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Aim: To determine the immunohistochemical characteristics of putative corneal epithelial stem cells
remaining on limbal explants maintained in culture.
Methods: Human limbal explant cultures were generated from 25 residual corneoscleral donor rims
following penetrating keratoplasty. Serial sections of these explants were studied using immunohisto-
chemical techniques with a panel of antibodies, on day 0 and 1, 2, and 3 weeks.
Results: The number of epithelial cells expressing cytokeratin 19 and vimentin increased with duration in
culture, while the number of cells expressing cytokeratin 3 decreased. Connexin 43 expression was lost by
1 week in culture. p63 was expressed by cells that had migrated around the explant and the number of
p63 positive cells decreased with longer duration in culture. The explants were initially negative for Ki67,
but the epithelial cells were positive at 1 week, and expression of Ki67 was progressively lost with
increasing duration in culture. The initial uniform staining of the epithelium for epidermal growth factor
receptor and a enolase remained unchanged at 3 weeks.
Conclusions: There is an expansion of less differentiated (cytokeratin 3 negative and CK19/vimentin
positive) epithelial cells on corneoscleral explants maintained in culture for 3 weeks. The pattern of
expression of p63 noted in this study does not support the suggestion that it is a marker of limbal stem cells.
The decline in p63 and Ki67 expression among the epithelial cells of the cultured explant button implies
that as the epithelial sheet outgrowing from the explant button reaches confluence, the proliferative status
of the cells remaining on the explant button declines. These findings are of clinical relevance as explants of
limbal tissue are used in limbal stem cell transplantation. There is no information available to date on the
fate of epithelial cells on such explants. This study provides some insight into this and suggests that an
expansion of the stem cell pool or its progeny may occur in limbal explants.

T
he corneal epithelium is a non-keratinised stratified
squamous epithelium composed of 5–6 layers and is
subject to a constant process of cell renewal and

regeneration. The corneal epithelium exists in a state of
dynamic equilibrium, with the superficial cells being con-
stantly shed into the tear film, with a turnover period of 4–
6 days.1 To accomplish its self renewal process, the corneal
epithelium and the epithelia of other self renewing tissues
rely on the presence of stem and transient amplifying cells,
which are the only cells with proliferative potential.2 3 Clinical
and experimental evidence points to the corneal epithelial
stem cells being located at the corneoscleral limbus.4 Basic
research has identified several attributes that are unique to
the limbal epithelium—for example, abundance of a eno-
lase,5 EGF receptors,6 7 pigment,8 cytokeratin profile (CK3/12
negative),9 10 presence of vimentin, CK19,11 and specific
basement membrane characteristics.12 13 Clusters of cells co-
expressing CK19 and vimentin, that are also CK3 negative
and possessing unique electron microscopic morphology have
also been demonstrated at the corneoscleral limbus.14 More
recently, p63, a transcription factor involved in morphogen-
esis, has been proposed to identify keratinocyte stem cells.15

Ocular surface disorders like chemical and thermal burns,
Stevens-Johnson syndrome, and ocular cicatricial pemphi-
goid lead to limbal stem cell deficiency, which is manifested
clinically by a vascularised corneal surface with loss of
transparency and impaired vision. In these conditions the
corneal epithelium is replaced by a conjunctiva derived
epithelium containing goblet cells.16 This problem is currently
addressed in two ways: (a) by transplantation of one or more
segments of limbal tissue explants (auto or allo transplanta-
tion) or (b) by ex vivo expansion of limbus derived cells and

subsequent transplantation to the ocular surface.16–18 Whereas
studies have examined the phenotypical characteristics of ex
vivo expanded cell sheets,15 19 20 between 3–6 weeks in
culture, there are no studies examining similar characteristics
of cells on limbal explants. The latter would have more
relevance to the clinical situation of auto or allo limbal
transplantation where limbal explants, containing epithelial
stem cells together with their niche21 are used for transplan-
tation in the treatment of corneal stem cell deficiency. Our
study provides some insight into this and suggests that an
expansion of the stem cell pool or its progeny may occur in
limbal explants.

MATERIALS AND METHODS
Preparation of limbal explant cultures
The research was conducted in accordance with the tenets of
the Declaration of Helsinki. Corneoscleral rims that were left
over following penetrating keratoplasty were used to gen-
erate the explant cultures. The use of donor tissue was
consented for transplantation and research. All donor
corneas were stored in MEM organ culture medium and
had been in the medium between 3–4 weeks.22 Human limbal
explant cultures from 25 corneoscleral rims were established
in corneal epithelial medium (CEM) consisting of Dulbecco’s
Modified Eagles Medium and HAMS F12 (1:1) supplemented
with fetal calf serum (5%, Invitrogen), cholera toxin (0.1 mg/
ml Calbiochem-Novabiochem), insulin (5 mg/ml Invitrogen),
epidermal growth factor (10 ng/ml, R&D Systems), gentami-
cin (5 mg/ml), and dimethyl sulphoxide (DMSO) (0.5%
Sigma). The corneoscleral rim was placed in a sterile Petri
dish and under the dissecting microscope excess sclera was
trimmed to leave a 2 mm width of sclera to include the
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sclerocorneal limbus. The epithelium and the superficial
stroma were stripped from the deep stroma and endothelium,
and cut into 3 mm explants. The explants were placed
epithelial side up on 35 mm plastic culture plates (3846
Primaria-Falcon, Beckton Dickinson, UK) and allowed to
adhere for 10 minutes. The explants were then submerged in
the CEM and incubated at 37 C̊ in 5% carbon dioxide. The
medium was changed three times a week. All growth was
assessed using phase contrast microscopy.

Immunohistochemistry of explants
Explants were snap frozen in liquid nitrogen, or fixed in 10%
formalin and embedded in paraffin, before being placed on
culture plates (day 0) and after being in culture for 1, 2, and
3 weeks. The morphology of all the specimens was studied by
haematoxylin and eosin staining before immunohistochem-
istry. Immunohistochemical analysis was done on specimens
at the designated time points using the antibodies against
cytokeratins, vimentin, p63, Ki67, connexin, a enolase,
epidermal growth factor receptor (EGFR), CD34, and CD1a
(Langerhans cells). Details of antibodies and their source are
listed in table 1 and immunohistochemical characteristics of
the explants in table 2. All antibodies were used at optimum
dilutions, as determined by titration on positive controls
recommended by the manufacturers. Sections (6 mm thick)
of the frozen specimens were fixed in acetone and stained
with a three step indirect alkaline phosphatase technique; a
two step horseradish peroxidase technique was used for
connexin-43, which was a rabbit anti-human polyclonal
antibody. Fast red (Dako, Cambridge, UK) was used as the
chromogenic substrate in the alkaline phosphatase technique
and diaminobenzidine tetrahydrochloride (Dako, Cambridge,
UK) was the chromogenic substrate in the the horseradish
peroxidase technique. Formalin fixed sections were pre-
treated before immunohistochemistry by microwave antigen
retrieval using sodium citrate (pH 6) for Ki67 and EDTA
(pH 8) for p63. For both these antigens a labelled streptavi-
din biotin procedure was used with diaminobenzidine
tetrahydrochloride (Dako, Cambridge, UK) as chromogen.
The primary antibody was omitted in the negative controls.

RESULTS
Haematoxylin and eosin staining of the explants on day 0
and 1, 2, and 3 weeks after culture showed that limbal
epithelium retained a multilayered character. Despite the
migration of epithelial cells away from the explant and
attainment of confluence by 3 weeks, the explant still
showed 3–4 layers of epithelial cells.

CK3
On day 0 the superficial layer of limbal epithelial cells was
positive for CK3. The basal limbal epithelial cells were
negative (fig 1A). As the explants were maintained in culture
from day 0 to 3 weeks CK3 staining became less evident. By
the end of 3 weeks only an occasional superficial cell was
positive for CK3 (fig 1B).

CK19
On day 0 a few basal cells were strongly positive for CK19
(fig 1C). By week 1 all the epithelial layers were strongly
positive for CK19 and remained so up to week 3 in culture
(fig 1D).

Vimentin
All the basal cells and some of the suprabasal cells were
positive for vimentin on day 0 (fig 1E). Vimentin was absent
from the more superficial layers. At week 1 all the layers of
the epithelium became positive for vimentin (fig 1F) and
remained so at week 3.

Connexin 43
On day 0 most of the suprabasal cells but only occasional
basal cells were positive for connexin-43. Expression of
connexion 43 was completely lost as early as 1 week in
culture and remained so at 3 weeks (photograph not shown).

Ki67
Ki67 was negative on day 0 in all the specimens (fig 2A). At
1 week the explants showed a significant increase in the
expression of Ki67 among the basal and suprabasal epithelial
cells. With progression of time in culture the number of
epithelial cells staining for Ki67 decreased and at 3 weeks
only an occasional basal cell was positive for Ki67 (fig 2A–D).

p63
On day 0 most of the limbal basal cells were consistently
positive for p63 with only an occasional negative staining cell
interspersed among the strongly positive cells (fig 2E). There
was a gradual decrease in the number of positively staining
basal epithelial cells as the explants were maintained from 1–
3 weeks in culture (fig 2F–H).

EGFR and a enolase
On day 0 there was a homogeneous staining pattern for
epidermal growth factor receptor and a enolase throughout
the limbal epithelium. This staining pattern remained
essentially unchanged up to 3 weeks (photograph not
shown).

Table 1 List of monoclonal antibodies

Antibody (clone) Specificity Source

AE5 Cytokeratin 3 Serotec, Oxford, UK
K4.62 Cytokeratin 19 Sigma Immunochemicals
V9 Vimentin Sigma Immunochemicals
Polyclonal Connexin 43 Zymed Laboratories, SanFrancisco, USA
MIB1 Ki67 Dako, Cambridge, UK
7JUL p63 Novocastra laboratories, Newcastle, UK
ICR10 Epidermal growth factor receptor Serotec, Oxford, UK
NA1/34 CD 1a (Langerhans cells) Dako, Cambridge, UK
Q BEND/10 CD 34 Novocastra laboratories, Newcastle, UK
DAK A3 Chromogranin Dako, Cambridge, UK
Polyclonal Synaptophysin Dako, Cambridge, UK
HMB 45 Melanocytes Dako, Cambridge, UK
2BH PD7/26 Leucocyte common antigen Dako, Cambridge, UK

*Antibodies to chromogranin, synaptophysin, melanocytes, and the leucocyte common antigen were employed to
detect any unexpected expansion of other indigenous cells at the limbus.
(a Enolase was a kind gift from Professor J D Zieske, Schepens Research Institute, Boston, MA, USA.)
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CD34 and CD1a (Langerhans cells)
No immunoreactivity was observed in the limbal epithelial
cells for CD34 or CD1a (Langerhans cells) at any of the time
points (photograph not shown).

Miscellaneous antibodies (see * under table 1)
No immunoreactivity was observed in the limbal epithelial
cells for the neuroendocrine or melanocyte markers at any of
the time points.

Table 2 Immunohistochemical characteristics of the basal, suprabasal, and superficial cells of the explants at 1 and 3 weeks

Antibody specificity

Day 0 Week 1 Week3

B SB S B SB S B SB S

Cytokeratin 3 Negative Negative Many cells
positive

Negative Negative Few cells
positive

Negative Negative Occasional
cell positive

Cytokeratin 19 Few cells positive Negative Negative Positive Positive Positive Positive Positive Positive
Vimentin Positive Few cells

positive
Negative Positive Positive Positive Positive Positive Positive

Connexin43 Occasional cell
positive

Positive Negative Negative Negative Negative Negative Negative Negative

Ki67 Negative Negative Negative Many cells
positive

Many cells
positive

Occasional
cell positive

Occasional
cell positive

Negative Negative

P63 Many cells
positive

Occasional
cell positive

Negative Many cells
positive

Occasional
cell positive

Negative Occasional
cell positive

Negative Negative

B = basal; SB = suprabasal; S = superficial.
a Enolase and epidermal growth factor receptor showed homogeneous staining throughout the limbal explant at all time points. No immunoreactivity was
observed in the limbal epithelial cells for CD34 or for the neuroendocrine, Langerhans cells, or melanocyte markers at any of the time points.

Figure 1 Staining pattern of the explant with CK3, CK19, and vimentin on day 0 and week 3. In some explants the thickness of the epithelium was
greater than in others. (Frozen sections with fast red as chromogenic substrate; original magnification6400). (A) Almost the entire superficial epithelial
layer is positive for CK3 on day 0. (B) By the end of week 3 only an occasional superficial cell is positive for CK3. (C) Strong positive staining for CK19
on day 0 of a few cells (arrows) in the basal layer. The asterisk underlies a large area of cells that were negative for CK19. (D) Strong positive staining
for CK19 in all the epithelial layers at week 3. (E) The entire basal epithelial layer and some of the suprabasal cells are positive for vimentin on day 0.
(F) All the layers are positive for vimentin at week 3—the apparent increased thickness of the epithelium is due to the section being oblique. Inset shows
a section from another specimen at week 3 where the thickness of the epithelium is similar to the others at week 3.

Epithelial cell characteristics of cultured human limbal explants 395

www.bjophthalmol.com



DISCUSSION
In this study we evaluated the immunohistochemical
characteristics of the epithelial cells remaining on limbal
explants at various stages of culture up to 3 weeks, when
confluence was attained. On day 0, expression of CK3,10

CK19, vimentin,23 connexin 43,24 p63,15 and EGFR23 were no
different from the expression of these markers described on
non-organ cultured cornea. Occasional cells of the suprabasal
limbus stained positive for Ki67 on frozen sections of the
cornea in the study by Joyce et al,25 whereas we found no
staining for Ki67 on day 0 organ cultured cornea. Zieske et al6

found that a enolase bound intensely to limbal basal cells in
frozen human cornea. Day 0 specimens of organ cultured
cornea showed a homogeneous staining pattern for a enolase
throughout the limbal epithelium. The absence of Langerhan
cell marker, CD1a, as a result of loss of Langerhans cells in
the organ cultured cornea, has been previously studied.26

Neuroendocrine and melanocyte markers were used to rule
out the possibility of an expansion of non-epithelial cells that
can normally exist in the cornea and limbus. There was no
difference in staining pattern for the various markers, at day
0, among the explants, which were all maintained in organ
culture for 3–4 weeks.

CK3 is a marker for terminal differentiation in the corneal
epithelium.10 It stains all differentiated cells of the corneal
and limbal epithelium but not conjunctival epithelium. CK19

is present in all conjunctival and limbal epithelial cells and
also in peripheral corneal basal cells.27 In this study we
observed that as the duration in culture increased there was a
marked decrease in the expression of CK3. The staining
pattern with CK19 was maintained throughout the period of
culture. The combination of these results indicates that cells
growing on the explant are of a less differentiated type
suggesting that an expansion of putative stem cells occurs
when an explant is maintained in culture. Interestingly,
Kiritoshi et al have described strong immunostaining for
CK19 and absence of staining for CK3 for the first 3–4 weeks,
on the sheets of cells outgrowing from human limbal
explants in culture.19 This was reflected in the staining
pattern of epithelial cells on the explants that we observed.
Other investigators have shown that as the cultured sheets of
epithelium attain confluence and then become stratified,
there is a gradual progression in the staining pattern from
CK19 positivity to the more differentiated CK3 positivity.20 28

However, none of these studies have commented on the
epithelial cells of the explant itself.

Vimentin is an intermediate filament that is found in
mesenchymal cells other than muscle.27 Lauweryns et al
identified a subpopulation of ‘‘transitional cells’’ in normal
limbal tissue, that co-expressed CK19 and vimentin, and
speculated that these might be stem cells.14 We were able to
confirm this pattern of staining for vimentin and CK19 on the

Figure 2 Staining pattern of the explant with Ki67 and p63 on day 0, weeks 1, 2, and 3 (paraffin sections with diaminobenzidine tetrahydrochloride
as chromogenic substrate; original magnification 6400). (A) The explant is negative for Ki67 on day 0. (B) At week 1 a significant increase in the
expression of Ki67 in the basal and suprabasal epithelial cells is seen. (C) At week 2 only a few of the cells remain positive for Ki67. (D) By week 3 only
an occasional cell in the basal layer is positive for Ki67. (E) On day 0 most of the basal cells are strongly positive for p63. (F) At week 1 most of the
epithelial cells are positive for p63. (G) At week 2 a few of the basal cells remain positive for p63. (H) By week 3 only an occasional basal cell is positive
for p63.
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day 0 explants. Vimentin has been reported to be almost
always upregulated in cultured cells.29 We found upregulation
of vimentin in the epithelial cells of the cultured explants
from 1 week to 3 weeks.

Connexin 43 (Cx43) is a gap junction protein that is
expressed in the basal layer of the cornea but not of the
limbus 24 30 31 suggesting that Cx43 expression is acquired
during differentiation of transient amplifying cells. Matic
speculated that the absence of Cx43 containing gap junctions
and gap junction intercellular communication is one of the
local intrinsic factors that promotes a stem cell niche.24 The
presence of gap junctions (Cx43) would make a cell
vulnerable to insults affecting its neighbours. Absence of
gap junctions would therefore confer a survival advantage to
stem cells. Grueterich et al have shown that limbal epithelial
cells expanded on amniotic membrane show no Cx43
expression or gap junction mediated intercellular commu-
nication.32 We found complete loss of expression of Cx43 in
all layers of the epithelium as early as 1 week in culture,
suggesting that there is an expansion of relatively undiffer-
entiated cells on the limbal explants in culture. Another
explanation could be that cells, which are proliferating/
migrating temporarily, lose gap junction connections until
steady state is re-established. This could also explain why all
the ex vivo expanded cells on amniotic membrane did not
show gap junctions.32

p63 is a transcription factor that has a unique role in
morphogenesis33 34 and has been shown to be expressed in
the nuclei of keratinocytes with proliferative potential.35

Pellegrini et al have identified p63 as a keratinocyte stem
cell marker of corneal epithelium and epidermis on the basis
that it preferentially stained cells with the greatest clonogenic
capacity (holoclones) and was barely detectable on cells with
intermediate clonogenecity (meroclones) and undetectable
on cells with limited clonogenecity (paraclones).15 They
reported that nuclear p63 was expressed only in the basal
layer of the limbal epithelium with no expression of p63 in
the basal cells of the central corneal epithelium (transient
amplifying cells). However, our own observations,36 using
antigen retrieval techniques, have shown that p63 staining is
present on the majority of basal cells of the central cornea as
well. Stem cells represent between 0.01% and 12% of the cell
population they serve.37 In the limbus 10% of the basal cells
are thought to be stem cells.30 Our findings of extensive p63
expression in the limbal and central cornea render p63 too
ubiquitous a molecule to be a stem cell marker.

We found that there was a decrease in the p63 positive cell
population on the cultured limbal explants as the duration in
culture increased. If p63 is indeed exclusively a limbal stem
cell marker, as proposed by Pellegrini et al, it would imply
that stem cells were lost during the culture. It is more likely,
however, that p63 marks both stem cells and transient
amplifying cells. This would also explain our observation of
the presence of p63 positive basal cells in both the limbus and
central cornea. The decline in p63 positivity on the explant in
culture could mark a decline in the proliferative status of the
cells remaining on the explant as confluence is achieved.
Epithelial cells that had migrated to cover the sides and
undersurface of the explant too were positive for p63. If p63
marked only limbal stem cells, p63 staining in cells that had
migrated would suggest that stem cells migrate out of their
niche and still retain their stemness. This is not consistent
with current thinking on the influence of the microenviron-
ment on maintenance of stem cells.21 38 p63 positivity on
epithelial cells that have migrated around the explant again
suggests that p63 marks transient amplifying cells too.

Ki67 is a nuclear antigen that is present in proliferating
cells.25 Stem cells have a long cell cycle and divide
infrequently. Studies correlating tritiated thymidine uptake

and nuclear localisation of Ki67 indicate that it can act as a
marker of actively cycling cells.39–41 MIB-1 antibody, raised to
the recombinant part of Ki67, is a widely used biological
marker to assess cell proliferation. Joyce et al studied the
expression of Ki67 in the human cornea by indirect
immunofluorescence localisation and reported that a major-
ity of limbal cells did not show this marker of cell
proliferation.25 We too did not observe positive staining for
Ki67 on any of the epithelial cells of the limbal explant on
day 0. However, by 1 week, most of the epithelial cells were
positive for Ki67 and its expression on the explant then
almost disappeared by 3 weeks when confluence of the
migrating sheet from the explants was attained. This indi-
cates that its expression correlates with the proliferative drive.
As Ki67 staining indicates the proliferative status of the cells
(at the given time point) and is not an indication of their
proliferative capacity, a decrease in Ki67 staining would
merely indicate approach of confluence rather than exhaus-
tion of the stem cells on the explant. Absence of CK3 staining
and presence of CK19 staining would suggest that an expan-
sion of the putative stem cell pool is occurring on the explants.

Epidermal growth factor receptor (EGFR) is a member of a
family of receptor tyrosine kinases and has been localised to
the plasma membranes of cells in the basal layer of stratified
squamous epithelium. EGFR is known to be present in
rapidly proliferating cells and its density decreases as
epithelial cells undergo terminal differentiation. In the rat
cornea, EGFR has been shown to be expressed primarily by
the limbal basal cells. However, Lauweryns et al found a
homogeneous distribution pattern for EGFR throughout the
human corneal and limbal epithelium, similar to our findings
on the explants. Zieske et al have also demonstrated that the
glycolytic enzyme a enolase is restricted to the limbal basal
cells of the rat cornea and that the cells expressing high levels
of a enolase also express high levels of EGFR.6 Epidermal
growth factor is known to stimulate the expression of a
enolase. In the human limbal explants in this study, we
found a homogeneous expression of EGFR and a enolase on
the explants on day 0. There was no change in the expression
of EGFR or a enolase with longer duration in culture,
suggesting that the epithelial cells remained in a less
differentiated state even at the end of 3 weeks.

CD34 is a well established marker for haematopoietic stem
cells and we explored the possibility of its use as a corneal
epithelial stem cell marker.42 However, CD34 staining was not
present in the corneal epithelium on day 0 or at any stage
during the culture. The absence of CD1a (Langerhans)
staining cells in the explants in this study can be explained
by the use of corneoscleral rims from tissue that has been
preserved by the organ culture method. It has been shown
that corneas preserved in organ culture lose Langerhans cells
during storage.26

Our experiments have shown that there is an expansion of
less differentiated epithelial cells on the corneoscleral explant
that is maintained in culture for 3 weeks. We have also
shown that the cells remaining on the explant reach a steady
state and stop proliferating when the migrating epithelial
sheets attain confluence. To the best of our knowledge this is
the first study that has examined the immunophenotypical
characteristics of the cells remaining on the cultured
corneoscleral explant. This is of particular clinical relevance
because such limbal explants are used for ‘‘stem cell’’
transplantation in ocular surface reconstruction. This study
provides some insight into the fate of epithelial cell on the
explant and suggests that an expansion of the stem cell pool
or its progeny may occur in limbal explants.
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