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∑ Most self renewing tissues are served by a
population of stem cells

∑ Potency and plasticity are two important
characteristics of stem cells.They may also
have the potential to transdifferentiate

∑ Stem cells usually reside in a defined ’niche’.
The corneal epithelial stem cells are be-
lieved to be located in the limbal palisades

∑ Clinical and laboratory evidence strongly
supports the notion that corneal epithelial
stem cells are located at the limbus but no
marker yet exists that can positively identi-
fy a limbal stem cell

∑ Limbal stem cell deficiency can be congeni-
tal or acquired. Ocular surface burns, im-
mune mediated ocular surface diseases
and chronic inflammation are important
causes of limbal stem cell deficiency

∑ The effects of limbal stem cell deficiency
can range from mild, such as loss of limbal
anatomy or conjunctivalisation of the pe-
ripheral cornea, to severe, such as corneal
invasion by a thick fibrovascular pannus or
persistent epithelial defects with stromal
melts

∑ The diagnosis of limbal stem cell deficiency
is essentially clinical, but impression cytol-
ogy may help. Presence of goblet cells on
the cornea is diagnostic

∑ Limbal stem cell deficiency can be unilater-
al or bilateral, partial or total

∑ Mild cases of partial deficiency can be
treated by sequential sector conjunctival
epitheliectomy

∑ Total unilateral cases can be treated with
auto-limbal transplantation

∑ Bilateral cases often require allo-limbal
transplantation from living related or 
cadaver donors

∑ Auto-limbal and living related donor trans-
plantation should be avoided in the pres-
ence of active inflammation. Auto-limbal
transplantation should be avoided in unilat-
eral manifestation of a systemic disease

∑ Amniotic membrane transplant can be
combined with any of the limbal transplant
procedures

∑ Allografts usually require long-term 
systemic (and/or topical) immunosuppres-
sion

∑ All associated pathology such as lid malpo-
sitions, trichiasis, secondary glaucoma and
cataracts should ideally be managed prior
to considering limbal transplantation,
as far as clinically possible

∑ Buccal mucosa grafts help restore some
moisture to a dry ocular surface. Living 
tissue transplants usually do not survive 
in a dry environment

∑ Long-term outcomes of auto-limbal trans-
plants are far better than those of allo-
limbal transplants

∑ Ex vivo expansion of limbus derived epithe-
lial cells as a sheet on different substrates
can also be used in ocular surface recon-
struction with good results but is also sub-
ject to immune rejection
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3.1
Introduction

In this chapter the general characteristics of
stem cells (SC) and their niche are first de-
scribed. The evidence supporting the existence
of SC at the corneoscleral limbus, both clinical
and scientific, is then explored providing the
scientific basis for the transplantation of the
limbus in the management of limbal SC defi-
ciency. A brief account of the causes and effects
of SC deficiency is provided as background to
the indications and different techniques of lim-
bal SC transplantation. The surgical techniques
are elaborated together with postoperative
management and any adjunctive procedures
that may complement limbal transplantation.

Ex vivo expanded limbal stem cells on amni-
otic membrane or other substrates can also be
used in ocular surface reconstruction. This con-
stitutes a distinct method of putative limbal stem
cell transplantation and is the subject of another
chapter in this book. This technique of preparing
the tissue construct and stem cell transplantation
is therefore omitted from this chapter.

3.2
Stem Cells

3.2.1
Definition

Stem cells are progenitor cells that are responsi-
ble for cellular replacement and tissue regener-
ation. They are the ultimate source cells from
which arise almost all other cells that constitute
a given organ served by the SC. SC can be found
in both embryonic and adult tissues and repre-
sent only a very small proportion (0.01–10%) of
the total cell mass [1, 32, 44].

3.2.2
Characteristics of Stem Cells

Stem cells are poorly differentiated or undiffer-
entiated, long-lived, slow cycling but highly
clonogenic cells that have a high capacity for

self renewal and an increased potential for er-
ror-free division [65–67]. They have the ability
to proliferate indefinitely [32] and generally live
for the duration of the organ(ism) in which they
reside. A constant pool is maintained by differ-
ent strategies of cell division. The most accept-
ed strategy is that of asymmetric cell division
whereby one daughter cell stays back in the
stem cell niche and the other follows the path 
of proliferation and differentiation, acquiring
functional characteristics of the tissue or organ.
The same balance can be maintained if the two
daughter cells from one SC proceed down the
path of differentiation and the two daughter
cells of another SC stay back in the niche as stem
cells [57, 61].

The daughter cell(s) that step outside the
stem cell pool are destined to divide and differ-
entiate with the acquisition of features that
characterise the specific tissue. Such a cell is
called a ‘transient amplifying cell’ (basal corneal
epithelial cells) and is less primitive than its
parent stem cell. It is believed in some quarters
that there exists a window of opportunity dur-
ing which some of these cells (‘transient cells’)
[54, 55] can revert to the SC pool as SC. Transient
amplifying cells divide more frequently than
stem cells but have a limited proliferative poten-
tial and are considered the initial step of a path-
way that results in terminal differentiation.
They differentiate into ‘postmitotic cells’ (wing
cells) and finally to ‘terminally differentiated
cells’ (superficial squamous cells). Both postmi-
totic and terminally differentiated cells are in-
capable of cell division. All cells except stem
cells have a limited life span and are destined to
die [45, 66, 84].

Potency and plasticity are two key attributes
of SC. SC have the potential to give rise to differ-
ent cell lineages. This potency is, however, not
uniform and there exists amongst SC a hierar-
chy of potential. SC can be totipotent, pluripo-
tent, multipotent, or unipotent. The zygote that
can form the entire embryo and part of the pla-
centa is an example of a totipotent cell. Cells of
the inner cell mass from which most tissues that
arise from the three germ layers can be derived,
but not components of the placenta, are consid-
ered pluripotent. Most tissue specific SC are
multipotent, capable of producing lineages that
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can differentiate in two, three or more different
cell types with functional attributes of the organ
in which they reside. Some SC, in their natural
environment, may have only limited potential
with the ability to generate only one specific cell
type. These SC are labelled unipotent SC or
committed progenitors.SC of the epidermis and
the corneoscleral limbus are considered to be
examples of this category [1, 3, 68].

The ‘plasticity’ of SC refers to their ability to
transdifferentiate. Some SC when relocated to a
different site (tissue) can assume the role that
supports the structure and function of the new
site, thus aiding in regeneration, repair and
maintenance of the cell population at the new
site. Stem cell potential and plasticity are both
more pronounced in embryonic SC compared
to adult SC. Embryonic SC have virtually an un-
limited potential for self-renewal and differenti-
ation. Given the right microenvironment and
the right signals, adult and embryonic SC can
(theoretically) be made to follow a desired path
of differentiation or propagated indefinitely, in
an undifferentiated state. Herein lies the im-
mense therapeutic potential of SC [3].

3.2.3
The Stem Cell ’Niche’

The microenvironment in which the SC reside is
referred to as their ‘niche’ [60]. SC are usually
confined to their ‘niche’ where the microenvi-
ronment supports and maintains the stemness
of SC and affords a degree of protection. In sol-
id organs, where cell migration commences at
one point and progresses until the cells are shed
at a distant point(s), the SC niche is usually lo-
cated at the point of commencement. The ‘niche’
represents the collective influence of other local
matrix cells, the extracellular matrix, its vascu-
larity, basement membrane characteristics and
prevalent growth factors and other cytokines. In
the intestinal mucosa, for example, it is believed
that the pericryptal fibroblasts/subepithelial
myofibroblasts may serve as niche cells [60, 79]
and in the epidermis, beta 1 integrin mediated
adhesion to its ligand, type IV collagen, is
shown to influence behaviour of epidermal SC
[44]. The niche also affords protection to the all-
important SC [79, 95].

Summary for the Clinician

∑ Stem cells:
– Undifferentiated
– Long lived
– Slow cycling
– Clonogenic
– Asymmetric division
– Potency: usually pluripotent 

or multipotent
– Plasticity: transdifferentiation
– Niche: SC microenvironment

∑ SC progeny:
– ‘Transient cells’
– Transient amplifying cells – 

basal epithelium
– Postmitotic cells – wing cells
– Terminally differentiated cells – 

superficial squamous cells

3.3
Limbal Stem Cells

3.3.1
The Clinical Evidence

During corneal epithelial wound healing and
normal epithelial turnover, cell migration and
migration of sheets of epithelium [20] have
been shown to occur in a centripetal manner
from the corneoscleral limbus towards the cen-
tre of the cornea [4, 5, 51]. Large corneal epithe-
lial wounds, where the wound edge is closer to
the limbus, heal at a faster rate than smaller
wounds [59]. Repeated denudation of the cen-
tral corneal epithelium shows that the healing
rate of the second wound is more rapid than
that of the first. This suggests that rapidly divid-
ing younger cells of the periphery have moved
to more central areas after the first trauma and
respond readily to the second [80].

Human corneal epithelial defects with par-
tial limbal involvement demonstrate a preferen-
tial circumferential migration of a population of
cells along the limbus, from both ends of the
remaining intact limbus [21] (Fig. 3.1A). Com-
plete epithelial cover for the corneal surface is
not established until limbal re-epithelialization
is first complete, suggesting that the circumfer-
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entially migrating population of cells probably
represents in part the healing response of limbal
stem cells. In patients with limbal abnormali-
ties, alternating columns of normal and fluores-
cein staining cells often corresponding to limbal
palisades – columnar keratopathy – have been
noted to extend from the limbus towards 
the centre in radial or curvilinear rows [22]
(Fig. 3.1B). The palisades of Vogt and the inter-

palisade rete ridges provide a unique structure
to the limbus (Fig. 3.2). The structure of the pal-
isades and the rete ridges, their vascularity and
pigmentation are all analogous to repositories
of stem cells in the monkey palm epidermis 
[9, 86, 88]. It has also been reported that
hemidesmosomes of peripheral cells of normal
and healing mouse corneas are arranged in ra-
dial rows, leading to the interpretation that this
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Fig. 3.1. A Healing of corneal epithelial wound in-
volving the limbus showing a preferential circumfer-
ential migration of tongue-shaped sheets of limbal
epithelial cells arising from either end of the remain-
ing intact epithelium. (Slit lamp anterior segment
photograph with fluorescein dye) (with permission
from Br J Ophthalmol: Dua et al. 2001; 85:1379–1383).

B ‘Columnar keratopathy’ is the name given by the
author to this presentation of alternating columns of
fluorescein stained epithelium and normal corneal
epithelium. These correspond to the limbal palisades
and represent an early sign of limbal stem cell defi-
ciency

A B

Fig. 3.2. Slit lamp photograph of the limbus showing the palisade (of Vogt) structure with: A pigment columns
migrating into peripheral cornea and B fluorescein staining of columnar migration in response to a central
abrasion

A B



orientation represents centripetal migration of
epithelial cells [5]. Very recently, a unique
anatomical structure, termed the limbal epithe-
lial crypt [27], has been discovered at the pe-
ripheral end of the interpalisade rete ridges,
numbering approximately five to seven per hu-
man cornea. This has features consistent with
those of a SC repository or ‘niche’.

3.3.2
The Scientific Evidence

Basic research has identified a number of char-
acteristics that are unique to the limbal basal
epithelial cells and set them apart from the rest:
Mitosis rates are highest at the limbus, both in
the normal physiological state and following
stimulation [31, 37, 8]. Limbal epithelial cells
have the greatest proliferative potential in vitro,
compared to any other part of the cornea
[28–30]. Limbal basal cells lack the epithelial
cell differentiation cytokeratin CK3 [18, 56, 73,
101]. Impression cytology examination of the
human limbus shows that, morphologically, the
limbal cells are smaller, more densely packed
and have a greater nucleus to cytoplasm ratio
compared to adjacent corneal and conjunctival

cells (H.S. Dua, unpublished observations,
Fig. 3.3A, B).

Several other attributes that are unique to the
limbal epithelium (Table 3.1) have also been de-
scribed. These include the presence of alpha-
enolase [101, 102], EGF receptors [100, 103], pig-
ment [9], cytokeratin profile (CK3/12 negative)
[7, 73], presence of vimentin [53–55], CK19 and
specific basement membrane characteristics
[34, 35, 85]. Vimentin and CK19 positive, CK3
negative clusters of cells with unique electron
microscopic morphology have been demon-
strated [54, 55]. Connexin 43 (Cx43), a gap junc-
tion protein, has been noted in human corneal
but not limbal basal epithelium [12,58,96]. It has
been proposed that absence of Cx43 segregates
cells from adverse events generated in neigh-
bouring cells and helps preservation of SC in
their microenvironmental niche [96].

Zhao et al. [98] have recently reported that
limbal epithelial cells cultured in the presence of
mitogens express neural progenitor markers,
specifically nestin. A transcriptional factor, p63
involved in morphogenesis, has been proposed
to identify keratinocyte stem cells at the limbus
[63], but its role as a marker of limbal SC is con-
troversial [25, 46]. Similarly, well defined mark-
ers of haematopoietic SC, namely CD34 and
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Fig. 3.3. A Impression cytology specimen of the hu-
man limbus from an eye bank donor eye. The limbal
cells are smaller, tightly packed and show a greater
nuclear-cytoplasmic ratio. B Montage of the human
limbus, peripheral cornea and conjunctiva

A

B



CD133, have failed to demonstrate any unique
subpopulation of cells at the limbus [25, 47]. An
ATP-binding cassette transporter protein,
ABCG2, is believed to be a marker of a side pop-
ulation of cells that have the ability to efflux
Hoechst 3342 dye [99]. Side population cells that
contain this transporter protein are believed to
be stem cells [36]. Limbus epithelial cells have
been shown to express ABCG2 [94] and these
may represent the subpopulation that contain
the stem cells. The limbal epithelial crypt re-
cently demonstrated by Dua et al. [27] contains
cells that predominantly stain positive for
ABCG2, indicating that the crypt may provide
the niche for corneal epithelial SC (Fig. 3.4).

The above data strongly supports the notion
that progenitor cells exist at the corneoscleral
limbus. Whether these are truly SC as defined in
other organ systems remains to be established.
There is evidence to suggest that SC or progeni-
tor cells for the conjunctival epithelium reside
maximally in the fornices and for goblet cells and
perhaps for conjunctival epithelium may also be
scattered throughout the epithelial surface.

Summary for the Clinician

∑ Evidence for corneal epithelial (limbal)
stem cells:

∑ Clinical:
– Unique palisade architecture
– Centripetal migration from limbus
– Circumferential migration along limbus
– Pigment and other deposits migrating in

columnar manner from limbus
– Larger corneal epithelial wounds 

(closer to limbus) heal faster
– Second wounds heal faster
– Relative resistance of limbus epithelium

to denudation
– Columnar keratopathy
– Limbal deficiency allows conjunctivali-

sation of cornea and persistent epithelial
defects

∑ Scientific:
– Different morphology of limbal cells
– Increased hemidesmosomes at limbus

basal epithelium
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Table 3.1. Differences between epithelial cells of the limbus and central cornea (CK, cytokeratin; CX,
connexin; EGFR, epithelial growth factor receptor)

Limbus Central cornea

CK 5/14+ve CK 5/14–ve
CK 3/12–ve CK 3/12+ve
CK 19+ve CK 19–ve
P63+ve P63–ve but see results in this paper
CX 43–ve CX 43+
Vimentin+ve Vimentin–ve
Intrinsic melanogenesis
Cytochrome oxidase and ATpase+ve
Alpha-enolase+ve Alpha-enolase+ve
Beta-1-integrin+ve Beta-1-integrin+ve
EGFR+ve (strong) EGFR+ve
ABCG2+ve ABCG2–ve

Fig. 3.4. Limbal epithelial crypt: representing a solid
cord of cells extending from the undersurface of a
limbal palisade. These cells are positive for the puta-
tive stem cell marker ABCG2. Haematoxylin stained
cryo section, ¥100



– Increased mitosis rates at limbus
– Increased proliferative potential 

of limbal basal cells
– Absence of cytokeratin 12 in limbal 

basal cells
– Absence of gap junctions in limbal 

basal cells
– Presence of certain enzymes such 

as alpha-enolase and ABCG2
– Different basement characteristics 

at limbus compared to central cornea
– Presence of limbal epithelial crypts

(niche)

3.4
Limbal Stem Cell Deficiency

3.4.1
Causes of Limbal Stem Cell Deficiency

Stem-cell deficiency can be congenital or ac-
quired. Congenital SC deficiency occurs as a re-
sult of hereditary aplasia of limbal stem cells as
occurs in aniridia and congenital erythrokera-
todermia. More often though, stem cell defi-
ciency is acquired as a result of extraneous in-
sults that acutely or chronically destroy limbal
stem cells. These include chemical or thermal
injuries, ultraviolet and ionising radiation,
Stevens-Johnson syndrome, advanced ocular
cicatricial pemphigoid, multiple surgery or
cryotherapy, contact lens wear, or extensive/
chronic microbial infection such as trachoma.
Keratitis associated with multiple endocrine de-
ficiencies, neurotrophic (neural and ischaemic)
keratopathy and chronic limbitis also lead even-
tually to SC deficiency but are less common [13,
18, 24, 33, 41, 42].

Summary for the Clinician

∑ Causes of limbal stem cell deficiency:
∑ Congenital: aniridia, erythrokeratodermia

Acquired:
– Chemical and thermal burns
– Chronic inflammatory disorders
– Progressive cicatrisation conditions –

OCP, SJS
– Prolonged contact lens wear
– Multiple ocular surface surgery

– Medicamentosa including preservatives
– Idiopathic

3.4.2
Effects of Limbal Stem Cell Deficiency
(Modified from Dua et al. [25])

The hallmark of limbal stem cell deficiency is
‘conjunctivalisation’ of the cornea and the most
significant clinical manifestation is a persistent
corneal epithelial defect.

The clinical symptoms of limbal deficiency
may include decreased vision, photophobia,
tearing, blepharospasm, and recurrent episodes
of pain (epithelial breakdown), as well as a his-
tory of chronic inflammation with redness.

Depending on the extent of limbal involve-
ment, SC deficiency can be partial or total. Par-
tial SC deficiency may vary in extent to involve
the pupillary area, when intervention is usually
required, or exclude the visual axis when none
or minimal intervention with topical medica-
tion may be required. Further, partial SC defi-
ciency may vary in severity from mild, when
only an abnormal epithelial sheet covers a vari-
able area of the cornea, to severe when a part of
the cornea, usually including the pupillary area,
is covered by a thick fibrovascular pannus.

The clinical features of SC deficiency, from
mild to severe, include the following [13, 14, 18,
21, 22, 24, 43, 64, 88]: (a) loss of limbal anatomy,
(b) irregular, thin epithelium, (c) stippled fluo-
rescein staining of the area covered by abnor-
mal epithelium, (d) unstable tear film, (e) fila-
ments and erosions, (f) superficial and deep
vascularisation, (g) persistent epithelial defects
leading to ulceration, melting and perforation,
(h) fibrovascular pannus, and (i) scarring, kera-
tinisation and calcification.
1. Loss of limbal anatomy: The normal limbal

architecture with rows of palisades and the
perilimbal vascular arcade is usually best de-
fined at the superior and inferior limbus. The
architecture may vary depending on age of
the individual. With increasing age the defi-
nition of palisades becomes less distinct
nasally and temporally. Pigmentation of the
limbal palisades is a feature in some races.
Alterations in limbal anatomy include con-
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tiguous or patchy fluorescein staining of
conjunctiva derived cells at the limbus and
extending onto the peripheral cornea, seg-
mental limbal hyperaemia indicating chron-
ic inflammation, thickening of limbal epithe-
lium, vascularisation of peripheral cornea
and scarring (Figs. 3.1B, 3.5A, B).

2. Irregular, thin epithelium: When the initial
injury is mild and superficial or the disease
process leading to stem cell deficiency is
slowly progressive, loss of a segment of
limbal epithelium may occur without signif-
icant damage to the substratum. A sheet of
conjunctival/metaplastic epithelium conse-
quently covers the cornea without any no-
table vascularisation. This epithelium is usu-
ally thin and irregular as can be seen by the
pooling of fluorescein dye at the junction of
the abnormal and remaining normal epithe-
lium (Fig. 3.6, see also Fig. 3.11A) [14].

3. Stippled fluorescein staining of the area cov-
ered by abnormal epithelium: The abnormal
conjunctival/metaplastic epithelium readily
takes up fluorescein dye [43], allowing easy
visualisation of the abnormal cells and their
pattern of distribution. The abnormal fluo-
rescein-staining ‘conjunctivalised’ epitheli-
um may take on the pattern of columns,
whorls or wedges with the broad base to-
wards the limbus and the narrow curving
apex toward the corneal centre (Figs. 3.5A,
3.6) [22].

4. Unstable tear film: The abnormal epithelium
demonstrates a rapid tear film break up time

over it and areas of negative and positive flu-
orescein staining.

5. Tags of loose epithelium, filaments with mu-
cus and recurrent erosions are other features
associated with the abnormal epithelial cov-
er on the cornea.

6. Superficial and deep vascularisation: In
moderate to severe cases of stem cell defi-
ciency, superficial and/or deep vascularisa-
tion of the cornea occurs. It is largely re-
stricted to the area of stem cell deficiency
and may affect a segment of the limbus or the
entire circumference may become involved
(Fig. 3.7).

7. Persistent epithelial defects (Fig. 3.8): Chron-
ic non-healing ulceration of the corneal
epithelium or cycles of repeated breakdown
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Fig. 3.5. A Signs of mild limbal stem cell deficiency – peripheral conjunctivalisation highlighted with fluo-
rescein staining. The junction of corneal and conjunctival phenotypes of epithelia is marked with arrows.
B Peripheral vascularisation with loss of limbal architecture

A B

Fig. 3.6. Peripheral conjunctivalisation with pooling
of dye and stippled staining of the abnormal epitheli-
um, between 12 and 3 o’clock



followed by healing, associated with a chron-
ic low grade inflammation, is a feature of lim-
bal stem cell deficiency. These defects are li-
able to lead to deep stromal infiltrates that
may or may not be related to infection. The
edges of the epithelial defect have a distinct
rolled-up or heaped appearance. Over time,
progressive melting of the corneal stroma
with perforation can occur.

8. Fibrovascular pannus: In moderate to severe
cases of stem cell deficiency, epithelial cover
of the denuded cornea is associated with en-
croachment of fibrovascular tissue of vary-

ing thickness (Figs. 3.7, 3.8) [49]. This tissue
supports the thickened multilayered con-
junctiva derived epithelium.

9. Scarring, keratinisation and calcification:
The end stage of the aftermath of limbal stem
cell deficiency, whatever the cause, is scar-
ring and eventually calcification of the
affected tissue. Usually by this stage the in-
flammation has subsided and the eye is com-
paratively comfortable. In patients who have
associated severe dry eyes the covering ep-
ithelium becomes totally or partially kera-
tinised (Fig. 3.9A, B).
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Fig. 3.7. Superficial and deep vascularisation with a
fibrovascular pannus encroaching on the cornea fol-
lowing chemical burn in which 9.5 clock hours of the
limbus and 60% of the conjunctiva were involved
(clinical grade – 9.5/60%) (with permission from Br J
Ophthalmol: Dua et al. 2001; 85:1379–1383)

Fig. 3.8. Persistent epithelial defect and fibrovascu-
lar pannus on cornea related to total stem cell defi-
ciency following unilateral alkali (cement) burn
(clinical grade 12/65%) (with permission from Br J
Ophthalmol: Dua HS and Azuara-Blanco A 2000;
84:273–278)

Fig. 3.9. A Right eye of patient with 10 clock hours of
limbus and 70% conjunctival involvement following
a chemical (alkali) burn. B Left eye of same patient
with 12 clock hours of limbs and 90% conjunctival in-

volvement (clinical grade 10/70% RE, 12/90% LE).
Scarring, vascularisation, adhesions and some kera-
tinisation are present. The lids on both sides were also
severely damaged

A B



Summary for the Clinician

∑ Effects of limbal stem cell deficiency
– Mild Æ severe
– Loss of limbal anatomy
– Conjunctival epithelial ingress onto

cornea – stippled fluorescein staining
– Columnar keratopathy
– Unstable tear film over affected area
– Frank conjunctivalisation
– Corneal vascularisation – 

superficial and deep
– Fibrovascular pannus covering corneal

surface
– Persistent epithelial defect
– Stromal melting
– Perforation, scarring, calcification
– Keratinisation

3.4.3
Diagnosis of Stem Cell Deficiency

The diagnosis of stem cell deficiency remains
essentially clinical. On slit lamp biomicroscopic
examination, the conjunctivalised cornea pres-
ents a dull and irregular reflex. The epithelium
is of variable thickness and translucent to
opaque. Conjunctival epithelium on the cornea
appears to be more permeable than corneal ep-
ithelium and takes up fluorescein stain in a stip-
pled or punctate manner. In cases of partial
conjunctivalisation of the cornea, fluorescein

dye tends to pool along the junction of the
sheets of corneal and conjunctival epithelial cell
phenotypes.At this junction, the corneal epithe-
lial sheet shows tiny processes or undulations
that give the junction its characteristic appear-
ance.

Loss of architecture of the limbal palisades of
Vogt and vascularisation are other common fea-
tures. When damage is extensive, vascularisa-
tion occurs in the form of fibrovascular pannus,
which increases the thickness of the affected
area of the cornea. However, the underlying
corneal stroma may be considerably thinned by
the initial insult of disease process.

The presence of goblet cells on impression
cytology specimens taken from the corneal sur-
face or in biopsy specimens of the fibrovascular
pannus covering the cornea is pathognomonic
of conjunctivalisation of the cornea (Fig. 3.10A)
[25, 69]. Biopsy specimens also demonstrate a
multilayered, at times keratinised epithelium
overlying dense fibrous and vascular tissue
(Fig. 3.10B). Intraepithelial lymphocytes, which
are a feature of conjunctival epithelium, are also
seen on conjunctivalised corneal epithelium.
These are predominantly CD8+/*HML-1 + cells
(cytotoxic T lymphocytes expressing the hu-
man mucosal lymphocyte antigen) [23, 25]. Fea-
tures of squamous metaplasia or loss of cornea
specific cytokeratins (CK 3/12) on immunohis-
tology are other effects noted on biopsy speci-
mens.
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Fig. 3.10. A Impression cytology from surface of cornea with stem cell deficiency and a fibrovascular pannus
showing goblet cells. PAS stain, ¥400. B Biopsy of fibrovascular pannus showing multilayered epithelium,
vascularisation and intraepithelial lymphocytes along the basal layers

A B



Summary for the Clinician

∑ Diagnosis of limbal stem cell deficiency
– Essentially clinical
– Impression cytology – goblet cells on

cornea pathognomic
– Biopsy – multilayered epithelium,

intraepithelial lymphocytes, vessels
– Vimentin and CK 19 positive cells in 

central cornea (normally present 
in peripheral cornea and limbus)

3.5
Limbal Transplant Surgery

3.5.1
Principles

Management of stem cell deficiency can be con-
sidered in the following steps:

After Acute Injury. When a patient presents
after an acute insult it should be ascertained
whether the involvement of the limbus is partial
or total. This can be done by use of fluorescein
stain and slit lamp examination. If partial,
appropriate medication required for the under-
lying cause and to control inflammation should
be initiated. The eye should be examined at 24-
or 48-h intervals and the process of re-epithe-
lialisation observed. If this is occurring from the
remaining intact limbal epithelium [21], this
should be encouraged and any attempt at re-ep-
ithelialisation from the conjunctival epithelium
should be discouraged by sequential sectoral
conjunctival epitheliectomy (SSCE, see below)
[14, 15]. If total, allow the cornea to be covered by
conjunctival epithelium, if possible, before con-
templating surgical intervention. This may take
several days. The guiding principle should be
that corneal epithelial cover for cornea and con-
junctival epithelial cover for conjunctiva is the
ideal end result but conjunctival epithelial cov-
er for cornea is preferable to no epithelial cover
to cornea.

In Established Cases. The principles underly-
ing surgical procedures involving limbal stem
cells are firstly to expand the corneal epithelial

sheet derived from any existing sector of limbus
in the affected eye. This can be achieved by
SSCE (see below) [14, 15], especially if the cornea
is partially covered by a layer of thin, metaplas-
tic, conjunctivalised epithelium. If no healthy
sector of limbus is available in the affected eye
and if the other eye is normal with a positively
documented absence of involvement in the
original injury, autologous limbal transplanta-
tion should be considered. If the other eye is
also affected or the underlying condition is a
systemic illness such as Stevens-Johnson syn-
drome, allografts from a living related donor or
from a cadaver donor should be considered. In
the acute stage of limbal stem cell deficiency, for
example acute chemical burns, auto-limbal or
living related donor limbal transplants should
be avoided at all costs. The chances of the trans-
planted material becoming caught up in the in-
flammatory and scarring process are high with
loss of a valuable resource for future recon-
struction.Use of auto or living related donor tis-
sue, if available, should be attempted in quiet
eyes. All the above procedures can be comple-
mented with amniotic membrane transplanta-
tion. Penetrating keratoplasty may be combined
with or following any of these procedures.

Limbal transplantation involves taking a
lamellar strip of limbal tissue, usually with
some adjacent peripheral cornea and/or con-
junctiva and transplanting it to a suitably pre-
pared bed in the host eye. Sutures are usually
required to keep the donor graft in place.

3.5.2
Preoperative Considerations

All associated lid abnormalities, intraocular
pressure problems and presence of cataract
should ideally be dealt with prior to undertaking
ocular surface restorative surgery. Symble-
pharon correction with amniotic membrane or
buccal mucosa graft should also precede stem
cell grafting. At times, if a corneal graft proce-
dure is being contemplated at the time of stem
cell grafting, it can be combined with cataract
extraction and lens implantation.When an intu-
mescent cataract is associated with raised pres-
sure, corneal grafting may become a necessity if

3.5 Limbal Transplant Surgery 45



a dense fibrovascular pannus or corneal scar
precludes visualisation of the interior of the eye.

Patients with limbal SC deficiency and con-
junctivalised corneal surface tend to manifest
persistent chronic inflammation. Stem cell
grafts do not perform well in the presence of in-
flammation and can be destroyed by the inflam-
matory and scarring processes. Ideally inflam-
mation should be controlled and the eye
rendered as quiet as possible with the use of
topical and systemic steroids or other immuno-
suppressants which may become necessary in
some conditions such as Stevens-Johnson syn-
drome and ocular cicatricial pemphigoid.

Most stem cell grafts do not survive in a dry
(eye) environment. At times the injurious insult
resulting in stem cell deficiency also results in a
severe dry eye state. In such situations, if topical
lubricants including autologous serum drops,
punctal occlusion and buccal mucosa grafts do
not restore adequate moisture to the ocular sur-
face, a keratoprothesis procedure should be
considered.

Summary for the Clinician

∑ Treatment algorithm
∑ General principles:

– Manage underlying factors, e.g.,
chronic inflammation, contact lens wear,
topical medications

– Topical lubrication
– All associated problems, e.g., raised 

pressure, conjunctival adhesions,
lid malpositions, should be addressed
before undertaking ocular surface
reconstruction

– Limbal transplants do not perform well
in dry eyes

∑ In acute limbus injury:
– If partial, i.e. some limbus is surviving –

allow corneal epithelialisation to occur
from limbus derived cells – SSCE

– If total:
a) Allow conjunctival epithelium 

to grow onto cornea
b) Transplant sheet of ex vivo expanded

limbal epithelial cells
c) Avoid use of autologous or living 

related donor tissue until acute 
inflammation is well under control

∑ In established cases:
– Treat eye lid problems, glaucoma and

conjunctival adhesions first
– Partial or total
– Partial:

a) Visual axis not involved: sympto-
matic, lubricants of SSCE

b) Visual axis involved: SSCE
c) Dense fibrovascular pannus:

sector limbal transplant
Total:
a) Unilateral: auto-limbal transplant
b) Ex vivo expansion of autologous 

limbal cells
c) Bilateral: allo-limbal transplant
d) Ex vivo expansion of cells (living 

related, living non-related, cadaver)
e) Amniotic membrane and autologous

serum drops as adjuncts
f) Allo-transplants require systemic 

immunosuppression

3.6
Surgical Techniques

3.6.1
Sequential Sector Conjunctival
Epitheliectomy (SSCE) [14, 15] 
(Figs. 3.11, 3.12)

In cases with partial, mild to moderate conjunc-
tivalisation of the cornea, without significant fi-
brovascular pannus, removal of the conjuncti-
valised epithelium is all that is required. This
can be achieved at the slit lamp under topical
anaesthesia, using a crescent blade or a surgical
knife. It is important to remove all conjunctival
epithelium, especially along its line of contact
with the remaining corneal epithelium. Follow-
ing removal of conjunctival epithelium from the
corneal surface, it is important to closely moni-
tor the patient to ensure that the denuded sur-
face is re-epithelialised by cells derived from the
remaining corneal epithelial sheet, i.e. limbal
derived cells and not by conjunctival cells. This
can be effected by repeatedly debriding (se-
quential epitheliectomy) any conjunctival ep-
ithelium that encroaches upon the limbus until
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the limbus and corneal surface is re-populated
by limbal epithelium derived cells.

In cases where only 1 or 2 clock hours of lim-
bal epithelium is surviving, it may be appropri-
ate to attempt re-epithelialisation of the visual
axis only, with limbal derived cells. An area cor-
responding to the visual axis is debrided off its
conjunctival epithelial cover and re-epitheliali-
sation with limbal derived cells is achieved. This

has the theoretical advantage of not overstress-
ing the small remaining sector of limbal ‘stem’
cells. This technique of SSCE can also be useful-
ly combined with limbal transplant to allow
cells derived from transplanted limbal tissue
(auto or allo) to re-populate the host corneal
surface without ‘contamination’ from conjuncti-
val epithelium (see below).
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Fig. 3.11 A–D. Sequential sector conjunctival ep-
itheliectomy (SSCE, H.S. Dua). A Conjunctivalisation
of the cornea involving the visual axis following
chemical injury. The demarcation between the two
phenotypes of cells is clearly visible. B Appearance
immediately after removing the abnormal epithelium
(epitheliectomy). C The corneal epithelial sheet is mi-
grating across the surface but the conjunctival epithe-

lium too has started to re-encroach on the cornea.
D After complete healing, the visual axis is now 
covered by healthy corneal epithelium. A new line of
contact between conjunctival and corneal epithelium
is established (fluorescein stained anterior segment
photographs). The patient’s vision improved from
3/18 to 6/9 (with permission from Br J Ophthalmol:
Dua HS 1998; 82:1407–1411)
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3.6.2
Auto-limbal Transplantation 
(Figs. 3.13, 3.14)

In patients where total stem cell deficiency 
affects only one eye, an auto-limbal transplant
procedure is the ideal option [6, 19, 42, 48, 49, 88,
89]. It is important, however, to be absolutely
certain that the donor eye was not involved at
the time of the initial injury. In unilateral mani-
festations of systemic diseases,harvesting tissue
from the apparently normal eye is not recom-
mended.

The surgical technique consists of the follow-
ing steps (the author’s [19] modified technique
is described): (a) a 16-mm Flieringa ring is su-
tured in place when the procedure is to be com-
bined with a corneal graft (and lens extraction
with implant). A 360° peritomy is first per-
formed in the recipient eye. (b) The fibrovascu-
lar pannus covering the corneal surface is dis-
sected off at a suitable plane. Any bleeding
points are individually cauterised with light
diathermy. (c) The donor tissue consisting of
corneal-limbal-conjunctival explants is har-
vested from the contralateral normal eye. Two
explants, corresponding to 2 clock hours
(11–1 o’clock and 5–7 o’clock) and consisting of a
very narrow strip (1 mm or less) of peripheral
cornea, limbus and 3 mm of bulbar conjunctiva,
are harvested. The conjunctival area to be re-
moved is marked with a surgical marker pen.
The conjunctiva is incised superficially with a
pair of scissors and dissected in a superficial
plane up to the limbus.An angled bevelled blade
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Fig. 3.12. A Conjunctivalisation of the superior
cornea involving the visual axis. B, C After SSCE with-
out and with fluorescein stain, respectively. The visu-
al axis is now clear

A

B

C

Fig. 3.13 A, B. Diagrammatic representation of autologous limbal transplantation. A Positioning of explants
on recipient limbus at the 12 and 6 o’clock positions without or with (B) a corneal graft (with permission from
Br J Ophthalmol: Dua HS, Azuara-Blanco A 2000; 84:273–278)



is used to (lamellar) dissect the corresponding
limbal area extending into peripheral cornea to
just inside (central) to the vascular arcade. (d)
Suitable beds may be prepared at the superior
and inferior limbus of the recipient eye by using
the excised explants as templates to mark the
area to be prepared. This is not always essential.
(e) The donor tissue is then sutured onto the re-
cipient eye with two interrupted 10-0 nylon su-
tures at the corneal margin and two along the
scleral edge of the explant. Care should be taken
not to bury the knots in the explant tissue as this
could strip the explants off when attempting to
remove the sutures in the postoperative period.
At times the knots may be left unburied to facil-
itate removal. The conjunctiva of the recipient
eye is then approximated to the donor conjunc-
tiva with interrupted 8-0 Vicryl sutures (ab-
sorbable), taking a bite into episclera. (f) When
a penetrating keratoplasty is also required, this
is performed after the limbal explants are first
sutured in place. (g) A bandage contact lens is
placed on the cornea and subconjunctival an-
tibiotics and corticosteroids are injected at the
end of the procedure.

Adjunctive use of amniotic membrane can
be made either as a graft to provide a suitable
bed for limbal explant derived epithelial cells to
grow on the cornea and/or as a patch to prevent
conjunctival epithelial cells from extending
onto the cornea and admixing with the limbal
explant derived cells (see below).

3.6.3
Allo-limbal Transplantation

3.6.3.1
Living Related Donor

When a living related donor, who is tissue
matched to the recipient, is available, tissue is
harvested from one donor eye and used on the
recipient eye exactly as described above for
auto-limbal transplantation [10, 70].
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Fig. 3.14 A–C. Auto-limbal transplantation. A Pre-
operative persistent epithelial defect following an al-
kali (cement) burn as shown in Fig. 3.8. B Postopera-
tive status after auto-limbal transplants at the 6 and
12 o’clock positions. The patient’s eye is stable over
5 years postoperatively (with permission from Br J
Ophthalmol: Dua HS, Azuara Blanco A 2000;
84:273–278. C Donor site for autologous limbal trans-
plant, stained with fluorescein. Note that the central
edge of the removed tissue needs to extend just cen-
tral to the limbal vascular arcade
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3.6.3.2
Cadaver Donor

In most instances, limbal tissue is obtained
from cadaver donor eyes [16, 41, 42, 48, 81–83, 88,
89, 91]. In such an event, tissue matching is not
usually practical. In the author’s protocol, a pair
of ‘fresh’ donor eyes is used within 48 h of death.
Donor eye retrieval should be done within 24 h
of death and surgery within the next 24 h.
Donor age of less than 50 years is preferred.
‘Fresh’ and ‘young’ donor eyes are preferred be-
cause the success of the procedure depends on
the transplantation of healthy limbal stem cells.

The surgical technique consists of the follow-
ing steps (the author’s technique [16] is de-
scribed) (Fig. 3.15): Donor limbus tissue is pre-
pared before the patient is anaesthetised. (a)
The donor eyeball is inflated with air (1–2 ml),
injected through the stump of the optic nerve,
to make the globe firm. (b) The globe is fixed on
a Tudor Thomas stand. A vacuum (or manual)
trephine with a diameter 3 mm smaller than the

corneal diameter (i.e., average of vertical and
horizontal corneal diameter) is used to trephine
the central donor cornea to one-fourth to one-
fifth of the stromal depth (approximately
150 mm). Proper centration is important to en-
sure that a uniform width of peripheral cornea
is obtained. (c) Superficial lamellar dissection
of the peripheral cornea is then carried out us-
ing an angle bevelled blade, and extended into
the sclerocorneal junction and 1 mm beyond,
into sclera. Approximately 1–2 mm of donor
conjunctiva, if present, is maintained. The dis-
sected tissue is divided at one point and exci-
sion completed with a curved scissors, by cut-
ting along the outer circumference of the
dissected tissue. The limbal tissue to be grafted
thus consists of an open ring of peripheral
corneal and limbal epithelium (and conjuncti-
val epithelium at places), and superficial
corneal, limbal and scleral stroma. (d) Prepara-
tion of the recipient eye is similar to that de-
scribed for auto-limbal transplantation except
that a ‘bed’ is not prepared to receive the limbal
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Fig. 3.15 A–E. Diagrammatic representation of allo-
limbal transplantation. A Injection of air to firm the
donor globe. B Harvesting the limbal circumference
from the donor globe. C Positioning of explants on re-
cipient limbus without C or with D a corneal graft. As

the donor explant is placed slightly peripheral to the
recipient limbus, more than one donor may be re-
quired as shown. E Combined allo-limbal transplant
and corneal graft (with permission from Br J Oph-
thalmol: Dua HS, Azuara-Blanco A 1999; 83:414–419
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ring explant. The ‘open ring’ of donor tissue is
placed on the host limbus and sutured with in-
terrupted 10-0 nylon sutures at the corneal and
scleral margin. Six to eight sutures are first
passed along the inner (corneal) edge of the
donor tissue and partial thickness of host
corneal stroma.A similar number of sutures are
then passed directly opposite to the inner su-
tures, along the outer (scleral) edge of the donor
tissue. These are anchored to the superficial
sclera of the host. The tension on these sutures
determines the final tension on the inner su-
tures. The knots are trimmed and buried. (e)
This method invariably leaves a small gap (ap-
proximately 5–8 mm) between the two ends of
the donor tissue ring (superiorly). This is filled
with a piece of donor limbal tissue, cut to size,
harvested from the other eye of the same donor.
This piece usually requires a couple of addition-
al sutures along either edge. (f) The host con-
junctiva is approximated to the scleral edge of
the transplanted limbal ring with interrupted 
8-0 Vicryl sutures (absorbable). (g) A penetrat-
ing keratoplasty if required at the time of sur-
gery is performed after the limbal ring is su-
tured in place. The donor graft for penetrating
keratoplasty (usually 7–7.5 mm) is obtained
from the central cornea of the donor whole
globe. (h) A bandage contact lens is placed on
the cornea and subconjunctival antibiotics and

corticosteroids are injected at the end of the
procedure.

Adjunctive use of amniotic membrane can
be made either as a graft to provide a suitable
bed for limbal explant derived epithelial cells to
grow on the cornea and/or as a patch to prevent
conjunctival epithelial cells from extending
onto the cornea and admixing with the limbal
explant derived cells (see below).

3.6.4
Adjunctive Surgery

3.6.4.1
Amniotic Membrane Grafts

The amniotic membrane serves as a useful ad-
junct to stem cell grafting [2, 17, 26, 50, 77, 90]. It
is commonly deployed to provide a suitable
substratum for the transplanted limbal graft
derived epithelial cells to migrate on and form
adhesion complexes. After excision of the fibro-
vascular tissue, if the underlying host bed is
found to be irregular and scarred, use of a 9- or
10-mm disc of amniotic membrane, epithelial
side up, can provide a suitable substratum for
the transplanted limbal derived epithelial cells
to migrate upon. The amniotic membrane can
also be deployed as a biological bandage to the
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Fig. 3.16 A, B. Use of double amniotic membrane to
prevent admixture of conjunctival and corneal ep-
ithelium on the corneal surface. A The inner mem-
brane disc is sutured with the epithelial surface up to
act as a graft and substrate for the cells to grow on,

and the outer membrane, epithelial side down, acts as
a patch. B Regenerating cells from the peritomised
conjunctiva are seen growing on the outer mem-
brane. In the absence of the outer membrane (patch)
these would have encroached on the corneal surface
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denuded corneal stroma, allowing epithelialisa-
tion to occur beneath it whilst trapping inflam-
matory cells and downregulating inflammation
and scarring at the same time. Two amniotic
membranes, one inner one serving as a graft
and one outer membrane serving as a patch, can
be simultaneously applied. The outer mem-
brane is sutured such that its edges are tucked
under the peritomised conjunctiva. Conjuncti-
va derived epithelium then grows on the outer
membrane and is prevented from admixing
with limbus-derived epithelium that is spread-
ing onto the corneal surface. This technique was
developed by the author and is regularly em-
ployed [26] (Fig. 3.16). It avoids the need for
SSCE postoperatively. The outer membrane falls
off or can be removed in 10–14 days. For further
details on amniotic membrane, see Chap. 2 on
amniotic membrane transplantation.

3.6.4.2
Ex Vivo Expansion of Limbal Cells

Limbal ‘stem cell’ transplantation can also be
carried out by ex vivo expansion of limbal ep-
ithelial cells, either directly or on a substrate of
fibrin, collagen or amniotic membrane [26, 62,
74, 75, 87].

3.6.4.3
Corneal Grafts

Lamellar or full thickness corneal grafts can be
combined with auto- or allo-limbal transplanta-
tion. This may be necessary when the cornea
damage is severe and when it is considered that
the host corneal bed will not support a healthy
epithelium despite use of an amniotic mem-
brane. In general terms, a definitive corneal
graft for visual purposes should be deferred un-
til ocular surface epithelial integrity has been
restored by limbal transplantation. However, in
a recent study using limbal tissue remaining
after keratoplasty from organ cultured cor-
neoscleral discs, we have shown that such tissue
(where the death to enucleation time and the
time lapse between enucleation to placement in
organ culture is short and where the donor is
relatively young) retains good proliferative ca-
pacity for up 30 days in storage (V. Shanmu-

ganathan, submitted to Br J Ophthalmol 2005).
This offers the opportunity to carry HLA typing
and matching and also allows for depletion of
antigen presenting Langerhans cells. It should
therefore be possible to use organ culture pre-
served corneoscleral discs for simultaneous
allo-limbal transplant and keratoplasty with
reduced risk of immune mediated rejection.

3.6.5
Postoperative Treatment

Topical preservative-free antibiotic drops such
as chloramphenicol 0.5% are used four times a
day for the first month. Topical preservative-
free steroid drops such as prednisolone acetate
1% are used four times a day for the first
8–12 weeks, and slowly tapered during the ensu-
ing weeks. A low dose of topical corticosteroids
(one drop per day) is maintained unless eleva-
tion of intraocular pressure occurs. Autologous
serum eyedrops (20%) [52, 92, 93] are given
hourly until the epithelialsation is complete,
usually in 7–10 days. Preservative free artificial
tears are then instituted. It is important to close-
ly monitor the re-epithelialisation process until
completed. Any attempt by conjunctiva derived
cells to encroach onto the corneal surface
should be thwarted by SSCE, until the periphery
(limbus) of the host cornea is re-epithelialised
by limbus derived cells.

All patients undergoing allo-limbal trans-
plantation also need systemic immunosuppres-
sion. Besides steroids, azathioprine, cyclosporin
A, rapamycin, mycophenolate mofetil and
tacrolimus (FK506, Prograf) have been used [11,
72, 78, 97]. Theoretically, immunosuppression
should be continued almost indefinitely. The
author has used cyclosporin A and of late FK506
up to 18 months postoperatively [78]. Attempts
to reduce or stop the drug have resulted in lim-
bal and/or corneal graft rejection episodes. For-
tunately, the dose required to prevent or control
rejection episodes is very low (2–8 mg/day,
maintaining a blood trough level of 1–12 mg/l).
Serious side effects, though they occur, are not
very common, but require constant monitoring
of patients and measures of kidney and liver
functions. It is good practice to involve a clinical
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immunologist or a physician versed in im-
munosuppressive therapies in the management
and monitoring of these patients.

Successful stem cell grafting is a team effort
involving the corneal and oculoplastic surgeons
in close cooperation with the clinical immunol-
ogist. Often multiple surgical procedures are re-
quired and visual outcome, though useful from
the patients’ viewpoint, may be limited. The
threat of limbal graft rejection is real and con-
siderable. The all-important question of the du-
ration of systemic immunosuppression remains
to be answered. Not all long-term DNA tracking
studies on recipient eyes have been able to show
presence of donor derived cells even in the pres-
ence of a healthy corneal surface [38–40, 71, 76].
This would suggest that restoration of a normal
surface and ‘microenvironment’ may allow host
stem cells, either surviving limbal stem cells or
bone marrow derived stem cells, to repopulate
the surface. In this situation long-term im-
munosuppression would not be a necessity. On
the other hand, long-term follow-up studies
have also demonstrated that the outcome of
allo-limbal transplant is not as good as that of
auto-limbal transplant. This may reflect chronic
‘immune mediated’ damage and attrition of the
transplanted limbal stem cells or the relative
‘freshness’ of auto grafts, conferring upon them
a survival advantage.

References

1. Alison MR, Poulsom R, Forbes S, Wright NA
(2002) An introduction to stem cells. J Pathol
197:419–423

2. Azuara-Blanco A, Pillai CT, Dua HS (1999) Amni-
otic membrane transplantation for ocular surface
reconstruction. Br J Ophthalmol 83:399–402

3. Bishop AE, Buttery LD, Polak JM (2002) Embry-
onic stem cells. J Pathol 197:424–429

4. Buck RC (1979) Cell migration in repair of mouse
corneal epithelium. Invest Ophthalmol Vis Sci
18:767–784

5. Buck RC (1985) Measurement of centripetal mi-
gration of normal corneal epithelial cells in the
mouse. Invest Ophthalmol Vis Sci 26:1296–1299

6. Chiou AG-Y, Florakis GJ, Kazim M (1998) Man-
agement of conjunctival cicatrizing diseases and
severe ocular surface dysfunction. Surv Ophthal-
mol 43:19–46

7. Cooper D, Schermer A, Sun TT (1985) Classifica-
tion of human epithelia and their neoplasms us-
ing monoclonal antibodies to keratins: strategies,
applications, and limitations. Lab Invest 52:243–
256

8. Cotsarelis G, Cheng SZ, Dong G, Sun TT, Lavker
RM (1989) Existence of slow-cycling limbal ep-
ithelial basal cells that can be preferentially stim-
ulated to proliferate: implications on epithelial
stem cells. Cell 57:201–209

9. Davanger M, Evensen A (1971) Role of the peri-
corneal papillary structure in renewal of corneal
epithelium. Nature 229:560–561

10. Daya SM, Holland EJ, Mannis M (2001) Living re-
lated conjunctival limbal allograft. In: Holland EJ,
Mannis MJ (eds) Ocular surface disease, medical
and surgical management, Chap 17. Springer, New
York, pp 201–207

11. Djalilian AR, Nussenblatt RB, Holland EJ (2001)
Immunosuppressive therapy in ocular surface
transplantation. In: Holland EJ, Mannis MJ (eds)
Ocular surface disease, medical and surgical
management, Chap 22. Springer, New York, pp
243–252

12. Dong Y, Roos M, Gruijters T, Donaldson P, Bulli-
vant S, Beyer E (1994) Differential expression of
two gap junction proteins in corneal epithelium.
Eur J Cell Biol 64:95–100

13. Dua HS (1995) Stem cells of the ocular surface:
Scientific principles and clinical applications. Br J
Ophthalmol 79:968–969

14. Dua HS (1998) The conjunctiva in corneal epithe-
lial wound healing. Br J Ophthalmol 82:1407–1411

15. Dua HS (2001) Sequential sector conjunctival ep-
itheliectomy. In: Holland EJ, Mannis MJ (eds) Oc-
ular surface disease, medical and surgical man-
agement, Chap 14. Springer, New York, pp 168–174

16. Dua HS, Azuara-Blanco A (1999) Allo-limbal
transplantation in patients with limbal stem-cell
deficiency. Br J Ophthalmol 83:414–419

17. Dua HS, Azuara-Blanco A (1999) Amniotic mem-
brane transplantation. Br J Ophthalmol 83:748–
752

18. Dua HS, Azuara-Blanco A (2000) Limbal stem
cells of the corneal epithelium. Surv Ophthalmol
44:415–425

19. Dua HS,Azuara-Blanco A (2000) Autologous lim-
bal transplantation in unilateral stem cell defi-
ciency. Br J Ophthalmol 84:273–278

20. Dua HS, Forrester JV (1987) Clinical patterns of
corneal epithelial wound healing. Am J Ophthal-
mol 104:481–489

21. Dua HS, Forrester JV (1990) The corneoscleral
limbus in human corneal epithelial wound heal-
ing. Am J Ophthalmol 110:646–656

References 53



22. Dua HS, Gomes JA, Singh A (1994) Corneal ep-
ithelial wound healing. Br J Ophthalmol 78:401–
408

23. Dua HS, Gomes JAP, Jindal V, Appa SN, Schwart-
ing R, Eagle RC Jr, Donoso LA, Laibson PR (1994)
Mucosa specific lymphocytes in the human con-
junctiva, corneoscleral limbus and lacrimal
gland. Curr Eye Res 13:87–93

24. Dua HS, Saini JS, Azuara-Blanco A, Gupta P
(2000) Limbal stem cell deficiency: Concept, aeti-
ology, clinical presentation, diagnosis and man-
agement. Ind J Ophthalmol 48:83–92

25. Dua HS, Joseph A, Shanmuganathan VA, Jones RE
(2003) Stem cell differentiation and effects of
deficiency. Eye 17:877–885

26. Dua HS, Gomes JAP, King AJ, Maharajan S (2004)
The amniotic membrane in ophthalmology. Surv
Ophthalmol 49:51–77

27. Dua HS, Shanmuganathan VA, Powell-Richards
AO, Tighe PJ, Joseph A (2005) Limbal epithelial
crypts – A novel anatomical structure and a puta-
tive limbal stem cell niche. Br J Ophthalmol (in
press)

28. Ebato B, Friend J, Thoft RA (1987) Comparison of
central and peripheral human corneal epithelium
in tissue culture. Invest Ophthalmol Vis Sci
28:1450–1456

29. Ebato B, Friend J, Thoft RA (1988) Comparison of
limbal and peripheral human corneal epithelium
in tissue culture. Invest Ophthalmol Vis Sci
29:1533–1537

30. Eggli P, Boulton M, Marshall J (1989) Growth
characteristics of central and peripheral bovine
corneal epithelial cells in vitro. Graefes Arch Clin
Exp Ophthalmol 227:263–270

31. Friedenwald JSB, Buschke W (1944) Some factors
concerned in the mitotic and wound-healing ac-
tivities of the corneal epithelium. Trans Am Oph-
thalmol Soc 42:371–383

32. Fuchs E, Segre JA (2000) Stem cells: a new lease
on life. Cell 100:143–155

33. Fujishima H, Shimazaki J, Tsubota K (1996) Tem-
porary corneal stem cell dysfunction after radia-
tion therapy. Br J Ophthalmol 80:911–914

34. Gipson IK, Grill SM, Spurr SJ, Brennan SJ (1983)
Hemidesmosome formation in vitro. J Cell Biol
97:849–857

35. Gipson IK, Kiorpes TC (1982) Epithelial sheet
movement: protein and glycoprotein synthesis.
Dev Biol 92:259–262

36. Goodell MA, Rosenzweig M, Kim H, Marks DF, De
Maria M, Paradis G, Grupp SA, Ssieff CA, Mulli-
gan RC, Johnson RP (1996) Isolation and func-
tional properties of murine hematopoietic stem
cells that are replicating in vivo. J Exp Med
183:1797–806

37. Hanna C, O’Brien JE (1960) Cell production and
migration in the epithelial layer of the cornea.
Arch Ophthalmol 64:536–539

38. Henderson TR, Coster DJ, Williams KA (2001)
The long term outcome of limbal allografts: the
search for surviving cells. Br J Ophthalmol
85:604–609

39. Henderson TR, Findlay I, Matthews PL, Noble BA
(2001) Identifying the origin of single corneal
cells by DNA fingerprinting: part I – application
to limbal allografting. Cornea 20:400–403

40. Henderson TR, Findlay I, Matthews PL, Noble BA
(2001) Identifying the origin of single corneal
cells by DNA fingerprinting: part II – application
to limbal allografting. Cornea 20:404–407

41. Holland EJ (1996) Epithelial transplantation for
the management of severe ocular surface disease.
Trans Am Ophthalmol Soc 94:677–743

42. Holland EJ, Schwartz GS (1996) The evolution of
epithelial transplantation for severe ocular sur-
face disease and a proposed classification system.
Cornea 15:549–556

43. Huang AJ, Tseng SC (1991) Corneal epithelial
wound healing in the absence of limbal epitheli-
um. Invest Ophthalmol Vis Sci 32:96–105

44. Janes SM, Lowell S, Hutter C (2002) Epidermal
stem cells. J Pathol 197:479–491

45. Jones PH, Watt FM (1993) Separation of human
epidermal stem cells from transit amplifying cells
on the basis of differences in integrin function
and expression. Cell 73:713–724

46. Joseph A, Powell Richards AOR, Shanmu-
ganathan VA, Dua HS (2004) Epithelial cell char-
acteristics of cultured human limbal explants. Br
J Ophthalmol 88:393–398

47. Joseph A, Hossain P, Jham S, Jones RE, Tighe P,
McIntosh RS, Dua HS (2003) Expression of CD34
and L-selectin on human corneal keratocytes.
Invest Ophthalmol Vis Sci 44:4689–4692

48. Kenyon KR, Rapoza PA (1995) Limbal allograft
transplantation for ocular surface disorders.
Ophthalmology 102 (Suppl):101–102

49. Kenyon KR, Tseng SC (1989) Limbal autograft
transplantation for ocular surface disorders.
Ophthalmology 96:709–22; discussion 722–723

50. Kim JC, Tseng SCG (1995) Transplantation of pre-
served human amniotic membrane for surface
reconstruction in severely damaged rabbit
corneas. Cornea 15:473–484

51. Kinoshita S, Friend J, Thoft RA (1981) Sex chro-
matin of donor corneal epithelium in rabbits. In-
vest Ophthalmol Vis Sci 21:434–441

52. Lagnado R, King AJ, Donald F, Dua HS (2003) A
protocol for low contamination risk of autolo-
gous serum drops in the management of ocular
surface disorders. Br J Ophthalmol 88:464–465

54 Chapter 3 Transplantation of Limbal Stem Cells



53. Lauweryns B, van den Oord JJ, Volpes R, Foets B,
Missotten (1991) Distribution of very late activa-
tion integrins in the human cornea. An immuno-
histochemical study using monoclonal antibod-
ies. Invest Ophthalmol Vis Sci 32:2079–2085

54. Lauweryns B, van den Oord JJ, Missotten L (1993)
The transitional zone between limbus and pe-
ripheral cornea. An immunohistochemical study.
Invest Ophthalmol Vis Sci 34:1991–1999

55. Lauweryns B, van den Oord JJ, De Vos R, Missot-
ten L (1993) A new epithelial cell type in the hu-
man cornea. Invest Ophthalmol Vis Sci 34:1983–
1990

56. Lavker RM, Dong G, Cheng SZ, Kudoh K, Cot-
sarelis G, Sun TT (1991) Relative proliferative
rates of limbal and corneal epithelia. Implications
of corneal epithelial migration,circadian rhythm,
and suprabasally located DNA-synthesizing ker-
atinocytes. Invest Ophthalmol Vis Sci 32:1864–
1875

57. Leblond CP (1981) The life history of cells in re-
newing systems. Am J Anat 160:114–158

58. Matic M, Petrov IN, Chen S, Wang C, Dimitrije-
vich SD, Wolosin JM (1997) Stem cells of the
corneal epithelium lack connexins and metabo-
lite transfer capacity. Differentiation 61:251–260

59. Matsuda M, Ubels JL, Edelhauser HF (1985) A
larger corneal epithelial wound closes at a faster
rate. Invest Ophthalmol Vis Sci 26:897–900

60. Mills JC, Gordon JI (2001) The intestinal stem cell
niche: there grows the neighborhood. Proc Natl
Acad Sci USA 98:12334–12336

61. Morrison SJ, Shah NM,Anderson DJ (1997) Regu-
latory mechanisms in stem cell biology. Cell
88:287–298

62. Pellegrini G, Traverso CE, Franzi AT (1997) Long-
term restoration of damaged corneal surfaces
with autologous cultivated corneal epithelium.
Lancet 349:990–993

63. Pellegrini G, Dellambra E, Golisano O, Martinelli
E, Fantozzi I, Bondanza S (2001) p63 identifies
keratinocyte stem cells. Proc Natl Acad Sci USA
98:3156–3161

64. Pfister RR (1994) Corneal stem cell disease: con-
cepts, categorization, and treatment by auto- and
homotransplantation of limbal stem cells. CLAO J
20:64–72

65. Potten SC,Loeffler M (1987) Epidermal cell prolif-
eration. I. Changes with time in the proportion of
isolated, paired and clustered labeled cells in
sheets of murine epidermis. Virchows Arch 53:
286–300

66. Potten SC, Loeffler M (1990) Stem cells: attrib-
utes,cycles, spirals,pitfalls and uncertainties.Les-
son for and from the crypt. Development 110:
1001–1020

67. Potten CS, Morris RJ (1988) Epithelial stem cells
in vivo. J Cell Sci 10 (Suppl):45–62

68. Poulsom R, Alison MR, Forbes SJ, Wright NA
(2002) Adult stem cell plasticity. J Pathol 197:
441–456

69. Puangsricharern V, Tseng SC (1995) Cytologic
evidence of corneal diseases with limbal stem cell
deficiency. Ophthalmology 102:1476–1485

70. Rao SK, Rajgopal R, Sitalakshmi G, Padmanabhan
P (1999) Limbal allografting from related live
donors for corneal surface reconstruction. Oph-
thalmology 106:822–828

71. Reinhard T, Spelsberg H, Henke L, Kontopoulos T,
Enczmann J, Wernet P, Berschick P, Sundmacher
R, Bohringer D (2004) Long-term results of allo-
geneic penetrating limbo-keratoplasty in total
limbal stem cell deficiency. Ophthalmology 111:
775–782

72. Reis A, Reinhard T, Voiculescu A et al. (1999)
Mycophenolate mofetil versus cyclosporin A in
high risk penetrating keratoplasty. Br J Ophthal-
mol 83:1268–1271

73. Schermer A, Galvin S, Sun TT (1986) Differentia-
tion-related expression of a major 64K corneal
keratin in vivo and in culture suggests limbal lo-
cation of corneal epithelial stem cells. J Cell Biol
103:49–62

74. Schwab IR (1999) Cultured corneal epithelia for
ocular surface disease. Trans Am Ophthalmol Soc
97:891–986

75. Schwab IR, Reyes M, Isseroff RR (2000) Success-
ful transplantation of bioengineered tissue re-
placements in patients with ocular surface dis-
ease. Cornea 19:421–426

76. Shimazaki J, Kaido M, Shinozaki N, Shimmura S,
Munkhbat B, Hagihara M, Tsuji K, Tsubota K
(1999) Evidence of long term survival of donor
derived cells after limbal allograft transplanta-
tion. Invest Ophthalmol Vis Sci 40:1664–1668

77. Shimazaki J,Aiba M, Goto E, Kato N, Shimmura S,
Tsubota K (2002) Transplantation of human lim-
bal epithelium cultivated on amniotic membrane
for the treatment of severe ocular surface disor-
ders. Ophthalmology 109:1285–90

78. Sloper ML, Powell RJ, Dua HS (2001) Tacrolimus
(FK506) in the management of high-risk corneal
and limbal grafts. Ophthalmology 108:1838–1844

79. Spradling A, Drummond-Barbosas D, Kai T
(2001) Stem cells find their niche. Nature 414:98–
104

80. Srinivasan BD, Eakins KE (1979) The reepithelial-
ization of rabbit cornea following single and mul-
tiple denudation. Exp Eye Res 29:595–600

References 55



81. Sundmacher R, Reinhard T (1996) Central corne-
olimbal transplantation under systemic cyclo-
sporin A cover for severe limbal stem cell insuffi-
ciency. Graefes Arch Clin Exp Ophthalmol 234
(Suppl):122–125

82. Sundmacher R, Reinhard T (1998) Homologous
lamellar central limbokeratoplasty in severe lim-
bal stem cell deficiency. Klin Monatsbl Augen-
heilkd 213:254–255

83. Tan DTH, Ficker LA, Buckley RJ (1996) Limbal
transplantation. Ophthalmology 103:29–36

84. Thoft RA, Friend J (1983) The X,Y, Z hypothesis of
corneal epithelial maintenance. Invest Ophthal-
mol Vis Sci 24:1442–1443

85. Thoft RA,Wiley LA, Sundarraj N (1989) The mul-
tipotential cells of the limbus. Eye 3:109–113

86. Townsend WM (1991) The limbal palisades of
Vogt. Trans Am Ophthalmol Soc 89:721–756

87. Tsai RJ, Li LM, Chen JK (2000) Reconstruction of
damaged corneas by transplantation of autolo-
gous limbal epithelial cells. N Eng J Med 3431:
86–93

88. Tseng SC (1989) Concept and application of lim-
bal stem cells. Eye 3:141–157

89. Tseng SCG, Tsubota K (1997) Important concepts
for treating ocular surface and tear disorders.Am
J Ophthalmol 124:825–835

90. Tseng SCG, Prabhasawat P, Barton K, Gray T,
Meller D (1998) Amniotic membrane transplan-
tation with or without limbal allografts for
corneal surface reconstruction in patients with
limbal stem cell deficiency. Arch Ophthalmol
116:431–441

91. Tsubota K, Toda I, Saito H, Shinozaki N, Shimaza-
ki J (1995) Reconstruction of the corneal epitheli-
um by limbal allograft transplantation for severe
ocular surface disorders. Ophthalmology 102:
1486–1496

92. Tsubota K, Satake Y, Ohyama M, Toda I, Takano Y,
Ono M, Shinozaki N, Shimazaki J (1996) Surgical
reconstruction of the ocular surface in advanced
ocular cicatricial pemphigoid and Stevens-John-
son syndrome. Am J Ophthalmol 122:38–52

93. Tsubota K, Satake Y, Shimazaki J (1996) Treat-
ment of severe dry eye. Lancet 348:123

94. Watanabe K, Nishida K, Yamato M, Umemato T,
Sumide T, Yamamoto K, Maeda N, Watanabe H,
Okano T, Tano Y (2004) Human limbal epitheli-
um contains side population cells expressing the
ATP-binding cassette transporter ABCG2. FEBS
Lett 565:6–10

95. Watt FM, Hogan BLM (2000) Out of Eden: stem
cells and their niches. Science 287:1427–1430

96. Wolosin JM, Xiong X, Schutte M, Stegman Z,
Tieng A (2000) Stem cells and differentiation
stages in the limbo-corneal epithelium. Prog
Retin Eye Res 19:223–255

97. Xu KP, Wu Y, Zhou J, Zhang X (1999) Survival of
limbal stem cell allografts after administration
of cyclosporin A. Cornea 18:159–165

98. Zhao X, Das AV, Thoreson WB, James J, Wattnem
TE, Rodriguez-Sierra J (2002) Adult corneal lim-
bal epithelium: a model for studying neural po-
tential of non-neural stem cells/progenitors. Dev
Biol 250:317–331

99. Zhou S, Schuetz JD, Bunting KD, Colapietro AM,
Sampath J, Morris JJ, Lagutina I, Grosveld GC,
Osawa M, Nakauchi H, Sorrentino BP (2001) The
ABC transporter Bcrp1/ABCG2 is expressed in a
wide variety of stem cells and is a molecular de-
terminant of the side-population phenotype. Nat
Med 7:1028–1034

100. Zieske JD (1994) Perpetuation of stem cells in the
eye. Eye 8:163–169

101. Zieske JD, Bukusoglu G, Yankauckas MA (1992)
Characterization of a potential marker of corneal
epithelial stem cells. Invest Ophthalmol Vis Sci
33:143–152

102. Zieske JD, Bukusoglu G,Yankauckas MA,Wasson
ME, Keutmann HT (1992) Alpha-enolase is re-
stricted to basal cells of stratified squamous ep-
ithelium. Dev Biol 151:18–26

103. Zieske JD,Wasson M (1993) Regional variation in
distribution of EGF receptor in developing and
adult corneal epithelium. J Cell Sci 106:145–152

56 Chapter 3 Transplantation of Limbal Stem Cells




