
New developments in analysis of ocular surface diseases|Nieuwe
ontwikkelingen in analyse van ziekten van het oogoppervlak
Keijser, S.

Citation
Keijser, S. (2008, June 18). New developments in analysis of ocular surface diseases|Nieuwe
ontwikkelingen in analyse van ziekten van het oogoppervlak. Retrieved from
https://hdl.handle.net/1887/12959
 
Version: Corrected Publisher’s Version

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/12959
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/12959


PART I

LIMBAL STEM CELL DEFICIENCY





INTRODUCTION



INTRODUCTION
The cornea is the highly specialized part in front of the eye and its clarity and refractive

ability are crucial for vision. A damaged corneal surface will reduce visual acuity and can

ultimately lead to blindness. Most commonly the corneal epithelium is involved, but some-

times the corneal epithelial stem cells are also involved. These stem cells, located in the

limbal region, play an important role in the continuous replacement of the basal corneal ep-

ithelial cells and thus in the maintenance of the corneal surface. Corneal stem cell dysfunc-

tion can lead to blindness, because the normal clear corneal epithelium is replaced by an

opaque and vascularised conjunctival epithelium. Currently, there is no drug treatment for

corneal stem cell deficiency and treatment has therefore been limited to transplantation of

healthy limbal tissue. In patients with a healthy contralateral eye, an autologous transplant

is usually successful; when both eyes are involved, allograft transplantation must be per-

formed.1,2 However, allograft transplants are less successful, and need intensive systemic and

local immuno-suppressive treatment to prevent rejection. Cyclosporin and corticosteroids

are being used to prevent transplant rejection,3,4 but these drugs have serious side effects

such as infections and tumor development in the long term.5 Since total limbal deficiency

is a rare disease and human tissue for research is limited, animal models are being used to

study limbal transplant rejection to find less harmful treatments. Using current animal mod-

els it is difficult to assess transplant rejection; even the model described by Mills et al.6 can-

not predict transplant survival accurately. In this model the limbal transplants were followed

both clinically and with PCR techniques. Sometimes no clinical rejection was seen but, un-

expectedly, PCR analysis failed to prove transplant survival. However, in these cases the re-

liability of the PCR-test can be questioned, since at most only 200 corneal epithelial cells

were available for analysis. The objective of this part of the thesis was to establish a new lim-

bal transplant animal model in which transplant survival can be followed accurately in vivo.

CORNEAL EPITHELIAL STEM CELLS

Anatomically the cornea consists of five layers: epithelium, Bowman’s membrane, stroma,

Descement’s membrane, and endothelium; 90% of the corneal thickness is made up by the

stroma. The cornea is an unique tissue, and its transparency is due to its regular lamellar stro-

mal structure together with its avascularity and its relative dehydrated state. The corneal

epithelium and endothelium help the cornea to maintain these characteristics. The central and

peripheral corneal epithelium consists of 5 to 6 layers of epithelial cells, while at the limbal

region the epithelium is 3-4 cell layers thicker. The limbus, a transitional region, marked

on one side by the transparent cornea and on the other side by the whitish opaque and vas-

cularised sclera and conjunctiva, is a circular zone characterized by the palisades of Vogt.7,8

The limbus is the place where the corneal epithelial stem cells have their residence:9,10,11,12

and the stem cells are thought to be located in the palisades of Vogt. However, recent re-

search suggests that the corneal stem cells are located in 5 to 7 crypts in the limbal region.

These so called limbal epithelial crypts are groups of cells that extend from the interpalisade

rete ridge to the conjunctival stroma.13 Stem cells are unique cells that are slow-cycling

during homeostasis, poorly differentiated, have a high capacity for error-free self renewal,

and a long life span.14,10 The limbal basal cells are known to have some of these character-
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istics9,10,15,16,17 Corneal epithelial cell migration and differentiation starts at the limbus and

occurs in a centripetal and vertical direction.18 It starts with an asymmetrical cell division

of the limbal stem cell. One daughter cell remains undifferentiated and will replenish the

stem cell pool (self renewal), the other daughter cell is a transient amplifying cell (TAC) that

will further divide and differentiate. The TACs have limited self renewal capacity and will

give rise to post-mitotic cells (PMC) that eventually become terminally-differentiated

corneal epithelial cells (TDC) (Figure 1).19 For the protection and nourishment of the corneal

epithelial stem cells the limbus is pigmented, forms palisades of Vogt, and is highly vascu-

larised and innervated.8 The limbal region is also the place where the largest numbers of

Langerhans cells (dendritic cells) are found.20

Figure 1. Limbal stem cell concept.

PROOF OF CORNEAL EPITHELIAL STEM CELLS

As has been mentioned above, the limbal epithelial basal cells have the characterstics of a

stem cell. Keratin 3 and 12 are keratins that are specific for the corneal epithelium and are

present at the suprabasal layers of the limbal epithelium, but not at the basal layers, indicat-

ing that the basal limbal region contains the least differentiated epithelial cells.9,15 Further-

more, the limbal basal epithelial cells have a higher proliferative capacity in culture than the

central or peripheral corneal epithelial cells.16,17 Long time-intervals for thymidine incor-

poration further proved the long life cycle of the limbal basal cells.10 Further support for the

limbal stem cell theory comes from experimental studies and clinical observations of abnor-

mal corneal wound healing when the limbal epithelium is partly or completely re-
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moved.21,22,23,24 The abnormal epithelium is characterized by conjunctivalization, vascular-

ization, and chronic inflammation, all characteristics of limbal stem cell deficiency. In ad-

dition, pigmented epithelial migration lines from the limbus to the central cornea can be

seen in patients with heavily pigmented eyes and eccentric corneal epithelial defects.25 Many

attemps have been made to find limbal stem cell markers. The basal limbal epithelial cells

are marked by high expression of p63, alpha9-integrin, alpha-enolase, ACG2 (ATP-binding

cassette subfamily G member 2) and the absence of CD71, Connexin 43, gap junc-

tions11,26,27,28, but none of these markers are absolutely specific.29

LIMBAL STEM CELL DEFICIENCY

When the limbal stem cells are damaged, the corneal epithelium is slowly replaced by vas-

cularised conjunctiva at the site of the damage (Figure 2). Since the conjunctival epithelium

does not have the clarity of the corneal epithelium, the visual acuity will be decreased de-

pending on the number and sites of limbal stem cells involved. Besides the opacification and

vascularisation of the cornea, other characteristics for limbal disease are: loss of palisades

of Vogt, epithelial instability resulting in ulceration or recurrent erosions, chronic inflamma-

tion, tear film dysfunction, and increased incidence of infectious keratitis.30 Most patients

therefore complain about reduced vision, irritation, pain, and light sensitivity, depending on

the extent of limbal dysfunction.

There are a variety of causes of limbal stem cell dysfunction, which can be subdivided into

genetic and acquired (Table 1). The acquired limbal stem cell disorders form the majority

of cases seen clinically. To prove limbal stem cell deficiency, impression cytology can help

to diagnose abnormal epithelium by detecting goblet cells or keratinisation.41,42 Limbal stem

cell deficiency may be localized (partial), or diffuse (complete, 360º). In localized limbal

stem cell deficiency, some sectors of the limbal and corneal epithelium are normal while the

conjunctivalisation is restricted to the regions devoid of healthy epithelium. The stem cell

dysfunction can be either unilateral or bilateral, which is of major consequence for the treat-

Figure 2. Partial limbal stem cell deficiency. The area with squares shows the partial limbal stem cell deficiency,

where the cornea is partly opacified. The black areas inside the squares are light reflections.

Part I, Introduction18



ment given, as will be discussed in the next paragraph.

TREATMENT OF LIMBAL STEM CELL DYSFUNCTION

Currently there is no drug therapy for limbal stem cell failure, and the treatment is therefore

mostly limited to transplantation. Before the introduction of the limbal stem cell concept,

corneal transplants were performed to improve visual acuity.43 However, this is a solution

for the short term since the actual problem, which is situated at the limbus, is not resolved.

A variety of transplant techniques have been developed, aimed at solving the stem cell de-

ficiency itself (Table 2). Conjunctival autografts were first used to treat limbal stem cell de-

ficiency;44 the conjunctival epithelium of these grafts was thought to be able to change its

characteristics to become similar to the corneal epithelium. Later, this was called conjunc-

tival transdifferentation.45 In time, the conjunctival transplants were modified to also include

parts of the limbus.46,36 Using a rabbit model, Tsai et al. proved that transplants which in-

cluded the limbus were more successful than conjunctival grafts.47 Therefore most current

transplantations involve the limbal region, with exception of transplantation of mucous

membrane or amniotic membranes which will be mentioned later. The transplants that con-

tain mostly conjunctival epithelium and limbal tissue are called conjunctival-limbal grafts,

for kerato-limbal grafts the biggest part is corneal and limbal tissue. The conjunctival-limbal

grafts are mostly used when there is a living donor, i.e. autologous transplants and living-

related donors (a relative of the patient). The kerato-limbal transplant probably contains

more limbal stem cell, however, it is more damaging to the donor eye and is therefore more

often used when there is cadaveric tissue.54

Genetic causes

Aniridea31

Epithelial and stromal dystrophies32

Autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED)33

Lacrimo-auriculo-dento-digital (LADD) sydrome34

Acquired causes

Chemical and thermal burns35

Contact lens wear36

Chronic inflammation37

Multiple surgeries at the limbus30

Cicatricial pemphigoid30

Stevens Johnson Syndrome30

Pterygium38

Drug toxicity39

Ocular surface squamous neoplasia40

Idiopathic30

Table 1. Causes of limbal stem cell dysfunction
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Limbal autografts have the advantage of not being rejected and are successful; however, a

contralateral healthy eye must be available, since a donor eye with subclinical limbal dys-

function gives limited results.36 Another major drawback is the possibility to induce limbal

deficiency in the contralateral donor eye.55,56 Recent developments made it possible to culture

limbal tissue ex vivo from a 1-2 mm2 biopsy,57,58,59 thereby reducing the risk of limbal defi-

ciency of the contralateral donor eye and increasing the number of patients that are suitable

for autografting. However, when patients with severe bilateral disease are not suitable for

autografts, limbal allografts are an alternative. The limbal allografts can come from a de-

ceased donor (cadaveric graft). The high concentration of Langerhans cells (dendritic cells),

abundancy of HLA-DR antigens, and the good vascularisation makes these transplants at

risk for rejection.20 HLA matching of limbal allografts might help to improve transplant

survival.60 Similarly, living-related transplants are also used to decrease the risk of transplant

rejection.49,50 Although there are reports of a good long term clinical outcome with limbal

allografts, long term persistence of donor corneal epithelial cells is still a topic of discus-

sion.61,62,63,64,65,60 Since some reports failed to show surviving donor epithelial cells, it was

suggested that the transplant improved the local environment to such an extent that residual

limbal stem cells were able to survive and be functional, possibly by providing growth fac-

tors or other mediators for the host stem cells. On the other hand, donor cells were recently

found till 3.5 years after limbal allograft transplantation.64

Alternatives for limbal allografts are either transplantation of amnion or autologous oral

mucosa. Autologous oral mucosal epithelium has been introduced by Nishida et al,66 who

were able to improve the corneal surface and the visual acuity in four patients. Because the

mucous transplant is autologous there is no rejection, while another advantage is the abun-

dance of donor material in the oral cavity. Transplanted amnion, the most inner layer of the

placental membranes, will also not reject since amnion lacks HLA-A, B or DR antigens.67,68

Amnion transplants have been used in ophthalmology for corneal surface disease since

1940.69 In 1995 amnion transplants were re-introduced in humans to treat ocular surface

disease including limbal stem cell deficiency.70 The amnion helps to improve epithelializa-

tion by providing a basement membrane and several growth factors;71 it also inhibits fibrosis,

angiogenesis, and inflammation.72,73,74 Amnion is used in partial limbal stem cell deficient

Transplantation method

Autografts Conjunctival graft44

Conjunctival-limbal graft46

Oral mucosa66

Allografts Living-related conjunctival graft48

Living-related conjunctival-limbal graft49,50

Cadaveric conjunctival-limbal graft51

Cadaveric keratoepithelialplasty52

Cadaveric kerato-limbal graft53

Table 2. Different transplantations performed for limbal stem cell deficiency
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eyes (less 50 %); when more than 50 % of the limbus is involved it can be combined with

a limbal graft, however, the beneficial effect of the amnion is not clear.75,76,54

Since most patients with limbal stem cell deficiency also have stromal involvement, pene-

trating keratoplasty is sometimes combined with a limbal transplant. There are indications

that simultaneous transplantation of a limbal graft and a full thickness corneal button de-

creases graft survival.3 Therefore it is recommended that a limbal transplant must be per-

formed first, and that the corneal transplant follows after three months, when the corneal

epithelium is stable and the eye not inflamed.77,78

Despite the variety of surgical techniques to reconstruct the ocular surface in limbal stem cell

deficient eyes, it remains a disease that is difficult to treat. The success rate of a limbal trans-

plants declines from 75-80% in the first year to 47-50% at three-year follow-up.75,72,73,79

Good prospective, case-controlled clinical trails for the various surgical techniques are still

lacking.

TRANSPLANT REJECTION
That limbal allografts are prone to rejection has been mentioned above. Especially the vas-

cularization and high amount of dendritic cells at the limbal region are factors that increase

the chance for rejection. Transplant rejection is a T-cell mediated response to allo-antigens.

In animal models high amounts of both CD4 and CD8 positive T cells and macrophages can

be found.6,80,81 Treatment options to prevent allograft rejection may differ from a combina-

tion of topical prednisolon with systemic cyclosporine A, or systemic tacrolimus (prograft)

and mycofenolaatmofetil (cellcept). How long the therapy must last is not clear, but probably

as long as there is a living allogeneic transplant. In patients who have a successful clinical

outcome after limbal allograft transplantation, it is difficult to assess clinically whether the

corneal epithelium is all donor-derived or if the host cells have repopulated the surface.

Djalilian et al.64 showed long term survival of donor cells and they support the use of long

term immuno-suppression. However, others failed to establish donor cell survival and there-

fore question the use of systemic long term immuno-suppression.65 Also tacrolimus, a

macrolid antibiotic with immuno-suppressive characteristics and mycophenolate mofetil

(CellCept) have been used to prevent rejection of limbal allografts.3,82,60 It must be noted that

long term systemic immuno-suppressive treatment is known to be related to tumor devel-

opment and susceptibility to infections.5 Since both can be life-threatening, questions must

be raised whether the increase in visual acuity by a limbal allograft is worth the increased

risk to develop cancers and infections. Therefore new less harmful therapies must be inves-

tigated.

In animal models, local clodronate liposome treatment has been used to prevent corneal

graft rejection. Clodronate liposomes are liposomes which contain clodronate, which is a

modified form of Ostac®. Both liposomes and clodronate itself are non-toxic. When

macrophages consume and breakdown the liposomes, clodronate will be released intracel-

lularly. Clodronate will therefore accumulate inside the macrophage, and when a certain

threshold is reached, the cell is irreversibly damaged and will undergo apoptosis. In a

corneal transplantation model clodronate liposomes have been used to locally deplete

macrophages and thereby increase corneal transplant survival.83,84 This therapy has not yet
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been registered for humans.

ANIMAL MODELS
A variety of animal models have been developed, using mice, rats, and rabbits.
6,85,86,87,88,89,80,47,81 Most animal models have disadvantages, which is probably inherent to the

use of an animal model. Rabbit models are not suitable to investigate the immunological

background of limbal transplantations since the animals are not inbred and there is a limited

availability of antibodies. However, when compared to mice and rats, the rabbit eye probably

more closely resembles the human eye. The mouse model is probably the best model to in-

vestigate the immunological process, because of the wide variety of mice strains and a huge

amount of antibodies available. The size of the mouse eye and cornea are a limitation and

limbal transplantations are therefore difficult to standardize. The only operation that prob-

ably can be reliably performed is the kerato-epithelial transplant. The rat model is a com-

promise between the mouse and rabbit models. The rat eye is large enough to perform limbal

transplants, there are inbred strains, but only a limited availability of antibodies. Mills 6 was

the first to use the rat for limbal transplantation; in this model the limbal transplants were

followed up both by PCR, and clinically. They showed that donor corneal epithelial cells did

not survive much longer than seven days despite immuno-suppressive treatment. However,

there was a discrepancy with the clinical follow-up where the treated allografts survived

much longer. This could be similar to limbal transplants in humans, since clinically they

perform well, while there is difficulty in showing donor epithelial cells some time after

transplantation.61,63 The animal model by Mills6 is a reliable model, but we started our ex-

periments with the hope that transplant follow-up could be improved, as is further discussed

below and in Chapter 2.

ENHANCED GREEN FLUORESCENT PROTEIN
Green fluorescent protein was first discovered in the jellyfish Aequorea by Shimomura et

al.90 The major advantage of GFP is its intrinsic fluorescent capacity, for most other fluo-

rescent proteins a co-factor is needed. Enhanced green fluorescent protein (E-GFP) is an

enhanced version of GFP. When the protein is excitated with blue light of around 488 nm it

will emit green light from around 508 nm. It is a protein with a chromophore inside, which

is responsible for the fluorescent characteristics. A fluorescent microscope is needed to il-

luminate the chromophore with pure blue light, the green light that is produced can than be

recorded by the microscope. E-GFP has been widely used for research purposes, it can be

used to track proteins in living cells.91 Also in animal models E-GFP is used to track tumor

growth, tumor metastasis, tumor angiogenesis, and gene expression92,93,94,95,96; it is considered

to be the least immunogenic fluorescent protein. GFP has also been used to study corneal

epithelial migration.18,97 In Chapter 2 we investigated whether E-GFP could be used to mon-

itor limbal transplant behaviour, and whether it could used to reliably detect transplant re-

jection.
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