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ABSTRACT

Destruction of the limbus and depletion of
limbal stem cells (LSCs), the adult progenitors
of the corneal epithelium, leads to limbal stem
cell deficiency (LSCD). LSCD is a rare, progres-
sive ocular surface disorder which results in
conjunctivalisation and neovascularisation of
the corneal surface. Many strategies have been
used in the treatment of LSCD, the common
goal of which is to regenerate a self-renewing,
transparent, and uniform epithelium on the
corneal surface. The development of these
techniques has frequently resulted from col-
laboration between stem cell translational sci-
entists and ophthalmologists. Direct
transplantation of autologous or allogeneic
limbal tissue from a healthy donor eye is
regarded by many as the technique of choice.
Expansion of harvested LSCs in vitro allows

smaller biopsies to be taken from the donor eye
and is considered safer and more acceptable to
patients. This technique may be utilised in
unilateral cases (autologous) or bilateral cases
(living related donor). Recently developed,
simple limbal epithelial transplant (SLET) can
be performed with equally small biopsies but
does not require in vitro cell culture facilities. In
the case of bilateral LSCD, where autologous
limbal tissue is not available, autologous oral
mucosa epithelium can be expanded in vitro
and transplanted to the diseased eye. Data on
long-term outcomes (over 5 years of follow-up)
for many of these procedures is needed, and it
remains unclear how they produce a self-re-
newing epithelium without recreating the vital
stem cell niche. Bioengineering techniques offer
the ability to re-create the physical characteris-
tics of the stem cell niche, while induced
pluripotent stem cells offer an unlimited supply
of autologous LSCs. In vivo confocal micro-
scopy and anterior segment OCT will comple-
ment impression cytology in the diagnosis,
staging, and follow-up of LSCD. In this review
we analyse recent advances in the pathology,
diagnosis, and treatment of LSCD.
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Key Summary Points

Limbal stem cell deficiency (LSCD) is a
rare, blinding corneal disease that results
from damage or destruction of limbal
stem cells and their stem cell niche.

In vivo confocal microscopy and anterior
segment optical coherence tomography
are important developing diagnostic
methods and may add a quantitative
measure to the staging and follow-up of
LSCD, as well as complementing
impression cytology in the diagnosis of
LSCD.

Definitive treatment involves transplant
of healthy stem cells, and several
strategies have been devised over the past
two decades, many of which have
developed from close collaboration
between stem cell translational scientists
and ophthalmologists.

In this review we analyse recent advances
in the pathology, diagnosis, and
treatment of LSCD.

DIGITAL FEATURES

This article is published with digital features to
facilitate understanding of the article. To view
digital features for this article go to https://doi.
org/10.6084/m9.figshare.12957644.

INTRODUCTION

Limbal stem cells (LSCs) are the adult stem cells
of the corneal epithelium; the transparent,
multilayered, and avascular superficial layer of
the cornea, the window at the front of the eye.
They reside in an anatomically distinct stem cell
niche within the limbus, which borders the
circumference of the cornea (Fig. 1a, b) [1]. The
unique paracrine, multicellular and physical

properties of the LSC niche signal the LSCs to
maintain their stem cell properties [2–4].
Reconstructed 3D optical coherence tomogra-
phy reveals that the limbus architecture com-
prises a deep and complex network of crypts
bordered by the palisades of Vogt (Fig. 1c) [5].
LSCs divide asymmetrically to produce transit-
amplifying cells in the peripheral cornea, which
differentiate to produce mature corneal epithe-
lium in the central cornea [6, 7]. Differentiation
is believed to be directed by a stromal stiffness
gradient between the limbus and central cornea
[3]. Any pathology which disrupts the native
architecture of the LSC niche, or which directly
destroys or damages LSCs, is a potential cause of
limbal stem cell deficiency (LSCD) [8]. Herein
we provide a critical appraisal of important,
recent research in the pathology, epidemiology,
and diagnosis of LSCD, and review recent
advances in LSC transplantation for LSCD. An
initial literature search was performed using
MEDLINE by searching with the MEDLINE
subject heading terms ‘corneal diseases’ OR
‘corneal injuries’ AND ‘limbus corneae’. Rele-
vant primary literature was also found in the
references of these results. This article is based
on previously conducted studies and does not
contain any studies with human participants or
animals performed by any of the authors.

LSCD is a rare, progressive, ultimately
blinding corneal disease of wide-ranging etiol-
ogy found throughout the world. Little epi-
demiological study of this disease has been
performed; however, study of the principal
causes of LSCD reveals its distribution and fre-
quency. One study of LSCD incidence in New
Zealand and Australia found only 14 cases of
severe LSCD over 1 year [9]. Chemical injury is
by far the most common cause of unilateral
LSCD, responsible for around 66–75% of cases
requiring LSC transplantation according to
previous analysis of globally reported cases
[10, 11]. In a developing world setting, chemical
injury was found to be responsible for 84% of all
cases of unilateral LSCD [12]. A case series of all
chemical eye injuries reporting to our casualty
department demonstrated an incidence of 5.6
cases per 100,000 population. All four cases of
Roper-Hall grade IV eye injuries in this case
series developed total unilateral LSCD despite
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best management [13]. The reported incidence
of severe chemical injury in the UK is 0.02 per
100,000 per annum, although this seems to be
an underestimation when compared with our
own data [14]. Stevens–Johnson syn-
drome/toxic epidermal necrolysis (SJS/TEN) is
one of the leading causes of bilateral LSCD [12]
and has an incidence of approximately 0.6 per
100,000 per annum [15]. Estimating the inci-
dence of LSCD from its common causes gives
around 240 new cases per annum in the UK
[16].

In order of reducing frequency, patients suf-
fering from severe LSCD complain of reduced
vision, discomfort, pain and/or photophobia,
redness, and tearing [17]. Patients usually
experience symptoms for months to years
before diagnosis [9]. Underlying conditions
such as SJS/TEN often involve the conjunctiva
and lids in addition to the cornea [18]. Indi-
viduals with LSCD are predisposed to poten-
tially sight-threatening infectious keratitis [19].

In addition to chemical eye injuries and SJS/
TEN, many other causes of LSCD have been
documented, and these are divided into
acquired (further subdivided into immune- and
non-immune-mediated) and hereditary [11].
Acquired non-immune LSCD is caused by direct
injurious effects on the LSCs and/or their limbal

niche. These causes include chemical [12, 20],
thermal and radiation injury, infection [19],
contact lens wear [17, 21, 22], ocular neoplasm
[23], and direct toxicity of topical anti-cancer
drugs [23]. Acquired immune-related causes
include SJS/TEN, mucous membrane pem-
phigoid, allergic eye disease, scleritis [24], and
graft-versus-host disease [25]. Hereditary causes
of LSCD are rare. Aniridia [26], epidermolysis
bullosa [27], and xeroderma pigmentosum
[12, 28] are well documented as causes of LSCD,
although many other potential causes have
been reported [11]. Idiopathic cases of LSCD
have also been reported [29]. The many causes
are reviewed more extensively elsewhere
[11, 12].

DIAGNOSIS OF LSCD: ADVANCES
IN HIGH-RESOLUTION IN VIVO
IMAGING

Diagnosis of LSCD often relies on non-specific
clinical signs, which are highly variable, in part
due to the protean causes and variable nature of
the disease. In one systematic review, diagnosis
in 61% of published cases was based only on the
clinical findings from slit-lamp biomicroscopy
(unstable tear film, epithelial defects, loss of
limbus features, whorl-like epitheliopathy,
neovascularisation, fibrovascular pannus, and
opaque epithelium arising from the limbus with
late fluorescein staining) [11, 30]. The relative
presence or absence of these signs helps in the
diagnosis and staging of LSCD (Fig. 2). However,
in vivo laser scanning confocal microscopy
(IVCM) and anterior segment optical coherence
tomography (AS-OCT) facilitate greater accu-
racy in diagnosis and staging [31–35]. An
international multidisciplinary working group
on LSCD arrived at a staging system based on
clinical features observed on biomicroscopy
(Table 1) [11].

Impression cytology is considered the gold-
standard investigation in the diagnosis of LSCD
[11]. The technique involves obtaining a sample
of the exposed epithelium on a piece of filter
paper made of nitrocellulose acetate, cellulose
acetate, or polytetrafluoroethylene, and analys-
ing the adherent cells using

bFig. 1 The anatomy of the limbus. a Photographs of the
human cornea, limbus, and conjunctiva. The limbus is
located between the cornea and conjunctiva. Magnified
area of limbus in a highly pigmented individual clearly
showing the palisades of Vogt (arrows) which project onto
the cornea (arrowheads). Adapted by permission from
BMJ Publishing Group Limited (Miri et al. [45]). b An
enucleated transgenic mouse eye showing the presence of
cytokeratin 15-green fluorescent protein (GFP)-positive
cells (arrowheads), indicating the position of putative
limbal stem cells (Cj = conjunctiva). Reprinted from
Nasser et al. [148] by permission from Elsevier. c Complex
3D structure of the human limbus revealed by anterior
segment optical coherence tomography. En face image of
the limbal palisades showing their radial architecture. An
interconnecting circumferential crypt runs adjacent to the
sclera (left image). A magnified portion of the limbus
(right image) with cross section taken at a and b shown
above. Reprinted from Grieve et al. (2015) [5] by
permission from Elsevier
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immunohistochemistry. Diagnosis relies on the
detection of conjunctival or goblet cell markers

in the anatomical region of the cornea. These
include cytokeratins CK7 [36, 37] and CK13

Fig. 2 Clinical signs of limbal stem cell deficiency as seen
on slit-lamp biomicroscopy. a An example of stage IC
LSCD following chemical injury. Conjunctivalisation is
seen almost circumferentially (red arrows). There is sparing
of the peripheral cornea at 3 o’clock and the visual axis.
b An example of stage III LSCD with conjunctivalisation
of the entire ocular surface following chemical injury. c An
example of stage III LSCD following chemical injury, with
conjunctivalisation of the entire cornea surface and stromal
opacification affecting the visual axis. d The same eye from
c seen under cobalt blue light following staining with 2%

fluorescein. A persistent epithelial defect in the central
cornea is brightly stained with fluorescein. e An eye with
stage IIA LSCD following chemical injury showing a
limited area of conjunctivalisation extending over the
visual axis. f The same eye from e stained with 2%
fluorescein and viewed under a cobalt blue light after
10 min. There is delayed epithelial staining of the
conjunctivalised portion of the cornea extending over the
visual axis (arrow)
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[36, 37] for conjunctival cells, and MUC1 [38]
and MUC5AC [39, 40] for goblet cells. Markers
of corneal epithelium are detected with low
sensitivity, and therefore the absence of these
markers cannot rule out LSCD [11, 41–43].
Additionally, goblet cells may be absent in
cicatrising disease such as SJS/TEN. Due to its
low sensitivity and lack of spatial resolution,
impression cytology cannot be used for staging
[11]. IVCM and AS-OCT are promising diag-
nostic techniques which may help overcome
some of the drawbacks of impression cytology,
although until now their use has been mainly
for qualitative assessment.

In Vivo Laser Scanning Confocal
Microscopy

Diagnosis of LSCD by IVCM relies on signs
produced by the abnormal invasion of con-
junctival epithelium onto the cornea, and to a
lesser extent the damage/destruction of the
normal limbal architecture. Using IVCM, the
normal architecture of the corneal epithelium

and limbus is observed with axial and lateral
resolution on the order of microns and at mul-
tiple depths [33]. In some patients with LSCD,
the normal limbal architecture is lost, and the
palisades of Vogt cannot be visualised. In the
central cornea, epithelial cell contours are
blurred, cells appear metaplastic, sub-basal
fibrosis is seen, and the sub-basal epithelial cell
density is reduced [44, 45] (Fig. 3). Low sub-
basal nerve plexus density has been shown to
have 95.5% and 90.6% sensitivity and speci-
ficity for diagnosis of LSCD and is an early pre-
dictive sign for conjunctivalisation, preceding
neovascularisation [43, 46]. Goblet cells indi-
cate the presence of conjunctival epithelium in
the cornea (conjunctivalisation) and are a late
sign of LSCD. These are hyperreflective cells,
frequently arranged in rosettes; however, they
are frequently not observed in patients with
clinically obvious LSCD, and their absence
therefore cannot rule out conjunctivalisation or
LSCD [45]. Due to its cellular level of detail and
multiple feature detection, it is possible that the
sensitivity and specificity of IVCM for the
diagnosis and staging of LSCD will surpass that
of impression cytology [11]. Improving the
utility of IVCM in the staging of LSCD and
monitoring of disease progression or response
to treatment will involve introducing quanti-
tative methods for analysing IVCM images [47].
In turn, methods for quantitative analysis of
IVCM images will allow the application of
automated image analysis [48–51].

Anterior Segment Optical Coherence
Tomography

Unlike IVCM, AS-OCT is a non-contact proce-
dure [33]. Its strength lies in detecting precise
changes in the 3D structure of the limbus
(Fig. 1c) [5, 52], as scans may be taken and
reconstructed in parallel, perpendicular, and en
face planes relative to the limbus [33]. Loss of
stromal undulations and normal epithelial
thickening in the limbus can be detected early
with AS-OCT, as can loss of clear transition
between corneal epithelium and conjunctival
epithelium [32]. Intra-operatively, AS-OCT has
been used to visualise the cleavage plane

Table 1 A new staging system for limbal stem cell defi-
ciency based on slit-lamp findings

Subdivision Stage 1
Central
5 mm
spared

Stage 2
Central 5 mm
affected

Stage 3
Entire
cornea
affected

A Less than

50% of

limbus

affected

Less than 50% of

limbus affected

B 50% or

more of

limbus

affected

50% or more of

limbus affected

(but\ 100%)

C 100% of

limbus

affected

This system was developed by an international working
group [11]. Stages 1 and 2 have further subdivisions based
on the proportion of limbus affected
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Fig. 3 In vivo confocal microscopy (IVCM) of the
transition zone between conjunctivalised and normal
corneal epithelium. Reprinted from Miri et al. (2012)
[45] with permission from Elsevier. a Border between
corneal epithelium (arrows) and conjunctivalised cornea
(arrowheads). The wing cells of the corneal epithelium are
dark, with bright, distinct cell borders. Conversely, the
conjunctivalised epithelium has indistinct borders and is
hyperreflective. b Delayed staining of conjunctivalised
cornea under cobalt blue light after instillation of
fluorescein 2%. Four small islands of intact corneal
epithelium are seen within a sector of conjunctivalisation
(arrow). c The same three islands from b seen with
(IVCM). d IVCM of an island of corneal epithelium, as

seen in c, within the conjunctivalised cornea. Bright
hyperreflective cells, possibly representing inflammatory
cells, are seen surrounding the island. e An oblique view of
a corneal island, seen extending as a dark column from
Bowman’s layer to the surface. (F) Metaplastic transfor-
mation of corneal epithelium adjacent to the conjuncti-
valised epithelium. These cells are larger than corneal
epithelium and show hyperreflective nuclei (arrow).
g Normal sub-basal corneal nerves seen in an area of
normal corneal epithelium in an LSCD eye. h Sub-basal
nerve running under an area of conjunctivalisation.
i Abnormal tortuosity of sub-basal nerves seen under an
area of conjunctivalisation
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between corneal pannus and stroma in order to
precisely dissect the pannus without excessive
corneal thinning [34]. Post-operatively, AS-
OCTA (angiography) can be used to objectively
assess whether vessels are stromal or epithelial
(and therefore assess regression of superficial
vascularisation, indicating that the stem cell
graft has been successful) [53, 54]. The quanti-
tative assessment power of AS-OCT images in
LSCD patients has not yet been investigated to
our knowledge. The availability of image anal-
ysis methods for AS-OCT and IVCM images will
allow these modalities to move from adjunctive
diagnostic tools to critical sources of clinical
information on the LSCD disease stage and
progression.

TREATMENT OF LSCD

Medical Management

Medical management aims to improve or
maintain vision by reducing or preventing
progression of corneal opacification and neo-
vascularisation. Ocular surface discomfort is
reduced by restoring the tear film and reducing
ocular surface inflammation. Medical manage-
ment is the mainstay treatment for stage I
LSCD. Alternatively, medical management can
play an important role in stabilising disease
progression in advanced cases involving the
central cornea (stage II and III) while the patient
awaits definitive surgical treatment.

Initial management will involve prescribing
artificial tears, lid hygiene, and warm compress
to optimise meibomian gland function [55].
Importantly, all eye drops must be preservative-
free. Contact lens wear can cause hypoxia,
abnormal tear film distribution, mechanical
trauma, and inflammation [17]. Therefore, ces-
sation of contact lens wear is important. Short-
or long-term topical corticosteroid treatment,
topical cyclosporine, and antibiotics may also
play a role [55]. Autologous and allogeneic
serum drops have been effective in some
patients as well [56–58]. One patient with stage
II/III LSCD showed near-complete regression of
corneal neovascularisation and substantial
improvement in vision after daily treatment

with bevacizumab delivered via prosthetic
replacement of the ocular surface ecosystem
(PROSE) [59].

Unfortunately, there is no consensus on the
most appropriate medical treatment regime for
LSCD. The relapse rate for medically treated
LSCD is also not clear.

Tissue Transplant Techniques:
Conjunctival-Limbal and Keratolimbal
Grafts

When the resident population of LSCs is insuf-
ficient to replenish the corneal epithelium and
the visual axis becomes involved, surgical
treatment is indicated [60]. We will begin the
discussion of the surgical management of LSCD
with the traditional tissue transplant tech-
niques which aim to repopulate the corneal
surface with LSCs. These are still the most
widely used surgical treatments for LSCD. Sur-
gical procedures for LSCD are classified by the
source of stem cells (e.g. autologous, allogeneic)
and type of stem cell graft (e.g. limbal, oral
mucosa, hair follicle, among others) and the use
of ex vivo expansion of stem cells in culture
[61]. For allogeneic grafts, immunologic rejec-
tion continues to be one of the main causes of
graft failure [62, 63], and grafts are thought to
be at high risk of rejection and consequent
failure even 3 years after transplantation [63].
For a review of the specific complications of
these procedures see Yin et al. [64]. Penetrating
keratoplasty (PKP) is frequently undertaken as a
second procedure following LSC transplanta-
tion in order to replace deep scarred stroma,
with the ultimate aim of restoring sight [65–67].

For patients with unilateral LSCD, the heal-
thy contralateral eye can provide a donor site
for a free limbus tissue graft to the injured other
eye. The conjunctival limbal autograft (CLAU)
is the most commonly performed procedure in
cases of unilateral LSCD with a healthy con-
tralateral eye [60, 68–70]. Typically, two con-
junctival-limbal sections of 2 clock hours each
are harvested from the healthy other eye
(Fig. 2). A possibly devastating complication is
the development of LSCD in the healthy donor
eye [71]. However, a retrospective analysis of 45
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patients found no evidence of LSCD in the
donor eyes, and furthermore the donor eyes
maintained visual acuity of -0.05 logMAR after
a mean follow-up of 48 months, indicating the
rate of occurrence of donor eye LSCD is likely
low [67]. Despite the low risk of inducing LSCD,
biopsy of the only seeing eye is not an option
for many patients with LSCD.

For severely damaged ocular surfaces with
insufficient conjunctiva and symblepharon, a
combined CLAU and living related-conjunctival
limbal allograft (lr-CLAL) procedure has been
described which maximises the amount of
transplanted conjunctiva [72]. This procedure
also has the advantage of restoring double the
circumference of the limbus of a normal CLAU,
increasing the number of LSCs and the barrier
to conjunctivalisation. Artificial keratoprosthe-
sis is an option for patients with repeat graft
failure. This may be secondary to severe lid
disease resulting from chemical injury or SJS/
TEN [73].

Keratolimbal allograft (KLAL) utilises cadav-
eric peripheral cornea and limbus obtained
from eye banks, and therefore can be utilised in
the case of bilateral LSCD, or when the patient
with unilateral disease is unwilling to use the
healthy other eye as a donor and no living rel-
ative is available or there is no human leukocyte
antigen (HLA) match. It is suited to cases where
the conjunctiva is relatively intact. For cases of
bilateral LSCD, where the conjunctiva requires
reconstruction, the Cincinnati procedure may
be used: combined lr-CLAL and KLAL with sys-
temic immunosuppression [74]. With this pro-
cedure a 360� limbus is restored, but there is a
high risk of graft rejection due to the use of
multiple allogeneic tissues, particularly the
KLAL, which is often not HLA-matched for
practical reasons [75].

Despite the low risk of donor eye LSCD [67],
the amount of limbal epithelium that can be
safely harvested from a donor eye is limited to
about 4 clock hours in total. If additional lim-
bus is required as a barrier to conjunctivalisa-
tion of the cornea, then this can be sourced
from living relatives, as in the combined CLAU/
lr-CLAL procedure described above, or if a living
relative is not available, then the modified
Cincinnati procedure can be performed:

combined CLAU and KLAL [75]. This procedure
restores 360� of limbus, but systemic immuno-
suppression is required.

The need for systemic immunosuppression,
which is itself associated with morbidity and
additional monitoring requirements, and the
tendency for immunologic rejection in allo-
grafts has led to the development of cell thera-
pies, which we will discuss in the next section.

Cultivated Limbal Epithelial Transplant
(CLET)

An ideal surgical treatment should theoretically
aim to establish a population of stem cells
which can survive over the long term and renew
the corneal epithelium. Ideally, it should also
restore a suitable stem cell niche for these stem
cells to survive within, although this goal is
probably not attained by current therapies.
Regardless of the procedure undertaken, the
graft should contain a minimal population of
stem cells. The autologous tissue-engineered
product Holoclar defines a minimum number of
p63 positive cells (representing holoclones) in
the donor tissue required for successful regen-
eration of the host corneal surface [76–78]. The
ideal therapy need not transplant LSCs per se, so
long as transplanted stem cells can generate a
transparent epithelium [79].

While CLAU and lr-CLAU require a substan-
tial graft from a healthy eye, CLET requires only
a small graft from a healthy eye (approximately
2 mm2) [80, 81]. Typically, limbal epithelial
tissue is expanded as an intact explant, but
biopsies may be digested to yield suspension
cultures, which have also been used successfully
[82]. After approximately a 2-week culture per-
iod on a carrier scaffold, most commonly
human amniotic membrane (HAM) or fibrin,
the stem cell construct, are then transplanted
onto the ocular surface [80, 81, 83, 84]. A full
superficial keratectomy which removes all con-
junctivalised tissue is performed to prepare the
ocular surface to receive the ex vivo-engineered
stem cell construct (Fig. 4a). The Holoclar sys-
tem includes a cryopreservation step which
provides time for sample testing and synchro-
nising sample preparation with the planned
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date of surgery [85]. Air-lifting may be used
during the ex vivo culturing period to induce
stratification of cultured epithelium, and
involves reducing the culture medium volume
in order to expose the epithelium to atmo-
spheric air [86]. Our group reported the suc-
cessful clinical implementation of xenobiotic-
free conditions for the ex vivo expansion of
limbal epithelium on HAM [81]. Xenobiotic-
free conditions are now widely used to min-
imise the risk of disease transfer or immune
reaction [10, 87, 88]. CLET is more accurately
described as ex vivo cultivated limbal autograft/
allograft (EVCAU/EVCAL, respectively) [61].

Grafts may be autologous or allogeneic in
origin. In theory, CLET minimises the exposure
to non-self antigens in the case of allogeneic
grafts. As the grafts are expanded from a small
biopsy, they presumably contain very low
numbers of antigen-presenting Langerhans
cells, melanocytes, and vascular endothelium
found in the normal LSC niche [4]. Two sys-
tematic reviews investigating the outcomes of
CLET found no significant difference in treat-
ment success or visual improvement after
autologous and allogeneic CLET [10, 89],
although a phase II clinical trial reported a high

risk of graft rejection and subsequent failure
after allogeneic CLET [90].

In 2015, Holoclar became the first stem cell-
based medicine to achieve market authorisation
through the European Medicines Agency. This
landmark achievement makes CLET widely
available and introduces a rigorous, standard-
ised, and centralised manufacturing system
throughout Europe [85].

The fate of transplanted donor LSCs on the
ocular surface is currently unknown [91]. There
are several possible mechanisms of action: (1)
donor LSCs migrate to and regenerate the host
LSC niche, before regenerating the corneal
epithelium; (2) donor LSCs create a new pseudo-
niche outside of the host LSC niche, and then
regenerate the corneal epithelium; (3) donor
LSCs stimulate remaining host LSC regenera-
tion of the corneal epithelium through para-
crine or direct physical interaction; and (4) the
host epithelium is regenerated from donor
transit-amplifying cells, but not true LSCs, and
therefore the graft longevity is potentially lim-
ited. Post-operative IVCM shows that CLET does
not appear to regenerate the original host lim-
bal architecture [92].

CLET is a relatively new procedure, and
therefore there is little data showing long-term
([5 years) graft survival let alone cure of LSCD,
although outcomes in the short term (mean
follow-up being less than 3 years for the vast
majority of reported studies) have been very
good, with around 67% success at final follow-
up [10, 89]. Behaegal et al. found a drop-off in
best-corrected visual acuity and success rate
between short (2-year)- and long-term (7-year)-
follow-up in a cohort of mostly autologous
grafts [88]. While anatomical success was only
46% in the short term, it dropped to 23% in the
long term. Failure was defined as ‘recurrent
epithelial defects and/or superficial corneal
neovascularisation or conjunctivalisation
encroaching on the central 4 mm of the cornea’
[88]. Borderie et al. reported a phase II trial
comparing autologous and allogeneic CLET
with a mean follow-up of 6 years in 14 patients
with histologically confirmed LSCD [90]. They
found a high rate of adverse events in the allo-
geneic group, including raised intraocular pres-
sure (IOP), cataract requiring surgery, corneal

bFig. 4 Stages of simple limbal epithelial stem cell
transplantation (SLET) for LSCD. Reprinted from
Vasquez-Perez and Nanavaty [23] by permission of Taylor
& Francis Ltd, https://www.tandfonline.com. a An eye
with total conjunctivalisation of the corneal surface seen
preoperatively. b A 360-degree superficial keratectomy is
performed to remove fibrovascular pannus. c In this
operation, simple limbal epithelial transplant (SLET) is
being performed. Donor limbal tissue is divided into
multiple smaller pieces which are distributed over the
corneal surface and secured with fibrin glue. Human
amniotic membrane is placed over the pieces of donor
limbus. d The corneal surface seen 3 months post-op, with
reduced conjunctivalisation and improved central corneal
clarity. e A penetrating keratoplasty was performed
6 months post-SLET. Penetrating keratoplasties are com-
monly performed after limbal stem cell transplant proce-
dures to restore central corneal clarity and therefore vision.
f Six months after penetrating keratoplasty: some periph-
eral neovascularisation is seen.
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perforation, and immunologic graft rejection.
In the autologous group, the only adverse
events were two instances of epithelial defects
treated topically, which were both seen in the
same eye. The autologous and allogeneic groups
are, however, non-comparable due to the dif-
fering indications for autologous or allogeneic
CLET, and furthermore failure criteria are based
on subjective clinical findings. Importantly,
even the autologous CLET group found a drop
in estimated graft survival, from 100% at 3 years
to 71% at 5 years. Although further data will be
needed to verify the long-term curative rate for
CLET, the findings of Behaegal et al. and Bord-
erie et al. raise concerns that graft longevity
may be limited. This lack of a supporting and
healthy LSC niche may limit the long-term
viability of donor LSCs [88, 90].

One solution to the lack of niche protection
for transplanted LSCs may lie in bioengineering
approaches which aim to synthesise artificial
LSC niches with equivalent mechanical prop-
erties and adhesive surfaces [93, 94]. Theoreti-
cally, donor LSCs could be cultured on such
substrate before transplantation of cells and
scaffold, possibly increasing long-term LSC
survival. Ideally, vascular endothelial cells,
melanocytes, and other cells normally found in
the LSC niche would be able to repopulate this
synthetic niche, as was previously observed in
collagen-based synthetic corneal implants in
rabbits [4, 95].

Long-term storage of cultivated LSCs may
allow re-grafting in cases of relapse, without the
need for further biopsy. Hence, cryopreserva-
tion of cultivated LSCs can potentially allow
their indefinite storage for re-graft and transport
from centralised laboratories [85, 96, 97].

Simple Limbal Epithelial Transplant
(SLET)

SLET is a relatively new procedure, described by
Sangwan et al. [98]. It involves taking a small
biopsy (2 9 2 mm) from a healthy limbus,
dividing this biopsy into 8–10 pieces, and
evenly distributing these pieces on HAM before
transplantation to the surgically prepared ocu-
lar surface with LSCD (Fig. 4). The fluorescein

staining pattern seen after transplant suggests
that new epithelium grows outwards from the
small limbal grafts, coalescing and covering the
corneal surface within 2 weeks [99]. The
advantages of this procedure are that only a
small biopsy is required, much less than CLAU
and the same as CLET, while laboratory facilities
are not required for ex vivo expansion of the
limbal biopsy. Furthermore, the surgery is rela-
tively simple [98]. A multicentre study of 68
cases found a completely clear cornea in 80% of
cases at a median follow-up of 12 months,
although immune causes of LSCD were exclu-
ded from this study [100]. Symblepharon has
been noted as an important negative prognostic
factor for treatment success [100, 101].

However, like CLET, SLET does not solve the
limbus regeneration problem: an LSC niche is
not restored, and therefore it is not clear how
graft longevity will be maintained [88]. The
opaque limbal biopsies are no longer seen on
slit-lamp biomicroscopy at 1–2 months post-
operatively, indicating that the limbal connec-
tive tissue is broken down or remodeled in vivo
[98, 99]. SLET places multiple colony-forming
centres over the corneal surface, altering the
natural relationship between LSCs and differ-
entiated epithelium and their interaction with
the LSC niche. It is not clear how a corneal
epithelium would be maintained long after PKP,
which is often required, which would presum-
ably remove many of the colony-forming cen-
tres on the corneal surface (Fig. 4e). Short-term
results in a group of seven patients (mean fol-
low-up of 15 months) show that most PKPs
survive; however, it is not clear what visual
improvement, if any, PKP offered in this cohort,
and many of the patients had poor visual acuity
at final follow-up [65].

Cultivated Oral Mucosa Epithelia
Transplant (COMET)

For cases of bilateral LSCD, which may result
from systemic diseases such as SJS/TEN, heredi-
tary disorders, or bilateral chemical injuries, the
source of LSCs is limited to allografts (e.g. lr-
CLAL, KLAL). The use of allogeneic tissue is
associated with a high risk of graft rejection and
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also requires patients to undergo long-term
systemic immunosuppressive therapy, which
has prompted clinicians to search for alternative
sources of autologous cells [102]. Furthermore,
in certain patients, systemic immunosuppres-
sion is contraindicated and therefore allografts
are not an option. Allogeneic limbal tissue also
may not be available depending on location
[103]. Cultured oral mucosal epithelial trans-
plantation (COMET), as described by Nakamura
et al. in 2003, provides another autologous
source of epithelium to reconstitute the corneal
epithelial surface [104–106]. COMET is also
known as ex vivo cultivated oral mucosal
autograft (EVOMAU) [61].

The oral mucosa is a stratified epithelial lin-
ing and has favorable characteristics which
make it a suitable substitute for LSCs in cases of
bilateral LSCD: it is semi-transparent, it is easily
accessible surgically, it has a high regenerative
capacity, it does not readily keratinise, and the
donor site generally does not scar [79, 104–106].
Stem cell-like cells are present basally in muco-
sal epithelial biopsies. Phenotypically, they are
small, with a large nuclear–cytoplasmic ratio,
and express Ki67 and p63 [79]. A basal popula-
tion of p63-expressing cells persists in COMET-
treated corneas, and the corneal epithelium is
thicker [107]. While 18–20 layers are present
initially, this reduces with ex vivo cultivation
[86]. Histological analysis of tissue-specific
cytokeratin in corneal buttons obtained from
PKP performed 14 months post-COMET suggest
long-term persistence of oral mucosal cells and
their progenitors in the central cornea,
although some eyes show a mixed corneal and
oral epithelium [86, 107, 108].

Typically, a small biopsy (2-10 mm diameter
have been reported) of oral mucosa without
subcutaneous fat is harvested from the patient’s
mouth, often inside the cheek
[79, 102, 109, 110]. Like CLET, this biopsy may
be expanded as an intact sheet or in a suspen-
sion culture [79, 102]. Similarly, previous
methods have relied on the use of xenobiotics,
most critically co-culture with murine 3T3
fibroblasts and cell medium supplementation
with fetal calf serum (FCS) [79]. To minimise the
risk of acute graft rejection and disease transfer,
our laboratory and others have attempted to

replace these 3T3s and FCS with xenobiotic-free
conditions [79, 102]. For example, we previ-
ously developed Good Manufacturing Practice
(GMP)-compliant conditions for the ex vivo
cultivation of oral mucosa in explant and sus-
pension culture by replacing 3T3 feeders with
HAM and FCS with autologous serum. We then
demonstrated their successful clinical applica-
tion in two patients with bilateral LSCD [79].

Choe et al. bypassed the need for a two-stage
procedure and expensive culture facilities by
directly transplanting a circumferentially tre-
phined labial oral mucosa biopsy harvested
from the inferior lip. The surgeons harvested a
14-mm-diameter crescent-shaped biopsy to
cover the limbus and peripheral cornea in five
patients and found improved visual acuity in all
patients and improved epithelial defects in 4/5
patients at 4 months post-operatively [111].
This procedure may become an option in the
future once the stability of the improvements is
determined.

COMET shows improvement in conjuncti-
valisation, corneal opacification, neovasculari-
sation, and symblepharon in the majority of
patients [102, 105, 106, 109, 110, 112].
Improved visual acuity which can be sustained
over months and years can be achieved with
COMET in patients with SJS/TEN, although the
results are poorer in patients with ocular cica-
tricial pemphigoid. As with LSC transplant, PKP
may also be required as a second procedure to
replace deep stromal fibrosis [102].

Persistent peripheral corneal neovascularisa-
tion is reported in most patients after COMET
[106, 110]. An AS-OCTA study of neovasculari-
sation post-COMET revealed that over 83% of
examined corneal quadrants showed epithelial
neovascularisation, indicating probable con-
junctivalisation [53]. This conjunctivalisation
advanced centrally, producing increased dis-
comfort and vision loss; however, we have not
found studies with a mean follow-up of longer
than 4 years, and therefore the long-term suc-
cess of COMET and need for repeat procedure is
unknown. Long-term follow up shows that
although best corrected visual acuity is
improved in patients with poor vision, the level
of vision attained remains low [113]. This may
be in part due to the incomplete differentiation
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of oral mucosa into a corneal epithelial pheno-
type [114].

It has been suggested that the peripheral
neovascularisation seen post-COMET is due to
the differential expression of pro- and anti-an-
giogenic factors between normal corneal
epithelium and oral mucosal epithelium. Sol-
uble FMS-like tyrosine kinase-1 (sFlt-1), tissue
inhibitor of metalloproteinase- 3 (TIMP-3) and
thrombospondin-1 (TSP-1) were found to be
reduced in corneal specimens from patients
who had undergone COMET [115]. Subsequent
work has co-cultured LSCs with cells derived
from the LSC niche (including mesenchymal
and limbal epithelial cells) as a feeder layer and
found higher expression of sFlt-1 and lower
levels of basic fibroblast growth factor (FGF; a
pro-angiogenic factor) as compared to 3T3 co-
culture. Transplant of the cultured epithelium
in a rabbit model of total LSCD restored corneal
clarity without neovascularisation although
further work is needed to examine whether this
strategy is effective in reducing peripheral neo-
vascularisation as compared to 3T3 co-culture
or xenobiotic-free methods [116].

Other Sources of Stem Cells: Hair Follicles,
Dental Pulp, and Induced Pluripotent
Stem Cells

In the search for alternative tissue stem cells
which may replace allogeneic tissue grafts,
autologous hair follicle stem cells and dental
pulp stem cells have been identified. Corneal
epithelial basal cells, under the influence of
Wnt and noggin signalling, can transdifferen-
tiate into epidermis and mature hair [117]. Hair
follicles are the main source of epidermal stem
cells [118]. The regeneration of both the corneal
epithelium and hair follicles is dependent upon
cytokeratin-14-expressing stem cells residing in
specific stem cell niches. In the case of hair
follicles, this niche is the outer root sheath
[119]. It follows that mimicking the LSC niche
environment with limbal fibroblast-condi-
tioned media and laminin-5 induces a corneal
epithelial phenotype in stem cells isolated from
hair follicles, with the expression of PAX6 and
cytokeratin-12 [120]. Therapeutic potential was

demonstrated in a murine LSCD model, with
reduction in neovascularisation and conjuncti-
valisation and improved barrier function [121].
Hair follicle stem cells are an attractive option
in corneal surface reconstruction due to their
ubiquity, easy access, and autologous nature;
however, little work beyond these initial animal
studies has taken place.

Dental pulp cells extracted from the vascular
dental pulp of human molars express markers of
mesenchymal and embryonic stem cells
[122, 123]. ABCG2, integrin-b1, vimentin, p63,
connexin 43, and cytokeratins 3 and 12 are also
expressed as putative LSC markers [124].
Transplantation of autologous dental pulp cell
sheets into a rabbit model of alkaline-induced
LSCD was found to cause differentiation into a
corneal epithelial-like phenotype and improved
corneal neovascularisation and conjunctivali-
sation [122, 124]. They can also be differenti-
ated towards a corneal stromal keratocyte
phenotype and generate corneal stroma-like
connective tissue when cultured on scaffolds
in vitro [123]. Amniotic membrane and soft
contact lenses have been characterised as
delivery vehicles [125, 126]; however, to our
knowledge, in vivo human work has not been
published.

The differentiation of embryonic stem cells
(ESCs) to corneal epithelium presents an
opportunity to develop potentially limitless
amounts of corneal epithelium in vitro for
transplantation purposes. ESCs have been dif-
ferentiated into a corneal epithelial progenitor
phenotype on type-IV collagen, a component of
the corneal epithelial basement membrane.
Approximately 20% of these cells expressed
PAX6, a marker of early eye development, and
cytokeratin-12, a corneal-specific marker [127].
A higher proportion of corneal epithelium-like
cells can be obtained through PAX6 cDNA
transfection [128]. These cells also express p63,
indicating an LSC phenotype rather than dif-
ferentiated corneal epithelial phenotype [128].
Both cells demonstrated short-term survival
after transplantation to a murine model of total
LSCD [127–129]. ES-cell-derived corneal
epithelium and endothelium-like cells cultured
on opposite sides of a porcine corneal matrix
were transplanted as a full-thickness cornea
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substitute in rabbits, remaining intact and
transparent up to week 8 post-op, with evidence
of normal deturgescence [130].

The development of a transplantable epithe-
lial sheet from human induced pluripotent stem
cells (iPSCs) is an important goal in corneal
translational science. Such technology would
afford an unlimited supply of autologous LSCs
and corneal epithelium [131]. LSC-like cells
have been generated from human iPSCs by
inhibiting TGF-b and Wnt signalling while
activating FGF signalling [132]. This combina-
tion of factors allowed the generation of
homogeneous LSC-like cells which expressed
p63 and other putative LSC markers. These cells
were capable of differentiation towards a
mature corneal epithelial phenotype [132, 133]
and can be cultured on transplantable bioengi-
neered sheets [93]. Other methods have looked
at the direct transdifferentiation of fibroblasts to
LSC-like cells (thus avoiding potentially terato-
genic iPSCs) [134] and the development of cor-
neal organoids [135]. Further translational
research has identified techniques for purifying
the LSC-like population of cells generated from
iPSCs [136]. Hayashi et al. recapitulated ocular
development in 2D by creating a ’SEAM’ (self-
formed ectodermal autonomous multi-zone),
which included neuroectodermal, neural crest,
and ectodermal progenitors [137, 138]. Ecto-
dermal progenitors isolated by fluorescence-ac-
tivated cell sorting were able to be expanded
ex vivo and rescue a rabbit model of LSCD [137].

Mesenchymal stem cells (MSCs) are potential
candidates for regeneration of the host niche.
MSCs are natural residents of the LSC niche,
interacting physically and in a paracrine fash-
ion with LSCs [139]. They have immune-mod-
ulatory properties and have been shown to
reduce neovascularisation, stromal opacifica-
tion, inflammation, and corneal oedema in
animal models of LSCD secondary to chemical
or mechanical injury [140]. Among the several
paracrine factors produced by MSCs, tumour
necrosis factor-a-stimulated gene 6 (TSG-6) has
been shown to be necessary for MSCs to deliver
their anti-inflammatory effects [141]. An in-
human, proof-of-concept, randomised, double-
blind controlled trial demonstrated possible
equivalency of allogeneic MSC therapy and

allogeneic CLET in the treatment of bilateral
stage II/III LSCD [142]. Primary end points
included corneal epithelial opacification,
integrity (presence of persistent defects), and
cell morphology (as measured by IVCM). For
extensive reviews of their role in the LSC niche
and the developing applications of MSCs in
corneal regenerative medicine, see Yazdan-
panah et al. [143] and Al-Jaibaji et al. [140],
respectively.

DISCUSSION AND FUTURE
PERSPECTIVES

The first CLAU procedure was performed by
Kenyon and Tseng [60]. Ophthalmologists can
now offer several surgical treatments to patients
with LSCD, with the aim of replacing their
scarred ocular surface with a transparent and
smooth epithelium. The next investigative steps
should answer the following questions: How
similar are the ex vivo expanded limbal
epithelial cells to their counterparts in vivo?
What is the fate of transplanted LSCs on the
host ocular surface? What is the mechanism by
which transplanted LSC-containing tissues
improve ocular surface conditions? What is the
role of inflammation and corneal nerve func-
tion on the survival and differentiation capacity
of transplanted LSCs? What happens to the
limbal niche and how best to repair it? Lineage
tracing of cytokeratin-14 expressing corneal
progenitors in confetti mice has demonstrated
their centripetal migration in the healthy and
injured mouse cornea [7]. Further work used
transplanted grafts from confetti mice (with
labeled cytokeratin-14) in LSCD wild-type mice.
This work showed evidence of initial survival of
transplanted LSCs with preference for the
peripheral cornea. However, some of these LSCs
migrated to the central cornea and dedifferen-
tiated. The number of putative LSCs decreased
in the weeks following transplantation, and the
most successful grafts were those which started
with the most putative LSCs [144].

Research from multiple disciplines has
demonstrated that the specific physical proper-
ties and paracrine milieu of the stem cell niche
maintain the stem cell phenotype, including
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the capacity for unlimited self-renewal
[3, 4, 145–147]. Furthermore, it is now apparent
that following total ablation of the limbus,
committed corneal epithelial cells can migrate
to the limbus and dedifferentiate to putative
LSCs. This dedifferentiation is prevented by
mechanical destruction of the limbal niche
[148].

Considering the above data, it seems unli-
kely that transplanted LSCs would retain their
stem cell properties outside of a suitable niche.
Long-term ([ 5 year) graft survival data is
beginning to show us the limits of CLAU, CLET,
SLET, COMET, and other therapies. Future work
may seek to create the conditions for LSC
regeneration on the ocular surface, but outside
of the limbus, to promote long-term graft sur-
vival, possibly through the use of topical growth
factors [147].

Alternatively, future work may aim to create
a transplantable, tissue-engineered stem cell
niche. This will also require new surgical
approaches, and the neo-niche will need to be
integrated into the ocular surface and support
the long-term survival of the transplanted stem
cells. The efficacy of transplanted HAM in par-
tial LSCD suggests that it recruits host LSCs (and
possibly circulating hematopoietic stem cells)
and may itself serve as a surrogate LSC niche [4].
Work from our lab has shown that decellu-
larised, c-irradiated HAM may enhance the
expansion of LSCs ex vivo while reducing batch
variation and risk of disease transfer [149].

A third strategy may aim to regenerate the
architecture of the original host niche. In this
regard, the co-transplant of limbal niche cells
may help to rejuvenate the niche extracellular
matrix (ECM) and paracrine milieu. The use of
topical collagenase has been shown to restore
the mechanical properties of the chemically
burned limbus, and thereby restore its capacity
to support the LSC phenotype [3]. This work
raises the possibility of cell-free treatments for
LSCD which aim to restore the LSC niche.

COMET is a promising strategy for regener-
ation of the ocular surface, not least because it is
an almost universally available autologous tis-
sue and avoids the harvesting of precious limbal
tissue from a healthy eye. Long-term follow-up
data is needed to verify the capacity of the graft

to self-renew. If oral mucosa stem cells persist
on the ocular surface, then a promising strategy
to promote their longevity would be to create
supportive conditions on the ocular surface, for
example transplant on artificial scaffolds of
appropriate stiffness and with suitable cell
adhesion properties [150]. Future work must
also address the problem of peripheral neovas-
cularisation of COMET grafts.

Induced pluripotent stem cells repro-
grammed from patient skin biopsies may pro-
vide a population of autologous corneal
epithelial cells rich in LSCs [93, 133, 137],
which could be seeded onto biological scaffolds
which mimic the stem cell niche [93], or co-
cultured with MSCs [116].

In summary, this review has shown that the
treatment of LSCD is an excellent example of
how breakthroughs in basic science can be
quickly translated to the operating theatre, and
that multiple avenues exist for the future
development of treatments for LSCD.
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