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SUMMARY

In adult tissues, cell numbers are maintained through a
subpopulation of cells termed stem cells, characterised in
part by a high capacity of self-renewal, slow cell cycle,
and resistance towards differentiation. Stem cells are
capable of asymmetric division and able to maintain their
position in a particular microenvironment or niche. In
the cornea, epithelial stem cells are believed to reside in
the basal cell layer of the limbal epithelium. We consider
the question of how stem cells are perpetuated in the lim-
bus without entering the pathway of terminal differ-
entiation. This perpetuation could presumably be the
result of extrinsic properties of the limbal zone creating a
‘stem cell niche’, or of intrinsic properties of the cells. For
example, limbal basal cells contain four- to fivefold
higher levels of epidermal growth factor receptor than
central corneal basal cells, suggesting that high levels of
epidermal growth factor receptor help maintain the lim-
bal basal cells in an undifferentiated stem cell state.

DIFFERENTIATION OF A STEM CELL

In the adult organism, many tissues undergo rapid and
continuous cell turnover. These tissues, which include
simple and stratified epithelium as well as the haemo-
poietic system, must repopulate and simultaneously main-
tain the integrity of the tissue. The cells ultimately
responsible for repopulation are termed ‘stem cells’ and
can be defined as any cell with a high capacity for self-
renewal extending throughout adult life.' These cells are a
small subpopulation of the total tissue and have been esti-
mated to make up from 0.5% or less to 10% of the total cell
population.” Stem cells are thought to share a common
set of characteristics including high proliferative potential
and a long cell cycle. Perhaps the most particular and least
understood property of stem cells is the capacity to
undergo asymmetric cell division. This property allows
one of the daughter cells to remain a stem cell while the
other daughter cell is slightly more differentiated. These
daughter cells have been termed ‘transit’® or ‘transient
amplifying’ (TA) cells.* TA cells have a limited prolif-
erative potential and are considered the initial step of a
pathway that results in terminal differentiation.
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LOCALISATION OF CORNEAL
EPITHELIAL STEM CELLS IN THE
LIMBUS

In the cornea, stem cells are thought to be located in the
limbus, the transition zone between corneal and conjuc-
tival epithelium (Fig. 1). The concept that epithelial cells
in the limbal region are involved in the renewal of corneal
epithelium was reported first by Davanger and Evensen in
1971.° They observed that pigmented cells in the limbus
migrated centripetally towards the central cornea. This
observation evolved into the hypothesis that stem cells are
Cornea
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Fig. 1. Top: Diagrammatic demonstration of the limbal zone.
Blood vessels (bv) are localised directly subjacent to the limbal
basal cells. A stem cell (darkest shad ing) is indicated along with
a gradient (decreasing level of shad ing) of undifferentiated cells
with some stem-like characteristics. These cells migrate
(arrows) centripetally and apically to populate the central cor-
nea. Bottom: Immunolocalisation of a-enolase using 4G10.3 in
rat cornea. Note the intense binding in the limbal basal cells.
Scale bar represents 50 \um.
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Fig. 2. Diagrammatic representation of the niche hypothesis.
(A) Modification of the hypothesis proposed by Schofield.”” In
this hypothesis, the stem cell is maintained in a microenviron-
ment ‘niche’ that prevents the cell from entering the differ-
entiation pathway. In this model, one daughter cell re-enters the
niche while the other differentiates and becomes a TA cell. (B) In
an alternative model, following division of the stem cell the
daughter cells can either re-enter the stem cell niche or enter a
less advantageous niche that allows the cell to remain undiffer-
entiated and retain stem-like characteristics. Following div-
ision, these cells can enter the differentiation pathway or remain
in an undifferentiated stem-like state. This model allows cells to
express a gradient of characteristics ranging from ‘true’ stem
cellto TA cell, to terminally differentiated cell. The model is pro-
posed to explain experimental data suggesting that most limbal
basal cells have undifferentiated characteristics while only
10-20% appear to be stem cells as indicated by thymidine label
retention.

localised in the basal cell layer of the limbus when Scher-
mer et al.” reported that in situ all corneal epithelial cells
except limbal basal cells express keratin 3 (K3). This kera-
tin, bound by the monoclonal antibody AES, is not
expressed in undifferentiated cells in culture but is present
in post-confluent stratified cultures. These data suggest
that K3 is a differentiation marker and that the lack of
expression of K3 in the limbal basal cells indicates they
are less differentiated than the remainder of the corneal
epithelium. Other lines of evidence that support the local-
isation of stem cells in the limbal basal cell layer include:
(1) only limbal basal cells retain tritiated thymidine label
for long periods, indicating that they have along cell cycle
time:® (2) limbal basal cells have a higher proliferative
potential in culture than central corneal epithelial cells; ™
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(3) surgical removal of the limbal region results in healing
with non-corneal epithelium;'®"" (4) limbal transplants
result in regeneration of cornea-like epithelium;'* and (5)
limbal basal cells respond to central corneal wounds by
undergoing cell division as would be expected of stem
cells.*" This review will concern itself with corneal epi-
thelial stem cells; however, stem cells have also been
localised in the fornix region of the conjunctiva."

THE IMPORTANCE OF STEM CELL
PERPETUATION

While an ever-increasing amount of information is being
reported about the unique properties of the limbal epi-
thelium and limbal zone, which may relate to identifying
the corneal epithelial stem cells, little is known about the
mechanisms or characteristics that help maintain and per-
petuate the stem cells in the limbus. That is, how does the
stem cell avoid entering the pathway of terminal differ-
entiation? Thus, this review will address the question of
how stem cells are perpetuated. This question has ram-
ifications beyond its basic science aspects. It may also be
important in carcinogenesis, where it is currently believed
that the stem cell must be the site of the original mutation
to allow the formation of a tumour. Also several labora-
tories are investigating the use of cultured cells to replace
damaged corneal epithelium. Obviously the probability of
a successful transplant would be enhanced by increased
knowledge on how to maintain a stem cell in culture and
perpetuate its ‘stemness’.

‘STEMNESS’: EXTRINSIC PROPERTIES

In an examination of how ‘stemness’ is maintained, both
intrinsic properties (that is, characteristics inherent to the
stem cells) and extrinsic properties (that is, characteristics
of the environment surrounding the stem cells) must be
considered. The maintenance of ‘stemness’ by extrinsic
properties is best explained by a model proposed in 1983
by Schofield." This hypothesis (Fig. 2) suggests that stem
cells exist in an optimal ‘niche’ or microenvironment that
promotes the maintenance of the stem cell in an undiffer-
entiated condition. Following cell division, only one of the
daughter cells can re-enter the niche, while the other must
enter a less favourable environment that does not protect
the cell from entering the pathway of terminal differ-
entiation. Cells leaving the niche still have the capability
to divide. In the haemopoietic system the stem cell niche is
present in the bone marrow, and the microenvironment is
regulated by stromal cells and macrophages. These cells
have been postulated to synthesise cytokines and adhesion
molecules that may regulate stem cell maintenance.'

DOES THE LIMBUS CONTAIN A STEM
CELL NICHE?

If the limbus contains a stem cell niche, the stromal matrix
and basement membrane zone would be expected to
express properties not seen in the central cornea. The most
obvious difference between the limbal zone and central
cornea is the presence of blood vessels in the limbus. In the
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human limbus, these vessels help form the palisades of
Vogt, allowing a close approach of the vessels to the over-
lying epithelium."” This proximity of blood vesels pro-
vides the potential for increased levels of nutrition in the
limbus, along with interaction with blood-derived cyto-
kines. Proximity of blood vessels has been proposed by
Cotsarelis et al.® as one of the characteristics of stem cells.

The basement membrane zone of the limbal epithelium
has also been shown ultrastructurally to have character-
istics not seen in the central cornea. In human limbus, a
very rough undulating surface is present, including ‘pegs’
of stroma extending upwards.'” Anchoring fibrils present
in these areas extend from the basement membrane and

Fig. 3. Immunolocalisation of epithelial growth factor recep-
tor (EGFR) in adult human cornea. (A ) The limbal region shows
intense membranous labelling of anti-EGFR. (B) The peripheral
region shows reduced labelling of anti-EGFR. (C) The central
cornea shows a greatly reduced level of immunoreaction of anti-
EGFR. Scale bars represents 50 pum.
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intersect with other anchoring fibrils extending through
the stromal pegs. The presence of the stromal pegs, along
with the interaction between anchoring fibrils, could
potentially form a niche promoting the adherence of the
limbal basal cells, protecting them from physical injury
and also enhancing their ability to resist movement from
the microenvironment.

Along with ultrastructural differences in the basement
membrane zone, there appear to be differences in the pro-
tein components of the limbal versus central corneal base-
ment membrane. Kolega et al.'® reported that type IV
collagen can be immunolocalised in the conjunctival and
limbal basement membrane but not in the central cornea.
In addition, they reported on the immunolocalisation of an
antibody, AE27, which bound central corneal basement
membrane strongly, conjunctiva weakly, and limbus het-
erogeneously. They also found that limbal basal cells that
expressed K3, the differentiation marker, were present
over basement membrane, binding AE27 at high levels.
These data suggest that the basement membrane can direct
differentiation with the stem cell niche localised in an area
containing high levels of type IV collagen and low levels
of the antigen recognised by AE27.

‘STEMNESS’: INTRINSIC PROPERTIES

While extrinsic properties may play a role in the mainten-
ance of corneal stem cells, the majority of studies con-
cerning these cells have been examinations of the intrinsic
properties of limbal basal cells that distinguish them from
central corneal epithelial cells.

Cell culture studies comparing limbal epithelium and
central corneal epithelium have shown that limbal cells
proliferate faster in culture,”® that growth factors' and
calcium ions® affect the cell types differently, and that
limbal epithelium is more resistant to tumour promoters.*'
Recently, Lindberg et al.” have reported that central cor-
neal epithelial cells senesce in the first or second passage;
however, limbal epithelial cells have a much higher pro-
liferative potential (average 23 population doublings).
They also found that the transplant of passaged limbal epi-
thelial cells to nude mouse dermis resulted in growth of a
limbus-like epithelium. Tissue culture studies can be used
to support or argue against the hypothesis that stem cells
are maintained by intrinsic properties alone, in that even
cultures of limbal epithelium senesce indicating the loss of
‘stemness’. However, cultured corneal epithelial® and epi-
dermal® cells can be transplanted resulting in a normal-
appearing tissue, suggesting that stem cells are retained in
culture.

As indicated in Table I, several proteins have been iden-
tified that are found in higher concentrations in basal cells
of limbal epithelium than in basal cells of central corneal
epithelium. At this point it is totally unclear as to whether
any of these proteins is involved in the maintenance of the
stem cells. Interestingly, several of the proteins are
metabolic enzymes including a-enolase,”* cytochrome
oxidase,” Na'/K*-ATPase” and carbonic anhydrase,
suggesting that limbal basal cells may be more meta-
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Table I. Proteins preferentially localised to limbal basal cells

Protein Reference
o-enolase 13,23
EGF receptor 31
Cytochrome oxidase 24
Na*/K*-ATPase 25
Carbonic anhydrase 26
Keratin 19 27,28
Vimentin 27,28
Metallothionein 33

bolically active than cells in the central cornea. This is
somewhatincongruent with the concept that stem cells are
relatively inactive and biochemically primitive. One
explanation for this seeming contradiction is that only a
small portion of the limbal basal cells are actually stem
cells. In the blood system only 0.4% of the cells are
thought to be stem cells” and in the intestine 0.5-4% of the
cells are considered stem cells.” In the cornea, approxi-
matly 10% of the limbal basal cells are label-retaining.®
Thus, the limbus may contain a gradient of undifferen-
tiated cells ranging from ‘true’ stem cells to more mature
TA cells. These TA cells, which are proliferating at a
higher rate than the stem cells, may be the cells expressing
high levels of the metabolic enzymes.
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In addition to the metabolic enzymes, two components
of intermediate filaments — vimentin and keratin 19°7** —
have been localised in the limbus. Cells expressing both
proteins are found in positions consistent with cells retain-
ing thymidine label in other reports.® Since intermediate
filaments are involved in the maintenance of cell architec-
ture, it is possible that the presence of these proteins may
somehow be involved in the anchorage of stem cells into a
certain microenvironment. Whether vimentin and keratin
19 are localised in the stem cells or early TA cells is not
clear, as the proteins show a similar localisation to the
metabolic enzymes.

o-ENOLASE AND EGF RECEPTOR

In 1992 we reported on the development of a monoclonal
antibody (4G10.3), specific to a 50 kDa protein, that
immunolocalised to the limbal basal cells in rat, rabbit and
human corneas (Fig. 1)."* This antibody showed recipro-
cal binding with the monoclonal antibody AES, suggest-
ing that 4G10.3 was a marker of undifferentiated corneal
epithelial cells. Using this antibody, we showed that fol-
lowing a central corneal epithelial debridement, the
number of limbal basal cells binding 4G10.3 doubled 48
hours after wounding and returned to normal levels by 72

. 2, -

Fig. 4. Autoradiography of '*I-labelled epithelial growth factor (EGF). (A) Dark-field autoradfograph shows 'PI-labelled EGF

binding to adult rat cornea. High levels of silver grains in the limbal epithelial region diminish towards the central cornea. (B) Bright-
field micrograph of the same area as in (A). (C) Dark-field autoradiograph shows '*’I-labelled EGF binding to adult rat cornea fol-
lowing incubation with 100-fold excess of unlabelled EGF. Note the low levels of silver grains over the epithelium. (D) Bright-field
micrograph of the same area as in (C). Arrows indicate the direction of central cornea. Scale bar represents 50 um. (From Zieske and

Wasson® with permission.)
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Fig. 5. Immunolocalisation EGFR in corneas of developing rats at (A) 1, (B) 4 and (C) 7 days of age. (D) Phase-contrast micrograph
of the area shown in (B). Note the one or two lavers of epithelial cells. (E) Central cornea, 10 days of age. (F) Phase-contrast micro-
graph of the area shown in (E). Note the multilavered epithelium. (G) Limbal region, 10 days of age. Basal cells maintain an intense
anti-EGFR immunoreaction. (H) Phase-contrast micrograph of the area shown in (G). Scale bars represent 50 um. (From Zieske and
Wasson™ with permission.)

hours. These data suggested that these cells underwent one we used 4G10.3 to localise undifferentiated ‘stem-like’
round of cell division following wounding, as might be cells during corneal epithelial development.” In the rat, a
expected for epithelial stem cells. We subsequently identi- large portion of epithelial development occurs between

fied the 50 kDa antigen of 4G10.3 as a-enolase, a glyco- the time of birth and eyelid opening (12-14 days). During
lytic enzyme.” In addition to our wound-healing studies, this time, the epithelium matures from a one- to two-layer
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tissue to amultilayered stratified epithelium similar to that
seen in adult rats. We found that o-enolase was localised
in basal cells across the entire cornea prior to eyelid open-
ing. During this time, the cells are mitotically active.
Between 1} and 14 days after birth, the epithelium rapidly
stratifies and o-enolase is no longer present in central cor-
nea, becoming sequestered in the limbal basal cells. We
interpreted these data as indicating that during develop-
ment, highly proliferative undifferentiated basal cells are
present across the cornea, and that following stratification
these stem-like cells become confined to the limbal zone.

Following the identification of the 50 kDa protein as
a-enolase, we became intrigued with the idea that the
expression of a-enolase might be related to the expression
of epithelial growth factor (EGF) receptor. This concept
was based on the findings that EGF stimulates the syn-
thesis of o-enolase in fibroblasts.”® On the basis of this
conjecture we immunolocalised EGF receptor (EGFR) in
both human (Fig. 3) and rat corneas.” We found that anti-
body binding to EGFR was present in basal cells across
the adult cornea but was more intense in the limbal zone.
To confirm this finding, expression of EGFR was also
examined by incubating corneas with '*I-labelled EGF,
followed by autoradiography (Fig. 4). Basal ceils in the
limbal zone contained 4- to 5-fold more silver grains than
did basal cells in the central cornea. This closely agreed
with western blot analysis, which indicated that limbal and
peripheral corneal epithelium 4.8-fold higher levels of
EGFR than central corneal epithelium. These data indi-
cated that the undifferentiated cells in the limbus contain
the highest levels of EGFR, and that as the basal cells
mature and migrate towards central cornea, they express
lower and lower levels of EGFR. This suggests that a
gradient exists, ranging from stem cells to early TA cells,
then late TA cells and, finally, terminally differentiated
cells, and that high levels of EGFR may inhibit differ-
entiation by signalling the cells to maintain their prolife-
rative potential.

We also examined EGFR expression in the neonatal rat
corneal epithelium (Fig. 5). In the rat, during the time
between 7 days after birth and eyelid opening (12-14
days) the number of cell layers increases from 1.6 at 7 days
to 4.7 after eyelid opening.*” During this period, as is the
case with o-enolase, EGFR is seen in basal cells across the
cornea at day 7. Following stratification, the levels of
EGFR in central cornea drop rapidly. Again, these data
suggest that undifferentiated cells express high levels of
EGFR and that cell maturation occurs concurrently with a
lowering of EGFR levels. The combination of the limbal
concentration of EGFR in adult cornea and the alterations
in EGFR levels during development, led us to propose the
hypothesis that stem cells of corneal epithelium express
high levels of growth factor receptors to help them main-
tain their proliferative potential and avoid entering the
pathway of terminal differentiation.

CONCLUSIONS

Recently a wealth of inlormation has been reported that
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demonstrates that limbal basal cells have unique proper-
ties compared with central corneal epithelial cells. This
evidence is strongly supportive of the limbal localisation
of the corneal epithelial stem cells. These reports also
indicate that the limbus may provide a niche for stem cell
maintenance. However, a great deal of research is still
required to determine the mechanisms involved in the per-
petuation of stem cells in the eye.

Key words: Corneal epithelium, EGF receptor, Limbus, Microenviron-
ment, Stem cell, Terminal differentiation.
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