempera-

SCs) was used to cover the limbal and corneal region
ture. The nuclei were vizualized by using 4′,6-diamid-

and was sutured with four interrupted sutures using 11.0
ino-2-phenylindole (DAPI) fluorescent dye (Invitrogen).

Ethilon (Ethicon, Johnson & Johnson, Livingston, En-
Images were taken by a laser scanning confocal micro-

gland) on the damaged ocular surface. The nanofibers
scope (Zeiss, Jena, Germany).

with growing cells were transferred with the cell side
facing down towards the ocular surface. For the cell

Determination of Cell Proliferation transfer, equal numbers of LSCs and MSCs growing on
the nanofiber scaffold were transferred, approximatelyThe proliferation of cells growing on plastic or nanof-

ibers was determined according to [3H]thymidine incor- 4 × 104 cells of each type. The eyelids were closed by
tarsorhapy using one suture of Resolon 7.0 (Resorba,poration. The cells (50 × 103/well/700 µl of culture me-

dium) were seeded into the wells of 24-well tissue Nuremberg, Germany) for 72 h. An ophthalmic ointment
compound containing bacitracin and neomycin (Oph-culture plates (Corning) with or without inserts contain-

ing nanofibers. The plates were incubated for 24 or 48 thalmo-Framykoin, Zentiva, Prague, Czech Republic)
was applied on the ocular surface for 3 days. The nanofi-h and cell proliferation was determined by adding

[3H]thymidine (3 µCi/well, Nuclear Research Institute) ber scaffolds were removed from the ocular surface on
day 3 after the operation.for the last 6 h of the incubation period. The radioactiv-

ity incorporated in cells growing on plastic or nanofibers To trace the fate and survival of LSCs after their
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transfer onto the ocular surface, the cells were labeled Statistical Analysis
with the fluorescent vital dye PKH26 (PKH26 Red Fluo- Analysis of data showed normal distribution and the
rescent Cell Linker Kit, Sigma) according to the instruc- results are expressed as mean ± SE. Comparisons be-
tions of the manufacturer, cultured for 24 h on a nanofi- tween two groups were analyzed by Student t-test, and
ber scaffold, and transferred on the damaged eye surface multiple comparisons were analyzed by ANOVA fol-
as described above. The recipients were killed 2, 7, or lowed by Bonferroni post hoc test. A value of p < 0.05
14 days after cell transfer and the whole globes were was considered statistically significant.
dissected and placed for 1 h into 4% paraformaldehyde.
Then the globes were transferred into a 15% sucrose RESULTS
solution in PBS for 24-h fixation; subsequently, cryosec- Comparison of Metabolic Activity and Growth
tions at a thickness of 7 µm were prepared using a Leica Properties of Cells Growing on PA6/12 Nanofibers
CM 3050 S cryostat (Leica, Wetzlar, Germany). The nu- or on Plastic Surfaces
clei were stained with DAPI. The presence of stained

LSCs, MSCs, and corneal epithelial or corneal endo-cells was analyzed using a fluorescent microscope.
thelial cells were grown for 24 or 48 h on nanofibers
(fixed in inserts) or on a plastic surface in 24-well tissueDetermination of Inflammatory Reaction
culture plates and their metabolic and proliferative activ-by Real-Time PCR
ities were determined. As demonstrated in Figure 1, allThe expression of genes for IL-2 and IFN-γ and for
four cell types had comparable metabolic activities andinducible nitric oxide synthase (iNOS) in cells from the
proliferative capacities irrespective of whether theyocular surface was detected by real-time PCR. The
grew on the plastic surface or on nanofibers. The growthwhole ocular surface (including the cornea and limbal
of LSCs and MSCs on nanofibers was confirmed whenregion) was removed using Vannas scissors on day 7
the metabolic activity that corresponds to the number ofafter the operation and transferred into Eppendorf tubes
living cells was determined at different time intervals.containing 200 µl of TRI Reagent (Molecular Research
As shown in Figure 2, the metabolic activity of SCsCenter, Cincinnati, OH). Total RNA was extracted using
gradually increased during the 48-h incubation period.TRI Reagent according to the manufacturer’s instruc-

tions. Total RNA (2 µg) was treated using deoxyribonu-
The Morphology of Cells Growing on Nanofibersclease I (Sigma) and used for subsequent reverse tran-

The shape of the cells and the organization of thescription. The first-strand cDNA was synthesized using
actin cytoskeleton of LSCs growing on PA6/12 nanofi-random hexamers (Promega, Madison, WI) in a total re-
bers were compared with those of cells growing on plas-action volume of 25 µl using M-MLV Reverse Tran-
tic surfaces. Figure 3 shows that the shape of the cellsscriptase (Promega). Quantitative real-time PCR was
and the organization and thickness of the actin filamentsperformed in an iCycler (BioRad, Hercules, CA) using
formed in adherent cells were comparable between cellsthe primers described in Table 1. iQ SYBR Green Su-
growing on nanofibers and plastic surfaces. Confocalpermix (BioRad) was used in all experiments. The PCR
and electron microscopy showed the penetration ofparameters included denaturation at 95°C for 3 min, then
LSCs into the nanofibrous structure and the growth of40 cycles at 95°C for 20 s, annealing at 60°C for 30 s,
pseudopodia among the nanofibers (data not shown).and elongation at 72°C for 30 s. Fluorescence data were

collected at each cycle after an elongation step at 80°C
Transfer of LSCs and MSCs Using Nanofiber Scaffoldsfor 5 s and were analyzed on the iCycler Detection sys-
Onto the Damaged Ocular Surfacetem, Version 3.1. Each single experiment was done in

triplicate. The relative quantification model was applied To prove that LSCs can be transferred using a nanofi-
ber scaffold onto the ocular surface and that they canto calculate the expression of the target gene in compari-

son to GAPDH used as an endogenous control. subsequently migrate from the scaffold onto the dam-

Table 1. Mouse Primer Sequences Used for Real-Time PCR

Gene Sense Primer Antisense Primer

GADPH AGAACATCATCCCTGCATCC ACATTGGGGGTAGGAACAC
IL-2 GCTGTTGATGGACCTACAGGA TTCAATTCTGTGGCCTGCTT
IFN-γ ATCTGGAGGAACTGGCAAAA TTCAAGACTTCAAAGAGTCTGAGG
iNOS CTTTGCCACGGACGAGAC TCATTGTACTCTGAGGGCTGAC
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Figure 1. Metabolic and proliferative activities of LSCs, MSCs, and corneal epithelial and corneal
endothelial cells growing on plastic or nanofibers. The same number of cells was seeded on plastic
(24-well tissue culture plate) or PA6/12 nanofibers fixed in inserts. (A) The metabolic activity was
determined by adding WST-1 reagent to the cultures for the last 4 h of a 24-h incubation period.
(B) The proliferative activity was determined by adding [3H]thymidine into the culture medium
for the last 6 h of a 24-h incubation period. Each bar represents the mean ± SE from three to four
determinations.

Figure 2. Comparison of the growth of LSCs and MSCs on plastic or nanofibers. Equal numbers of MSCs (A) or LSCs (B) were
seeded into the wells of a 24-well tissue culture plate or onto PA6/12 nanofibers fixed in inserts and the metabolic activity of the
living cells was determined at the beginning of culture (0 h) and after 24- or 48-h incubation. Each bar represents the mean ± SE
from three determinations.
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Figure 3. The morphology of LSCs growing on a glass surface or on PA6/12 nanofibers. The cells
were cultured for 24 h on poly-L-lysine-coated glass inserts in 24-well tissue culture plates or on
nanofibers fixed in inserts and were stained for F-actin with phalloidin (red filaments). The nuclei
are blue (DAPI staining). (A, B) LSCs growing on the glass surface at two different magnifica-
tions. (C, D) LSCs growing on nanofiber scaffolds. Scale bars: (A, C) 50 µm; (B, D) 20 µm.

aged ocular surface, we labeled LSCs with the fluores- two models of ocular surface damage and treatment
were used. In the first model, the ocular surface wascent dye PKH26, cultured them on PA6/12 nanofibers,

and transferred them onto the damaged ocular surface. mechanically damaged. The second model combined
mechanical damage and the transplantation of allogeneicThe globes were harvested at different time intervals

after cell transfer and cryosections were prepared. As limbus. In the healthy, nondamaged eye, no detectable
expression of IL-2, IFN-γ, or iNOS genes was found.demonstrated in Figure 4, PKH26-labeled cells were

clearly detected on the ocular surface on days 2, 7, and The mechanical injury induced a moderate inflammatory
reaction associated with the production of IFN-γ and14 after cell transfer.
iNOS. This response was inhibited after the transfer of

Suppression of a Local Inflammatory Reaction nanofibers containing LSCs and MSCs (data not
by LSCs and MSCs shown). The ocular surface damage associated with or-

thotopic limbal allotransplantation induced a strong in-First, we demonstrated the immunosuppressive prop-
erties of MSC in vitro. Mouse spleen cells were stimu- flammatory reaction characterized by the expression of

the IL-2, IFN-γ, and iNOS genes (Fig. 6). This reactionlated with the T-cell mitogen Con A in the presence or
absence of MSCs. As demonstrated in Figure 5, MSCs was slightly inhibited by covering the eye surface with

cell-free nanofibers and was significantly attenuatedinhibited cell proliferation (Fig. 5A) and IFN-γ produc-
tion (Fig. 5B) in a dose-dependent manner. No immuno- after the transfer of LSCs and MSCs growing on nanofi-

ber scaffold (Fig. 6).suppression was observed if LSCs were used instead of
MSCs, and the suppression by MSCs was preserved if

DISCUSSIONMSCs were tested in a mixture with LSCs (data not
shown). A growing body of recent studies has shown that

electrospun nanofibers of various polymers allow the ad-To demonstrate the suppression of a local inflamma-
tory reaction by the transfer of LSCs and MSCs in vivo, hesion, proliferation, metabolic activity, morphology,
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Figure 4. Detection of PKH26-labeled LSCs on the damaged ocular surface after their transfer on
a PA6/12 nanofiber scaffold. LSCs were labeled with PKH26 and cultured for 24 h on nanofibers
fixed in inserts. The nanofibers with cells were transferred and fixed (with the cell side facing
down) for 3 days on the damaged ocular surface. The globes were removed 2, 7, or 14 days after
the operation and 7-µm cryosections were prepared. The nuclei were vizualized with DAPI. The
cryosections were prepared (A) from the control undamaged eye (without labeled cells), (B) from
the eye 2 days after operation (the nanofiber scaffold with labeled LSCs is seen as a red lane,
corneal epitheliun is removed), and from the eyes 7 (C) and 14 (D) days after the cell transfer (red
stained cells are still present, the corneal epithelium is regenerated). Scale bars: 50 µm.

Figure 5. Immunosuppressive properties of MSCs in vitro. Spleen cells from BALB/c mice were cultured either unstimulated or
stimulated with Con A (1.0 µg/ml) in the presence or absence of MSCs (at a ratio of 2:1, 4:1, or 8:1). Cell proliferation (A) was
determined by [3H]thymidine incorporation after a 72-h incubation period, the production of IFN-γ (B) was measured by ELISA in
the supernatants after a 48-h incubation period. Each bar represents the mean ± SE from three experiments. *p < 0.01, **p < 0.001.
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Figure 6. Suppression of the local inflammatory reaction after the transfer of LSCs and MSCs on
a nanofiber scaffold. The inflammatory reaction was induced on ocular surface by epithelial de-
bridement and orthotopic limbal allotransplantation. The ocular surface then remained untreated,
covered with nanofibers without cells or covered with nanofibers with LSCs and MSCs. On day 7
after cell transfer the ocular surface was removed and the expression of genes for IL-2, IFN-γ, and
iNOS was determined by real-time PCR. The comparative Ct method was used to determine the
extent of the targeted gene expression normalized to an internal GAPDH control. Each bar repre-
sents the mean ± SE from three experiments (two mice in each experiment). *p < 0.05 in compari-
son to uncovered damaged eyes, **p < 0.001 in comparison to damaged eyes covered with cell-
free (empty) nanofibers.

and organized assembly of different cell types in vitro the cells obtained by trypsinization of limbal tissue ex-
press the markers and characteristics of LSCs and that(2,5,18,25,35). The constructs formed by nanofiber scaf-

folds and specialized cells have been suggested as per- these cells can be propagated in vitro in tissue culture
(13). Here we have shown that LSCs can be cultured onspective and promising tools for tissue engineering

(14,15). However, the performance and behavior of na- a polyamide nanofiber scaffold and that their prolifera-
tion, metabolic activity, and morphology when grownnofibrous materials in vivo are not well understood.

Only scarce recent data are available to demonstrate the on nanofibers are comparable with those of cells grown
on plastic surfaces. In addition, we have shown thatusefulness of nanofiber scaffolds in vivo.

We described here the preparation of electrospun na- LSCs growing on a nanofiber scaffold can be success-
fully transferred onto the damaged ocular surface. Sonofibers and their use as a scaffold to grow and transfer

LSCs and MSCs to treat ocular surface injuries and SC far, human amniotic membranes have been used most
frequently as a matrix for the growth and transfer ofdeficiencies. The nanofibers were prepared by the origi-

nal needleless Nanospider technology, which enables the LSCs for therapeutic purposes (26,30). In spite of the
use of human allogeneic amniotic material as a scaffoldcreation of nanofibers from various polymers and of de-

fined fiber diameter, porosity, and a basis weight. From of LSCs for the reconstruction of the ocular surface, the
beneficial effects of LSC transplantation have been re-a large panel of polymers tested in our pilot experi-

ments, we selected copolymer PA6/12. This polymer ported (22). The use of biocompatible synthetic poly-
mers for the preparation of nanofiber scaffolds for theturned out to be sufficiently biocompatible, forming na-

nofibers stable in aqueous solutions and suitable for the growth and transfer of LSC would have apparent advan-
tages.growth of limbal and mesenchymal SCs. In addition,

differentiated corneal epithelial and endothelial cells We are aware that the limbal cell population that we
transferred using the nanofiber scaffold was not a purewere grown on PA6/12 nanofibers and their metabolic

and proliferative activities were comparable with those SC population. The population contained also differenti-
ated cells originating from LSCs and other cell types ofof the same cells grown on plastic surfaces.

We have made a successful attempt to use the nanofi- the LSC niche. Analysis of the gene expression of the
transferred cells revealed that this cell population con-ber scaffolds for the transfer of LSCs to treat ocular sur-

face injuries or LSC deficiencies in an experimental tained both differentiated epithelial cells (expressing
CK12 and connexin 43) and cells expressing the puta-mouse model. The limbus represents the region in the

eye where SCs reside that are responsible for corneal tive LSC markers ABCG2, p63, and Lgr5 [(13), and un-
published data]. However, such a cultured population ofrenewal and repair (4,31). We have recently shown that
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Building blocks for molecular medicine in the 21st cen-limbal epihelial cells is generally referred to as LSCs,
tury. Trends Mol. Med. 7:259–264; 2001.and their therapeutic potential in the treatment of LSC

4. Daniels, J. T.; Dart, J. K. G.; Tuft, S. J.; Khaw, P. T.
deficiencies has been documented (22,32). Corneal stem cells in review. Wound Repair Regen. 9:

In addition to LSCs, we also grew on nanofiber scaf- 483–494; 2001.
5. Das, H.; Abdulhameed, N.; Joseph, M.; Sakthivel, R.;folds MSCs, which can differentiate to various cell types

Mao, H.-Q.; Pompili, V. J. Ex vivo nanofiber expansionincluding corneal epithelial cells (8,19,23) and that have
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a b s t r a c t

The purpose of this study was to investigate whether rabbit bone marrow-derived mesenchymal stem
cells (MSCs) effectively decrease alkali-induced oxidative stress in the rabbit cornea. The alkali (0.15 N
NaOH) was applied on the corneas of the right eyes and then rinsed with tap water. In the first group of
rabbits the injured corneas remained untreated. In the second group MSCs were applied on the injured
corneal surface immediately after the injury and eyelids sutured for two days. Then the sutures were
removed. In the third group nanofiber scaffolds seeded with MSCs (and in the fourth group nanofibers
alone) were transferred onto the corneas immediately after the injury and the eyelids sutured. Two days
later the eyelid sutures were removed together with the nanofiber scaffolds. The rabbits were sacrificed
on days four, ten or fifteen after the injury, and the corneas were examined immunohistochemically,
morphologically, for the central corneal thickness (taken as an index of corneal hydration) using an
ultrasonic pachymeter and by real-time PCR. Results show that in untreated injured corneas the
expression of malondialdehyde (MDA) and nitrotyrosine (NT) (important markers of lipid peroxidation
and oxidative stress) appeared in the epithelium. The antioxidant aldehyde dehydrogenase 3A1
(ALDH3A1) decreased in the corneal epithelium, particularly in superficial parts, where apoptotic cell
death (detected by active caspase-3) was high. (In control corneal epitheliumMDA and NT are absent and
ALDH3A1 highly present in all layers of the epithelium. Cell apoptosis are sporadic). In injured untreated
cornea further corneal disturbances developed: The expressions of matrix metalloproteinase 9 (MMP9)
and proinflammatory cytokines, were high. At the end of experiment (on day 15) the injured untreated
corneas were vascularized and numerous inflammatory cells were present in the corneal stroma.
Vascular endothelial growth factor (VEGF) expression and number of macrophages were high. The results
obtained in injured corneas covered with nanofiber scaffolds alone (without MSCs) or in injured corneas
treated with MSCs only (transferred without scaffolds) did not significantly differ from the results found
in untreated injured corneas. In contrast, in the injured corneas treated with MSCs on nanofiber scaffolds,
ALDH3A1 expression remained high in the epithelium (as in the control cornea) and positive expression
of the other immunohistochemical markers employed was very low (MMP9) or absent (NT, MDA,
proinflammatory cytokines), also similarly as in the control cornea. Corneal neovascularization and the
infiltration of the corneal stroma with inflammatory cells were significantly suppressed in the injured
corneas treated with MSCs compared to the untreated injured ones. The increased central corneal
thickness together with corneal opalescency appearing after alkali injury returned to normal levels over
the course of ten days only in the injured corneas treated with MSCs on nanofiber scaffolds. The
expression of genes for the proinflammatory cytokines corresponded with their immunohistochemical
expression. In conclusion, MSCs on nanofiber scaffolds protected the formation of toxic peroxynitrite
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(detected by NT residues), lowered apoptotic cell death and decreased matrix metalloproteinase and pro-
inflammatory cytokine production. This resulted in reduced corneal inflammation as well as neo-
vascularization and significantly accelerated corneal healing.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali injury to the cornea very often causes severe ocular
damage resulting in impaired vision. Although more concentrated
alkalis are dangerous to the cornea due to the extensive destruction
of all its layers, less concentrated alkalis also pose a threat to vision
because oxidative stress is a direct result of such injury (Kubota
et al., 2011). Oxidative stress is characterized by an increased pro-
duction of reactive oxygen species (ROS) and/or by a significant
decrease in the effectiveness of antioxidant protective mechanisms.
Kubota et al. (2011) found enhanced ROS production immediately
after an alkali injury in the mouse cornea, as shown by increased
dihydroethidium fluorescence indicative of superoxide production
and increased levels of nuclear factor kappa-light-chain-enhancer
of activated B cells, a protein complex that controls the transcrip-
tion of DNA. Also, monocyte chemoattractant protein-1 and
vascular endothelial growth factor (VEGF) were significantly
enhanced, pointing to corneal angiogenesis. Immediate antioxidant
therapy of the alkali-injured cornea with H2-enriched irrigation
solution facilitated corneal healing (Kubota et al., 2011).

In this study, we demonstrate the suppression of oxidative
injury to the rabbit cornea evoked by alkali using bone marrow
mesenchymal stem cells (MSCs) growing on nanofiber scaffolds
and transferred onto the alkali-injured corneal surface. Recently,
increasing evidence has indicated that MSCs, possessing immuno-
modulatory and anti-inflammatory properties, can regenerate tis-
sues (e.g., Oh et al., 2010; Zajicova et al., 2010; Joyce et al., 2012; Lan
et al., 2012; Pinnamaneni and Funderburgh, 2012; Svobodova et al.,
2012). To our knowledge, this is the first study using MSCs for the
healing of alkali-induced oxidative stress in the cornea, although
MSCs have been described as enabling corneal healing after alkali
burns (Ma et al., 2005; Ye et al., 2006, 2008; Arnalich-Montiel et al.,
2008; Jiang et al., 2010; Yao et al., 2012). Moreover, the novelty of
this study consists in the use of nanofibers as scaffolds for MSC
transplantation onto the alkali-injured cornea.

2. Material and methods

2.1. Alkali injuries in experimental animals

Adult female New Zealand white rabbits (2.5e3.0 kg) were used
in our experiments. The investigation was conducted according to
the ARVO Statement on the Use of Animals in Ophthalmic and
Vision Research. Rabbits were anesthetized by an intramuscular
injection of Rometar (Xylazinum hydrochloricum, Spofa, Prague,
Ccech Republic, 2%, 0.2 ml/1 kg body weight) and Narkamon
(Ketaminum hydrochloricum, Spofa, 5%, 1 ml/1 kg body weight).

The right corneas of anesthetized rabbits were injured by
dropping 0.15 N NaOH on the corneal surface for 1 min (15 drops,
alkali injured the whole cornea including the limbal region), then
the eyes were thoroughly rinsed with tap water. The rabbits were
divided into four groups. In each experimental group six corneas
were investigated. In the first group of rabbits the injured corneas
were left without any treatment. In the second group MSCs were
applied on the corneal surface and eyelids closed by tarsorhapy
using 1 suture of Resolon 7.0 (Resorba, Nuremberg, Germany).
After two days the sutures were removed. In the third group

nanofiber scaffolds seeded with MSCs were applied on the
corneal surface (in the fourth group nanofiber scaffolds alone,
without MSCs) and the scaffolds were sutured to the conjunctiva
with four interrupted sutures using 11.0 Ethilon (Ethicon, Johnson
& Johnson, Livingston, England). The eyelids were closed by tar-
sorhapy similarly as in the second group of animals. An
ophthalmic ointment containing bacitracin and neomycin (Oph-
thalmo-Framykoin, Zentiva, Prague, Czech Republic) was applied
on the sutures. Two days later the sutures and nanofiber scaffolds
were removed.

During the experiments the corneas were examined for central
corneal thickness using an ultrasonic pachymeter. The animals
were sacrificed on days four, ten or fifteen after injury and corneas
examined immunohistochemically, morphologically and using
real-time PCR.

2.2. Isolation and culture of rabbit MSCs

MSCswere isolated from the bonemarrowof adult New Zealand
white rabbits and were cultured as described for mouse MSCs
(Svobodova et al., 2012). In brief, the bone marrow from the femurs
and tibias was flushed out, washed and cultured in Dulbecco’s
modified Eagle’s (DMEM) medium (PAA Laboratories, Pasching,
Austria) supplemented with 10% fetal calf serum (FCS, Sigma Co., St.
Louis, MO), antibiotics (100 mg/ml of streptomycin, 100 U/ml of
penicillin) and 10 mM Hepes buffer. The cells were cultured at a
concentration of 4 � 106 cells/ml in 6 ml of culture medium in 25-
cm2 tissue culture flasks (Nunc, Roskilde, Denmark). After a 24-h
incubation period the non-adherent cells were removed by
washing, and the remaining adherent cells were cultured with a
regular exchange of the culture medium and passaging of the cells
to maintain an optimal cell concentration. After approximately 3
weeks of culture (2e3 passages) the cells were harvested by gentle
scraping and used for transplantation onto the ocular surface. For
topical administration, 100 ml media containing 1 � 106 MSCs was
employed.

The rabbit MSCs used in our experiments were characterized
according to their adherence to plastic surfaces, by a typical
fibroblast-like cell morphology, by the expression of CD73, by the
absence of CD11b, and by the ability to differentiate into adipogenic
and osteogenic lineages (as we have described in details for mouse
MSCs, in Svobodova et al., 2012).

2.3. Nanofiber scaffolds for transfer of MSCs

Nanofiber scaffolds were prepared from polymer poly(L-lactid
acid) by the original needleless electrospinning procedure as
described elsewhere (Zajicova et al., 2010; Holan et al., 2011).
Nanofiber scaffolds were cut into squares (approximately
1.5 � 1.5 cm) and fixed into CellCrown�24 inserts (Scaffdex, Tam-
pere, Finland). The inserts with nanofibers were sterilized and
transferred into 24-well tissue culture plates (Corning, Schiphol-
Rijk, Netherlands). One hundred thousand cells in a volume of
700 ml of culture medium with 10% FCS were transferred into each
well. The cells were cultured on nanofiber scaffolds for 24 h. A 10-
mm diameter nanofiber circle was cut out from the nanofiber
scaffold and was used to cover the limbal and corneal region.
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2.4. The measurement of central corneal thickness (taken as an
index of corneal hydration)

The central corneal thickness of anesthetized animals was
measured using an Ultrasonic Pachymeter SP-100 (Tomey Corpo-
ration, Noritake-Shinmachi, Nishi-ku, Nagoya, Japan) in the corneal
center. The corneal thickness was measured in the same corneas
before alkali injury (corneas of healthy eyes) and on day 2 and 10
after alkali injury. Every cornea was measured four times with the
Pachymeter, and the mean value of the thickness and the standard
deviation were computed.

2.5. Preparation of cryostat sections, immunohistochemical
examinations

After sacrificing the animals on day four or ten after the injury,
the eyes were enucleated and the anterior eye segments dissected
out and quenched in light petroleum chilled with an acetone-dry
ice mixture. Sections were cut on a cryostat and transferred to
glass slides. Subsequently, the cryostat sections were fixed in
acetone at 4 �C for 5 min. For the immunohistochemical
localization of active caspase-3, ALDH3A1, NT, MDA, IL-8, IL-1 b,
VEGF and macrophages, the following primary antibodies were
used: mouse monoclonal (3CSP03) anti-human caspase-3
(Abcam, Cambridge, UK), mouse polyclonal anti-human ALDH3A1
(Abcam), monoclonal mouse anti-NT (Abcam), polyclonal goat
anti-MDA (US Biological, Swampscott, MA), monoclonal mouse
anti-IL-8 (Abcam, Cambridge, UK), monoclonal mouse anti-IL-1 b
antibody (Abcam), monoclonal mouse anti-macrophage (Abcam)
and monoclonal mouse anti-VEGF (Abcam). The binding of the
primary antibodies was demonstrated using the HRP/DAB
Ultra Vision detection system (Thermo Scientific, Fremont, CA),
following the instructions of the manufacturer: hydrogen
peroxide block (15 min), ultra V block (5 min), primary antibody
incubation (60 min), biotinylated goat anti-mouse or donkey anti-
goat (Santa Cruz Biotechnology, Santa Cruz, CA) secondary anti-
body incubation (10 min) and peroxidase-labeled streptavidin
incubation (10 min). Visualization was performed using a freshly
prepared DAB substrate-chromogen solution. Cryostat sections in
which the primary antibodies were omitted from the incubation
media served as negative controls. Some sections were counter-
stained with Mayer’s hematoxylin. To confirm the specificity of
the staining for nitrotyrosine, the antibody was incubated with
10 mM nitrotyrosine (Kooy et al., 1997). After the staining pro-
cedure, the samples were immediately examined using an
Orthoplan Leitz light microscope equipped with a Leica DC 500
digital camera.

2.6. Corneal impression cytologies, immunohistochemical
examination

Corneal epithelial cells were obtained using Millicell mem-
branes (Millicell-CM, hydrophilic PTFE, Millipore Corporation,
Billerica, MA, USA). For corneal cytology samples, the rabbit cor-
neas of healthy eyes were used (not employed in other experi-
ments) on which nanofiber scaffolds were transferred for one, two
or three days. The samples were collected as described previously
for conjunctival epithelial cells (Cejkova et al., 2008). Briefly: First,
0.4% oxybuprocaine hydrochloride (single drop) was instilled to
the eye. (Corneal impression cytologies were also collected in
sleeping intramuscularly anesthetized animals). To remove su-
perficial corneal epithelial cells, strips of Millicell membrane were
gently pressed for 5 s onto the corneal surface. The specimens
(corneal cells on the Millicells) were stored at �80 �C until they
were employed for immunohistochemical examination. The

Millicell membranes with corneal epithelial cells were fixed in
acetone for 1 min, released from the plastic holder, rinsed with PBS
(phosphate buffered saline tablets, Sigma), placed cell side up on
round 12 mm coverslips and then (after rinsing with PBS) per-
meabilised with 0.2% triton (Triton X 100, Sigma) in PBS. For the
detection of the urokinase-type plasminogen activator and endo-
thelial nitric oxide synthase, the following primary antibodies
were used: Monoclonal mouse anti-u-PA Ab-1 (Neomarkers, Fre-
mont, CA) and monoclonal mouse anti-human e-NOS (Biosciences,
Sant Jose, CA). The binding of the primary antibodies was
demonstrated using the HRP/DAB Ultra Vision detection system
(Thermo Scientific, Fremont, CA) following the instructions of the
manufacturer: hydrogen peroxide block (15 min), ultra V block

Fig. 1. Expression of ALDH3A1 in corneas on day 4, 10 and 15 after injury. E � corneal
epithelium. Scale bar: 10 mM a e ALDH3A1 staining in an injured cornea is decreased in
the corneal epithelium, mainly in superficial corneal layers (arrows). b e on day 10 and
c e on day 15 after the injury the expression of ALDH3A1 gradually decreased.
Compare with the expression of ALDH3A1 in the epithelium of an injured cornea
treated with MSCs on nanofiber scaffolds, where it is high in all layers of the corneal
epithelium from day 4 (d) to day 10 (e) and day 15 (f) after the injury, similarly as in the
epithelium of control cornea (g). h e Using incubation medium from which the pri-
mary antibody was omitted, no positive staining is apparent. The section is stained by
counterstaining only (as a negative control for ALSH3A1). All sections are counter-
stained with haematoxylin.
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(5 min), primary antibody incubation (60 min), biotinylated goat
anti-mouse (Santa Cruz Biotechnology) secondary antibody incu-
bation (10 min) and peroxidase-labeled streptavidin incubation
(10 min). Visualization was performed using a freshly prepared
DAB substrate-chromogen solution.

Negative controls included the omission of the primary anti-
body. Some samples were counterstained with Mayers’ hematox-
ylin (Sigma). After the staining procedure, the samples were
immediately examined using an Orthoplan Leitz light microscope
equipped with a Leica DC 500 digital camera.

For morphological examination, untreated injured corneas or
injured corneas treated with MSCs of rabbits sacrificed on day
fifteen after injury were examined by Haematoxylin-eosin staining.
(Cryostat sections of the corneas were prepared similarly as for the
immunohistochemical examinations).

2.7. Detection of gene expression by real-time polymerase chain
reaction (PCR)

The expression of genes for the IL-1 b, IL-2, IFN-g and VEGF in
cells from control, alkali injured or injured and MSC-treated cor-
neas was determined by quantitative PCR. The central cornea was
excised using Vannas scissors and transferred into Eppendorf tubes
containing 500 ml of TRI Reagent (Molecular Research Center,
Cincinnati, OH). The details of RNA isolation, transcription and the
PCR parameters have been described previously (Trosan et al.,
2012). In brief, total RNA was extracted using TRI Reagent accord-
ing to the manufacturer’s instructions. One mg of total RNA was
treated using deoxyribonuclease I (Promega, Madison, WI) and
subsequently used for reverse transcription. The first-strand cDNA
was synthesized using random primers (Promega) in a total

Fig. 2. Expression of NT in corneas on day 4, 10 and 15 after injury. E � corneal
epithelium. Scale bar: 10 mM. NT expression is high in the epithelium of an injured
cornea on day 4 (a), day 10 (b) and day 15 (c) after the injury. This is in contrast to
injured cornea treated with MSCs on nanofiber scaffolds, where NT expression is ab-
sent in the epithelium (d, day 4; e, day 10; f, day 15 after the injury), similarly as in the
control cornea (g). h e The primary antibody was omitted from the incubation me-
dium. The section is stained by counterstaining only (as a negative control for NT). All
sections are counterstained with haematoxylin.

Fig. 3. Expression of MDA in corneas on day 4, 10 and 15 after injury. E � corneal
epithelium. Scale bar: 10 mM. MDA expression is high in the epithelium of injured
corneas on day 4 (a), day 10 (b) and as well as day 15 (c) after the injury. On day 15
following the injury MDA expression increased in the corneal stroma. In contrast, MDA
expression is absent in an injured cornea treated with MSCs on nanofiber scaffolds
from day 4 (d), day 10 (e) to day 15 (e) after the injury, similarly as in a control cornea
(g). h e The primary antibody was omitted from the incubation medium. The section is
stained by counterstaining only (as a negative control for MDA). All sections are
counterstained with haematoxylin.
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reaction volume of 25 ml using M-MLV Reverse Transcriptase
(Promega).

Quantitative real-time PCR was performed in a StepOnePlus
real-time PCR system (Applied Biosystems, Foster City, CA). The
relative quantificationmodel with efficiency correctionwas applied
to calculate the expression of the target gene in comparison with
GAPDH used as the housekeeping gene. The following primers were
used for amplification: GAPDH e 50-cccaacgtgtctgtcgtg (sense), 50-
ccgacccagacgtacagc (antisense), IL-1 b e 50-ctgcggcagaaagcagtt
(sense), 50-gaaagttctcaggccgtcat (antisense), IL-2 e 50-tttcaggtca-
cagaattgaaacat (sense), 50-gcacttcctccagaggtttg (antisense), IFN-g e

50-gggtaactgtgaatgttcaatgg (sense), 50-gctcagaaacccagttgcat (anti-
sense), and VEGF e 50-cgagaccttggtggacatct (sense), 50-atctg-
catggtgacgttgaa (antisense). The PCR parameters included

denaturation at 95 �C for 3 min, then 40 cycles at 95 �C for 20 s,
annealing at 60 �C for 30 s and elongation at 72 �C for 30 s. Fluo-
rescence data were collected at each cycle after an elongation step
at 80 �C for 5 s and were analyzed on the StepOne Software, version
2.2.2 (Applied Biosystems). Each individual experiment was done
in triplicate.

2.8. Statistics

The ManneWhitney U test and an unpaired t-test were used to
analyze the differences between controls and individual experi-
mental groups or between untreated injured corneas and injured
corneas treated with MSCs. A P value <0.05 was considered to

Fig. 4. Expression of MMP9 in corneas on day 4, 10 and 15 after injury. E � corneal
epithelium. Scale bar: 10 mM. MMP9 expression is high in the epithelium of an injured
cornea from day 4 (a) to day 10 (b) after the injury. On day 15 following the injury (c)
the expression of MMP9 increased also in the corneal stroma. In contrast, the
expression of MM9 in injured corneas treated with MSCs seeded on nanofiber scaf-
folds, was very low during 15 days after the injury (d, day 4; e, day 10; f, day 15
following the injury). g e Control cornea. The MMP9 expression is very low in the
corneal epithelium. h e The primary antibody is omitted from the incubation medium.
The section is stained by counterstaining only (as a negative control for MMP9). The
sections are counterstained with haematoxylin.

Fig. 5. Active caspase-3 expressions in corneas on day 4, 10 and 15 after the injury. E �
corneal epithelium. Scale bar: 10 mM a e Caspase-3 staining is strong in the epithelium
(particularly in superficial layers, arrows) of injured corneas on day 4 (a) as well as 10
(b) after the injury (arrows). c e On day 15 after the injury the expression of caspase-3
is present in the corneal epithelium as well as in the corneal stroma (arrows show to
the cell apoptosis). d e The expression of caspase-3 is reduced in the epithelium (ar-
rows) of injured corneas treated with MSCs on nanofiber scaffolds from day 4 (d), day
10 (e) as well as day 15 (f) after the injury. Solely apoptosis (arrows) are seen. g -
Caspase-3 expression is absent in a control cornea. h e The primary antibody is
omitted from the incubation medium. The section is stained by counterstaining only
(as a negative control for caspase-3). The sections are counterstained with
haematoxylin.
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indicate statistical significance. Using the immunohistochemical
markers, the number of positively stained cells (and inflammatory
cells) was counted in the central as well as the limbal corneal re-
gions over an area 100 mm long and 100 mmwide in sagittal cryostat
sections.

For statistical examination of corneal neovascularization, the
number of vessels was manually counted in each of 60� sector of
the corneal surface. The mean value and standard deviation were
counted from six measurements. This procedure was applied for
every eye from matching group of six eyes (6 injured untreated, 6
injured MSCs treated). The significancy between groups was ana-
lysed using unpaired t-test.

For statistical evaluation of the central corneal thickness
measured by an ultrasonic Pachymeter, a paired t-test was
employed to investigate the differences between injured corneas
treated with MSCs vs. the same corneas before injury or injured
corneas vs. the same corneas before alkali injury.

3. Results

3.1. The effect of MSCs transferred on nanofiber scaffolds on the
injured cornea

On day 4 after the injury the expression of ALDH3A1 was
decreased in the upper layers of the epithelium of the injured
corneas (Fig. 1 a, arrows) and it was nearly absent in the epithelium
of the injured cornea on day 10 (Fig. 1b) and day 15 (Fig. 1c). In
contrast, the expression of ALDH3A1 was high in the epithelium of
injured corneas treated with MSCs from day 4 to day 15 after the
injury (Fig. 1d, day 4, Fig. 1e, day 10, Fig. 1f, day 15), similarly as in
the epithelium of control cornea (Fig. 1g). The extent of peroxyni-
trite formation, detected as NT residues, was high in the epithelium
of injured corneas on day 4 (Fig. 2a), on day 10 (Fig. 2b), as well as
on day 15 (Fig. 2c), whereas in corneas treated with MSCs perox-
ynitrite formation was absent in the epithelium on day 4 to day 15

Fig. 6. IL-8 expressions in corneas on day 4, 10 and 15 after the injury. E � corneal
epithelium. Scale bar: 10 mM. IL-8 is strongly expressed in the epithelium of injured
corneas from day 4 (a), to day 10 (b) and day 15 (c) after the injury. In contrast, the
expression of IL-8 is absent in the epithelium of injured corneas treated with MSCs on
nanofiber scaffolds from day 4 (d), day 10 (e) and day 15 (f) after the injury. g e IL-8
expression is absent in a control cornea. h e The primary antibody was omitted
from the incubation medium. The section is stained by counterstaining only (as a
negative control for IL-8). The sections are counterstained with haematoxylin.

Fig. 7. IL-1 b expressions in corneas on day 4, 10 and 15 after the injury. E � corneal
epithelium. Scale bar: 10 mM. The expression of IL-1 b is high in the corneal epithelium
on day 4 (a), day 10 (b), as well as day 15 (c) after the injury. On day 15 IL-1 b
expression is present also in the corneal stroma. In injured corneas treated with MSCs
transferred on nanofiber scaffolds is absent in the cornea (d, day 4; e, day 10; f, day 15
after the injury), similarly as in the control cornea (g). h e The primary antibody was
omitted from the incubation medium. The section is stained by counterstaining only
(as a negative control for IL-1 b). The sections are counterstained with haematoxylin.
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after the injury (Fig. 2d, day 4; Fig. 2e, day 10; Fig. 2f, day 15),
similarly as in the epithelium of control corneas (Fig. 2g). Further-
more, MDA expression was high in the epithelium of injured cor-
neas (Fig. 3 a, day 4; Fig. 3b, day 10; Fig. 3c, day 15 after the injury);
however, in the epithelium of injured corneas treated with MSCs
the MDA expression was absent (Fig. 3d, day 4; Fig. 3e, day 10 and
Fig. 3f, day 15 following the injury), very similar as in the epithe-
lium of control corneas (Fig. 3 g). The expression of MMP 9 in un-
treated injured corneas was high (Fig. 4 a, day 4; Fig. 4b, day 10;
Fig. 4c, day 15 after the injury) compared to the levels found in
injured corneas treated with MSCs, where the expression of MMP9
was low (Fig. 4d, day 4; Fig. 4e, day 10; Fig. 4f, day 15 after the
injury) as in control corneas (Fig. 4 g). The expression of active
caspase-3 was high in the epithelium of injured corneas (Fig. 5 a,
arrows, day 4 and Fig. 5b, arrows, day 10 after the injury). On day 15
after the injurymany apoptotic cells were present in the epithelium
and also in the corneal stroma (Fig. 5c, arrows), whereas in the
epithelium of injured corneas treated with MSCs the expression of
active caspase-3 was very low from day 4 to day 15 after the injury
(Fig. 5d, day 4; Fig. 5e, day 10; Fig. 5f, day 15 after the injury). Also,
the expression of IL-8 was high in the epithelium of injured corneas
(Fig. 6 a, day 4; Fig. 6b, day 10; Fig. 6c, day 15 after the injury). In
contrast, IL-8 expression was absent in the epithelium of injured
corneas treated with MSCs (Fig. 6d, day 4; Fig. 6e, day 10; Fig. 6F,

day 15 after the injury), similarly as in the epithelium of control
corneas (Fig. 6g). Very similar results were obtained with the
expression of IL-1-b. Its expression was high in the epithelium of
injured cornea (Fig. 7 a, day 4; Fig. 7b, day 10 and Fig. 7c, day 15
after the injury). In contrast, in the injured cornea treated with
MSCs the expression of IL-1 bwas absent in the epithelium (Fig. 7d,
day 4; Fig. 7e, day 10; Fig. 7f, day 15 after the injury).

The central thicknesses of injured corneas or injured corneas
treated with MSCs were shown in Fig. 8A and compared with
macroscopical changes of corneal transparency (Fig. 8 B). Increased
corneal hydration together with corneal opalescency after alkali
injury returned to normal values during ten days only in those
injured corneas treated with MSCs.

3.2. Corneal neovascularization and inflammatory cells in the
corneal stroma detected morphologically and
immunohistochemically (day 15 after the injury)

Corneal neovascularization and a high number of inflammatory
cells detected by Haematoxylin-eosin staining were present in un-
treated injured corneas (Fig. 9 a, arrows point to vessels) compared
to injured corneas treatedwithMSCs (Fig. 9b). VEGF expressionwas
high in the epithelium and stroma (vessels) (Fig. 9c, arrows) of
injured corneas. (VEGF in the corneal stroma is better seen in a

 The thickness of the central cornea two or ten days after alkali injury and 
treatment   with MSCs. 

                                                                        Central corneal thickness 
                                                __________________________________________________   
 Group                    N                      Before injury           Two days                  Ten days 
                                                                                        after injury               after injury
___________________________________________________________________________ 
Without MSCs        6                    349.99 ± 1.19           665.51 ± 14.32a        357.37 ± 3.04a

MSCs-treated          6                    348.18 ± 1.41           681.62 ± 1.84a          349.64 ± 1.38 b

aSignificantly (P < 0.001) different from the corneal thickness before injury.
   bSignificantly not different (P > 0.05) from corneal thickness before injury. 

A

B

Fig. 8. The central thickness of corneas (taken as an index of corneal hydration) two days after injury with 0.15 N NaOH and covering with nanofiber scaffolds, with or without
MSCs, was significantly increased (compared to the central thickness of the corneas before alkali injury) in both groups (A). This was accompanied by corneal opalescency (B, b, e).
After an additional eight days (i.e., on day 10 after injury) the central thickness of the corneas was not significantly increased (compared to the central thickness of the corneas
before alkali injury) only in those injured corneas treated with MSCs (A). In this case the corneal transparency restored (B, f), whereas in untreated alkali-injured corneas corneal
opalescency persisted (B, c).
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tangential section, Fig. 9e, arrows). In contrast, VEGF expressionwas
low in the corneal epithelium of injured corneas treated with MSCs
(Fig. 9d), similarly as in the control corneas (Fig. 9f). VEGFexpression
was absent in the stroma of injured corneas treated with
MSCs (Fig. 9d). Using an anti-macrophage antibody, numerous cells
(macrophages/monocytes) were detected in the stroma of un-
treated injured corneas (Fig. 9 g, v e vessel). In Fig. 9 (i) a detail of
macrophages/monocytes from Fig. 9(g) is shown.

Nanofiber scaffolds alone (without MSCs) had no significant
beneficial effect on the healing of alkali-injured corneas. Also MSCs
applied on the corneal surface alone by dropping (without scaf-
folds) did not show significant positive effects on corneal healing,
very probably due to the rapid washing away of MSCs from the
corneal surface e earlier than eyelids could be sutured.

Compared to injured untreated corneas, where corneal neo-
vascularizationwas extensive (grade 4, Fig.10D or grade 3, Fig. 10E),
in injured corneas treated with MSCs corneal neovascularization
was suppressed (grade 2, Fig. 10F or grade 1, Fig. 10G). Manual
counting of vessels (Fig. 10H) corresponded with quantification of
corneal neovascularization with real-time PCR (the expression of
genes for VEGF), Fig. 10I.

3.3. Corneal impression cytologies

After one or two days of the presence of nanofiber scaffolds on
the ocular surface of healthy eyes (with the eyelids sutured), no
expression of u-PAwas observed in cytology samples of the corneal
epithelial cells (Fig. 11a), similarly as in the cytology samples of the
epithelial cells of the control corneas (Fig. 11c), whereas following
three days of the presence of nanofiber scaffolds on the ocular
surface (with the eyelids sutured), u-PA expression appeared in
corneal cytology samples (Fig. 11b). Very similar results were ob-
tained with e-NOS (Fig. 11eeh). The expression of this enzyme was
seen in cytology samples of the epithelial cells of healthy corneas
on which nanofiber scaffolds were present for three days (with the
eyelids sutured) (Fig. 11f).

3.4. Expression of genes for proinflammatory cytokines in control,
injured and MSC-treated corneas

The corneas from healthy control eyes, eyes injured by alkali and
injured eyes treated with MSCs were harvested on day 10 after
injury, and the expression of genes for IL-1 b, IL-2, IFN-g was
determined. The alkali-induced oxidative stress in the cornea
induced the significant expression of proinflammatory cytokine
and VEGF genes. Treatment of the injury by covering the eye with a
nanofiber scaffold seeded with MSCs significantly reduced the local
inflammatory reaction and corneal neovascularization, as demon-
strated by the significantly decreased expression of genes for
proinflammatory cytokines (Fig. 12) and VEGF (Fig. 10).

4. Discussion

Our results show that MSCs effectively reduce alkali-induced
oxidative stress in the cornea, leading to the suppression of intra-
corneal inflammation as well as a decrease in corneal neo-
vascularization, resulting in significantly accelerated healing. To our
knowledge, this is the first study showing that MSCs significantly
reduce oxidative stress in the cornea, although in non-
ophthalmological tissues, organs and diseases as well as in
in vitro studies, the suppression of oxidative stress by MSCs has
been described (e.g., Valle-Prieto and Conget, 2010; Chen et al.,
2011; Dey et al., 2012; Liu et al., 2012). Moreover, in this study
nanofiber scaffolds seeded with MSCs were, for the first time,
employed for MSC transplantation onto the alkali injured cornea.

Fig. 9. Haematoxylin-eosin staining (HE), VEGF and macrophage expression in corneas
on day fifteen after injury. E (corneal epithelium). Scale bar: 10 mM a e In HE staining of
an injured cornea, numerous inflammatory cells are seen in the corneal stroma and the
cornea is vascularized (arrows). b e In HE staining of an injured cornea treated with
MSCs, corneal neovascularization is absent, and the number of inflammatory cells is
suppressed in the corneal stroma. Compare with an injured cornea (a). c e VEGF
expression is high in the epithelium and corneal stroma (arrows) of injured corneas.
d e VEGF expression is low in the epithelium of injured corneas treated with MSCs and
VEGF is not detected in the corneal stroma. e e VEGF expression in the stroma of an
injured cornea is better seen in a tangential section. f e VEGF staining is weak in the
epithelium of a control cornea. g e A large number of cells detected with anti-
macrophage antibody (macrophages, monocytes) is present in the vascularized (v)
corneal stroma of an injured cornea. h e In an injured cornea treated with MSCs the
number of cells detected with anti-macrophage antibody is low. Compare with an
injured cornea (g). i e A detail from (g) with macrophage/monocyte detection (v -
vessel). j e A control cornea is stained by counterstaining only. The sections are lightly
counterstained with haematoxylin.
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Nanofiber scaffolds proved to be suitable for this purpose. Previous
papers employed amniotic membrane for MSC transplantation
onto the alkali-injured cornea (Ma et al., 2005; Jiang et al., 2010). Ye
et al. (2006, 2008) hypothesized that corneal alkali injury resulted
in the release of cytokines that recruit exogenously administered
MSCs and, at the same time, increase bone marrow stem cell
mobility, facilitating the mobilization of the MSCs into the circu-
lation and to the sites of wound healing. These authors concluded
that the results of their experiments show that MSCs systematically
engraft to the alkali-injured cornea and promote healing by

differentiation, proliferation and synergyzing with haematopoietic
stem cells. Arnalich-Montiel et al. (2008) injected a suspension of
human MSCs into a defect of the corneal stroma in rabbits; the
corneas regenerated within three months. Yao et al. (2012)
administered MSCs subconjunctivally in alkali-injured eyes and
found that MSCs reduced corneal inflammation and neo-
vascularization. These effects were related to a reduction in the
number of infiltrated CD68(þ) cells and the down-regulation of
macrophage inflammatory protein-1 alpha, tumor necrosis factor-
alpha and vascular endothelial growth factor.

Fig. 10. Representative photographs of alkali-injured corneas (with 0.15 N NaOH) and corneal neovascularization on day 15 after the injury. A e A healthy rabbit eye. B e

Immediately after the injury a cornea turns grayish. C e An injured cornea on which nanofiber scaffolds with MSCs were transferred and sutured with conjunctiva. (In some other
corneas nanofiber scaffolds without MSCs were transferred and sutured). D e An alkali injured cornea untreated with MSCs with high neovascularization (grade 4). E e an alkali-
injured untreated cornea with middle neovascularization (grade 3). F e A cornea injured with alkali and treated with MSCs with low neovascularization (grade 2). G e An alkali-
injured cornea treated with MSCs with no or very low neovascularization (grade 1). H e Quantification of corneal neovascularization. The corneal surface was divided into six sixty
degree angular sectors. Using the preparation microscope the vessels were manually counted in each sector. The mean value and standard deviation were estimated from six
measurements for each cornea. Significant differences between groups (untreated injured corneas vs. injured corneas treated with MSCs) were found. Grades of neovascularization
were introduced as follows: 20e30 vessels (per one sector) (grade 4), 10e19 vessels (grade 3), 3e9 vessels (grade 2) and no vessels or solely vessels (grade 1). I e Quantification of
corneal neovascularization using real-time PCR (the expression of genes for VEGF). Real-time PCR was investigated in control healthy corneas (Ctrl), injured corneas (Alkali) or
injured corneas treated with MSCs (Alkali þ MSCs). Each column represents the mean � SD from 4 determinations. The values with asterisks are significantly different (P < 0.05)
from those found in injured, but untreated corneas.
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In this study, nanofiber scaffolds were used as carriers for MSCs
and the healing results of alkali-injured corneas were compared
with the healing of similarly injured corneas on which nanofiber
scaffolds were transferred alone or on which MSCs were applied
topically and eyelids sutured. We did not achieve positive healing

results with last two approaches, even if Oh et al. (2008) described
the anti-inflammatory and anti-angiogenic effect of topically
applied MSCs in damaged rat corneas. Also in this case eyelids were
sutured. It is suggested that different findings might be caused due
to more severe injury in the rat corneas (100% ethanol and me-
chanically scraped corneal epithelium) which enabled the attach-
ment of MSCs at the corneal surface. In our experiments mild alkali
was employed which did not remove superficial layers of the
corneal epithelium.

Because nanofiber scaffolds were used for the first time in our
experiments with corneal alkali burns, we also examined how long
the scaffold can remain on the corneal surface (with the eyelids
sutured) without causing corneal damage. The nanofiber scaffolds
were transferred onto the corneal surface of healthy rabbit eyes for
one, two or three days and the eyelids sutured. Impression cytol-
ogies of the corneal epithelial cells were collected after the removal
of the sutures and scaffolds. Impression cytology of corneal
epithelial cells was recommended as a sensitive diagnostic method
by Singh et al. (2005). We found previously that the expression of
immunohistochemical markers in cryostat sections of the corneal
epithelium tightly corresponds with the detection of similar
markers in corneal impression cytology samples of the corneal
epithelium (Cejkova et al., 2012). Using suitable immunohisto-
chemical markers, impression cytology samples enable us to
examine damage to corneal epithelial cells. In this study, impres-
sion cytologies were examined immunohistochemically for u-PA
and e-NOS. The expression of these enzymes is negative or negli-
gibly low in the corneal epithelium of healthy eyes and appears
during various corneal injuries or diseases (e.g., Buddi et al., 2002;
Watabe et al., 2003; Cejkova et al., 2010). Thus, these enzymes are
very sensitivemarkers of corneal disorders. The results of this study
show that after two days of a nanofiber scaffold covering the
cornea, the corneal epithelial cells are undamaged (Fig. 6). Because
this time interval is also sufficient for MSC attachment on the
injured corneal surface, a two day interval was used in our exper-
iments with MSCs and alkali-injured corneas.

Alkali evokes increased reactive oxygen species production
(Kubota et al., 2011) leading - as shown in this study - to the
decreased expression of ALDH3A1 in the epithelium of the injured
cornea (Fig. 1). Mammalian corneal epithelial cells express high
levels of ALDH3A1 (Piatigorsky, 2000), an enzyme that protects the
cornea against oxidative damage (Downes et al.,1993;Manzer et al.,
2003). Pappa et al. (2005) described that ALDH3A1 may protect
corneal epithelial cells against oxidative stress not only through its
metabolic function, but also by prolonging the cell cycle. In alkali-
injured corneas treated with MSCs, both oxidative and nitrosative
stress are suppressed, as shown in this study by the negative
staining for NT and MDA, reduced apoptotic cell death and
decreased MMP9 expression in corneal epithelial cells (Figs. 2e5).
This is in contrast to untreated injured corneas, where NT and MDA
expression as well as apoptotic cell death and MMP9 were high in
the corneal epithelium. The demonstration of peroxynitrite for-
mation (by the expression of NT), a toxic reaction product of nitric
oxide and superoxide, serves as an important marker of free radical
damage (Ceriello, 2002; Chirino et al., 2006) and the detection of
MDA as a marker of lipid peroxidation (Buddi et al., 2002). In the
normal cornea staining for NTaswell asMDA is absent (or present at
negligible levels). Their expression serves as a sensitive marker of
oxidative damage. Due to reduced oxidative and nitrosative stress in
the injured corneas treated with MSCs, the expression of the pro-
inflammatory cytokine IL-8 and IL-1-b was greatly decreased in
these corneas (Figs. 6 and 7). This is in contrast to the alkali-injured
corneas without MSC treatment, where the expression of IL-8 and
IL-1 bwas high. (In the control corneas the staining for IL-8 aswell as
IL-1 b was negative or negligible low). Using real-time PCR we also

Fig. 11. Impression cytology samples of corneal epithelial cells. Scale bar: 10 mM a e

The expression of u-PA is absent in a corneal cytology sample collected after two days
of covering a healthy cornea with a nanofiber scaffold (and with the eyelids sutured). b
e u-PA expression in a corneal cytology sample collected after three days of covering a
healthy cornea with a nanofiber scaffold (and with the eyelids sutured). c e In a
cytology sample of the epithelium of a control cornea, the expression of U-PA is absent.
d e Corneal epithelial cells (cytology sample) are stained by counterstaining only (as a
negative control for u-PA), when the primary antibody is omitted from the incubation
medium. e e The expression of e-NOS is absent (or very low) in a corneal cytology
sample collected after two days of the presence of a nanofiber scaffold on a healthy
cornea (and with the eyelids sutured). f e The expression of e-NOS is increased in a
corneal cytology sample collected following three days of the presence of a nanofiber
scaffold on a healthy cornea. g e In a cytology sample of a control cornea e-NOS
expression is low or completely absent. h e In a negative control for e-NOS (the pri-
mary antibody was omitted from the incubation medium), corneal epithelial cells are
stained by counterstaining only. The cytology samples are counterstained with
haematoxylin.
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demonstrated the significantly reduced expression of genes for IL-1
b and some other proinflammatory cytokines (IL-2, IFN-g) in the
inflamed corneas after the treatment with nanofibers seeded with
MSCs (Fig. 12). The reduced overexpression of pro-inflammatory
cytokines is very important because pro-inflammatory cytokines
are associated with corneal neovascularization (e.g., Sotozono et al.,
1997, 1999). Results with real-time PCR (expression of genes for
VEGF) show that corneal neovascularization is highly suppressed in
injured corneas treated with MSCs on nanofiber scaffolds.
Haematoxylin-eosin staining and immunohistochemical stainings
with anti-macrophage and anti-VEGFantibodies showed in situ that
corneal neovascularization as well as the number of inflammatory
cells significantly decreased in injured corneas treated with MSCs
compared to untreated injured ones (Fig. 9). Our findings are in
accordance with the observations of other authors (e.g., Cursiefen
et al., 2000; Philipp et al., 2000; Choi et al., 2011) that the immu-
nohistochemical detection of VEGFaswell as ofmacrophages serves
as a very good marker of corneal inflammation and neo-
vascularization. Also, the examination of the central corneal thick-
ness, taken as an index of corneal hydration, showed that the
increased central corneal thickness following alkali injury
decreased to normal levels during ten days in corneas treated with
MSCs, whereas in untreated injured corneas the central corneal
thickness remained significantly increased (Fig. 8).

The central corneal thickness was measured by an ultrasonic
pachymeter. This method was previously found to be very suitable
for this purpose (Doughty and Cullen, 1989; O’Donnel and Efron,
2006; Cejka et al., 2007, 2010). To measure changes in corneal hy-
dration is important because physiological (normal) corneal hy-
dration is required for corneal transparency. The transparency of
the cornea is a consequence of the detailed ultrastructure of the
tissue and has been attributed to the narrow, uniform diameter
collagen fibrils and to the regularity of their lateral packing
(Maurice, 1957; Twersky, 1974). If the cornea swells, light scattering
appears and the cornea becomes opaque, leading to a decrease in
visual acuity. Thus, measuring the central corneal thickness after
corneal injury and during corneal healing is a suitable approach for
examining the restoration of corneal hydration and transparency
accompanying positive healing (Fig. 8).

In conclusion, MSCs growing on nanofiber scaffolds and
transferred onto the alkali-injured corneal surface effectively
reduced oxidative stress in the cornea. MSCs protected against the
formation of peroxynitrite, a toxic reaction product between nitric
oxide and superoxide, reduced apoptotic cell death and decreased
matrix metalloproteinase levels as well as the induction of pro-
inflammatory cytokines. This resulted in suppressed corneal
inflammation as well as neovascularization and significantly
accelerated corneal healing.
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