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ntercellular adhesion molecule-1 (ICAM-1, CD54) is a

transmembrane glycoprotein with a molecular weight of

80 000 to 110 000, functioning as an adhesion molecule in a
variety of biological situations.' One previous study revealed
the association of ICAM-1 molecule with the actin containing
cytoskeletal proteins in COS-7, a monkey kidney epithelial cell
line, and in Epstein-Barr virus transformed B cells.” Linkage
between transmembrane proteins and cytoskeletal proteins is
critical for various cellular events such as cell to extracellular
matrix (ECM) interaction and cell motility. In addition,
ICAM-1 has been shown to serve as a receptor for hyaluronic
acid (HA),” a polysaccharide, to provide a cell free space into
which cells can migrate.* Interaction between HA and its
receptor has been suggested to promote locomotion.” Al-
though neither the role of cytoskeletal interaction in ICAM-1
function nor the biological significance of ICAM-1 as a recep-
tor for HA has been clarified yet, those previous studies
suggested that a linkage of ICAM-1 to the cytoskeletal
proteins facilitates not only a strong cell to cell adhesion but
also cell to ECM or cell to substratum interactions required for
cell motility. For the past decade, extensive studies have dem-
onstrated the functions of ICAM-1 as an adhesion receptor
that binds to its counter-receptors, lymphocyte function asso-
ciated antigen-1 (LFA-1, CD11a/CD18), and Mac-1 (CD11b/
CD18),°” to promote a variety of cell to cell interactions. How-
ever, the functions of ICAM-1 in cell motility such as cell
spreading and migration have not been thoroughly investi-
gated.

Cultured HCE cells show various cellular activities—for
example, the synthesis of cytoskeletal proteins,® and active cell
spreading and migration as well as those in their wound heal-
ing process. Although ICAM-1 is not expressed on normal
corneal epithelium, our previous study demonstrated the
expression of ICAM-1 on cultured human corneal epithelial
(HCE) cells.” Therefore, there is a possibility that ICAM-1 is
expressed preferentially on HCE cells in their active move-
ment. In primary cultured HCE cells obtained from limbal
explant, HCE cells overgrow and migrate on culture dishes
and form a coherent sheet with an incubation period.'’ There-

lular dynamics occurring concomitantly with epithelial cell movement.

Methods: Outgrowing epithelial sheets of human corneal epithelial (HCE) cells from cultured limbal
explants were examined by immunoperoxidase staining with anti-lCAM-1 monoclonal antibody. An
adhesion assay was performed using the epithelial sheets of HCE cells and an Epstein-Barr virus (EVB)
infected B cell lymphoma cell line (EVB*BJAB) expressing CD11a/CD18, a counter-receptor of ICAM-1.
Also, the effect of calphostin C, a specific protein kinase C (PKC) inhibitor, on ICAM-1 expression on
the outgrowing epithelial sheets of HCE cells was examined.

Results: Strong positive staining for ICAM-1 was found predominantly on HCE cells in the marginal
segment of the epithelial sheet, particularly on the cells at the leading edge. EBV*BJAB cells adhering
to the HCE cells corresponded well to the area of ICAM-1 staining. Treatment of outgrowing epithelial
sheets with calphostin C markedly decreased the ICAM-1 expression on the HCE cells.

Conclusion: ICAM-1 is actively expressed on HCE cells in the marginal segment of the outgrowing
epithelial sheets where there is active movement mediated through a PKC dependent mechanism, sug-
gesting the role of ICAM-1 in epithelial cell motility such as the spreading and migration of cells.

fore, in the present study, we investigated the relation between
ICAM-1 expression and corneal epithelial cell movement,
using this primary HCE cell culture system to investigate the
role of ICAM-1 in cellular dynamics and the mechanism of its
function.

MATERIALS

HCE cell culture

Human corneas for corneal transplantation were provided by
domestic local eye banks in Japan. The residual of corneal tis-
sue after corneal transplantation, consisting of peripheral cor-
nea with limbus, termed a corneal rim, was used in the
present study. This study was approved by the -ethics
committee for human research in Nihon University.

The corneal rim was dissected along the stromal lamella
and the upper portion with epithelium was cut into 16 blocks.
Each block was used as a limbal explant in this study. Each
explant was placed epithelial side up on a chamber slide
(Laboratory-Tek 2 well Permanox Slide, 177429; Nunc, Naper-
ville, IL, USA) and left covered for approximately 15 minutes
until the explant attached firmly to the slide. Then, 2 ml of
modified supplemental hormonal epithelial medium (SHEM)
was added to each chamber, followed by incubation at 37°C
under 5% carbon dioxide. Modified SHEM consisted of Ham’s
F12 and Dulbecco’s modified Eagle medium (DMEM; 1:1;
Gibco BRL, Grand Island, NY, USA) containing mouse epider-
mal growth factor (10 ng/ml), bovine insulin (5 pg/ml; Gibco
BRL), cholera toxin (0.1 pg/ml), dimethylsulfoxide (0.5%;
Sigma, St Louis, MO, USA), gentamicin (40 pg/ml; Schering-
Plough, Osaka, Japan), penicillin G (100 U/ml; Banyu
Pharmaceutical, Tokyo, Japan), and 10% fetal bovine serum
(FBS, Gibco BRL). The medium was changed every 3 days.
Outgrowing cells from explants were confirmed as epithelial
cells by epithelial keratin expression, and contamination by
Langerhans cells or corneal stromal cells was excluded by the
previously described method."
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Treatment of HCE cells of epithelial outgrowths with
proinflammatory cytokines and a protein kinase C
inhibitor

Some epithelial outgrowths on wells of the chamber slides
were treated with either recombinant human IFN-y (1000
U/ml) or TNF-a (2000 U/ml; Genzyme, Cambridge, MA, USA)
for 3 days and stained by immunoperoxidase technique
(described in a later section). A portion of the epithelial
outgrowths was treated with calphostin C (Sigma), a specific
PKC inhibitor, at concentrations ranging from 0 to 4 pmol for
1 hour, then washed with medium thoroughly, followed by
incubation with modified SHEM for 2 days just before
immunostaining.

Immunocytochemical study

Explants were embedded in optimal cutting temperature
(OCT) compound (Tissue-Tek; Miles Scientific, Naperville, IL,
USA) at 20°C. Frozen OCT embedded sections were cut at 7 pm
thickness and placed on poly-L-lysine coated microscope slides
(Muto Pure Chemicals, Tokyo, Japan). These OCT sections of
explants and epithelial outgrowths on the chamber slides,
with or without treatment as described above, were stained by
the avidin-biotin peroxidase complex (ABC) method as
follows. The plates were fixed in chilled acetone for 8 minutes.
Next, they were incubated with blocking serum for 30
minutes, followed by incubation with anti-ICAM-1 mono-
clonal antibody (mAb; B-C14; Serotec, Oxford, UK) or control
mouse IgG (Dako, Glostrup, Denmark) for 60 minutes, and
with affinity purified biotinylated horse anti-mouse IgG for 30
minutes. Endogenous peroxidase activity was blocked with
0.3% hydrogen peroxide for 30 minutes, followed by incuba-
tion with ABC reagent (Vectastain ABC Kkit; Vector Laborato-
ries, Burlingame, CA, USA) for 60 minutes. The plates were
incubated with 3-amino-9-ethylcarbazole (AEC; Sigma) for 15
minutes and counterstained with Gill’s haematoxylin (Vector
Laboratories). All plates were examined by light microscopy
(Olympus BH-2; Olympus, Tokyo, Japan).

Adhesion assay

EBV'BJAB/B958, an EBV infected B cell lymphoma cell line,
was prepared for adhesion assay as apposing cells expressing
LFA-1, a counter-receptor of ICAM-1."” ” EBV'BJAB cells were
suspended in DMEM containing 10% heat inactivated (at
56°C, for 30 minutes) FBS (complete medium). Epithelial out-
growths around 7 days of culture were prepared on the cham-
ber slides as described earlier. EBV'BJAB cells (1 x 10°) were
added to each chamber in a total volume of 1 ml with complete
medium, then incubated at 37°C in 5% carbon dioxide for 1
hour. The chamber slides were washed four times with warm
medium to remove EBV'BJAB cells which did not bind to HCE
cells. The chamber slides were examined with a phase contrast
light microscope (Olympus CK2, Olympus).

Blocking of EBV'BJAB cell adhesion to HCE cells with
monoclonal antibodies

Epithelial outgrowths were preincubated with 25 pg/ml of
anti-ICAM-1 mAb (84H10; AMAC, Westbrook, ME, USA) or
control mouse IgG (Dako) at 37°C in 5% carbon dioxide for 1
hour and then washed three times with complete medium
before the addition of EBV'BJAB cells. In some experiments,
the EBV'BJAB cells were pretreated with 25 pg/ml of
anti-LFA-1 (25.3.1; AMAC) at 37°C in 5% carbon dioxide for 30
minutes. This concentration of mAbs was required for the
maximum blocking effect as we previously demonstrated.’
After three time washing with complete medium, these
treated EBV'BJAB cells were resuspended in complete
medium. Adhesion assays were performed using EBV'BJAB
cells and the HCE cells of epithelial outgrowths with or with-
out treatment of mAbs as described earlier. The chamber slides
were examined with phase contrast light microscope (Olym-
pus CK2).
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Figure 1

Human corneal epithelial outgrowth from limbal explant
in culture. The limbal explant (EX) was incubated with modified
SHEM at 37°C under 5% carbon dioxide for 7 days. Phase contrast
micrograph. Original magnification, x10. Outgrowing epithelial cell
sheet (EP). Leading edge of epithelial outgrowth (arrowheads).

RESULTS

ICAM-1 expression on HCE cells from limbal explants

in culture

Limbal explants were incubated in Lab-Tek chamber slides
with modified SHEM. Epithelial outgrowth from the explants
could be observed after 2-3 days of incubation. The area of
epithelial outgrowth was extended with lengthening incuba-
tion period. After about 7 days of incubation, epithelial
outgrowth could be divided into three zones, leading zone,
peripheral zone, and central zone, according to both the
distance from the explant and the shape of the component
epithelial cells (Fig 1). The leading zone was located in the
marginal segment of epithelial outgrowth and mainly
consisted of large and elongated cells. The peripheral zone was
located in the inner segment adjacent to the leading zone and
consisted of large cells. The central zone was located in the
segment proximate to the explant and consisted of packed
small cells. Cells of the epithelial outgrowth were stained by
the ABC method after about 7 days of incubation. As shown in
Figure 2, positive staining for ICAM-1 was found predomi-
nantly on the HCE cells in the leading zone. In addition, the
most intense staining for ICAM-1 was found on the HCE cells
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Figure 2 Immunocytochemical study of ICAM-1 expression on HCE
cells. HCE cells of epithelial outgrowth from the limbal explant affer
7 days of incubation were stained with anti-lCAM-1 mAb by the
ABC method, visualised with AEC, and counterstained with
haematoxylin. Positive staining for ICAM-1 (brown stain) was found
predominantly on HCE cells in the leading zone. Original
magnification, x 34. Limbal explant (EX). Epithelial outgrowth (EP).
Leading edge of epithelial outgrowth (arrows).
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Figure 3 ICAM-1 expression on TNF-a treated HCE cells from the
limbal explant. HCE cells from the limbal explant were treated with
recombinant human TNF-a (1000 U/ml) for 3 days and stained with
anti-lCAM-1 mAb by the ABC method. Original magnification, x 34.
Positively and intensely stained cells for ICAM-1 were observed
throughout the epithelial sheet. Leading edge of epithelial outgrowth
(arrowheads).

at the leading edge. In contrast, on the HCE cells in the
peripheral zone, positive staining was found much less
frequently. In the central zone, ICAM-1 positive cells were
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Figure 4 EBV'BJAB cell adhesion to HCE cells. LFA-1 expressing
EBV'BJAB cells were added to HCE cells on a chamber slide and
incubated for 1 hour. (A) Central zone. (B) Peripheral and leading
zone. EBV'BJAB cells adhering to HCE cells (arrows) were found
predominantly in the leading zone of epithelial outgrowth (EP).
Limbal explant (EX). Leading edge (arrowheads). Original
magnification, x25.
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rarely found. No large variation in staining pattern of ICAM-1
was observed on epithelial outgrowths among the different
portions of the same corneal rim, and no interindividual vari-
ation was found, although epithelial outgrowths from 10 dif-
ferent donor corneal tissues were examined.

Frozen OCT sections of corneal rims from 10 donor eyes
were stained by the ABC method with anti-ICAM-1 mAb.
There was no positive staining for ICAM-1 on corneal epithe-
lial cells as we demonstrated previously (data not shown).’

ICAM-1 expression on HCE cells treated with IFN-y or
TNF-a

There was a possibility that such ICAM-1 expression as dem-
onstrated in this study may be caused by a ICAM-1 inducer
which was contained or secreted from the cells in culture
medium. To test out the possibility, cells of epithelial
outgrowths were treated with recombinant human IFN-y
(1000 U/ml) or TNF-a (2000 U/ml) for 3 days, which
treatment was previously shown to induce ICAM-1 expression
on cultured HCE cells markedly,’ and stained with anti-
ICAM-1 mAb by the ABC method. Basically, the staining pat-
terns on the epithelial outgrowths treated with both cytokines
were similar, as follows; the positive staining for ICAM-1 was
observed much more diffusely and frequently throughout the
epithelial outgrowth than on those cell specimens without any
cytokine treatment (Fig 3).

EBV*BJAB cell adhesion to HCE cells

We performed adhesion assays using the epithelial out-
growths and EBV'BJAB/B958 cells with high LFA-1 expres-
sion, to determine whether ICAM-1 was functionally ex-
pressed on HCE cells in the epithelial outgrowths. EBV'BJAB
cells adhering to HCE cells were found predominantly in the
leading zone; most frequently at the leading edge (Fig 4B). In
contrast, adhered EBV'BJAB cells were found much less
frequently in the peripheral zone and were rarely found in the
central zone (Fig 4A and 4B). In addition, we performed
experiments of blocking the adhesion of EBV'BJAB cells to
HCE cells of epithelial outgrowth with anti-ICAM-1 and anti-
LFA-1 mAbs, to determine whether EBV'BJAB cell adhesion
to HCE cells was mediated through ICAM-1 binding to LFA-1.
The adhesion of EBV'BJAB cells to HCE cells was efficiently
blocked by pretreatment of HCE cells with anti-ICAM-1 mAb
or pretreatment of EBV'BJAB cells with anti-LFA-1 mAb, or
by combining these treatments (Fig 5).

Figure 5 Blocking of EBV'BJAB cell adhesion to HCE cells.
Combining pretreatments of HCE cells and EBVBJAB cells with
anti-lICAM-1 mAb and with anti-LlFA-1 mAb, respectively, efficiently
blocked the adhesion of EBV*BJAB cells to HCE cells. Phase contrast
micrograph. Original magnification, x 25. Leading edge
(arrowheads).
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Figure 6 Effect of PKC inhibitor on ICAM-1 expression. HCE cells
from the limbal explant were treated with 4 pmol of calphostin C, a
specific PKC inhibitor, for 1 hour, followed by 2 days of incubation
with modified SHEM and immunostaining with anti-ICAM-1 mAb.
Immunoreactivity for ICAM-1 (brown stain) decreased markedly on
calphostin C treated HCE cells (A) compared to that on non-treated
HCE cells (B) in the leading zone. Original magnification, x85.

Effect of protein kinase C inhibitor on ICAM-1
expression

According to the previous studies, PKC is a crucial enzyme for
corneal epithelial cell movement." " In addition, the activa-
tion of PKC has been shown to increase ICAM-1 expression on
vascular endothelial cells." Therefore, to investigate a possible
mechanism of the predominant ICAM-1 expression on the
HCE cells in the leading zone, we determined the role of PKC
in the expression of ICAM-1 by blocking PKC activity using
calphostin C, a specific PKC inhibitor.”” The expression of
ICAM-1 decreased markedly with 2—4 pmol of calphostin C
treatment on the HCE cells of epithelial outgrowths (Fig 6).
We confirmed that the result is reproducible by repeating the
same experiment with epithelial outgrowths from five differ-
ent donor corneal tissues.

DISCUSSION

On the basis of previous studies, we sought to determine the
relation between ICAM-1 expression and cellular dynamics
occurring concomitantly with epithelial cell movement. In this
study we investigated the expression of ICAM-1 on outgrow-
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ing epithelial sheets of HCE cells from the limbal explant in
culture. Our experimental protocol was based on the previous
evidence as follows. Epithelial cells in sheet form are capable
of active spreading movements in in vitro cell culture as well
as in epithelial wound healing® "; outgrowth of an epithelial
cell sheet from the limbal explant spreads rapidly as an intact
coherent sheet in culture,” * which provides a good source for
the study of cellular events occurring in outgrowing epithelial
sheets. We showed in the immunocytochemical study that
strong positive staining for ICAM-1 was found predominantly
on the HCE cells in the leading zone, which were located in the
marginal segment of epithelial outgrowth. The most intense
staining for ICAM-1 was found on the HCE cells at the lead-
ing edge. In contrast, ICAM-1"cells were found much less fre-
quently in the peripheral zone and rarely found in the central
zones, located in the inner segment of the outgrowth and the
segment proximate to the explant, respectively. In addition to
immunocytochemical study, we performed adhesion assays
using epithelial outgrowth of HCE cells and EBV*BJAB cells
with high LFA-1 expression on the cell surface, to confirm that
ICAM-1 is functionally expressed on the cell surface.
EBV'BJAB cells adhering to the HCE cells were found
predominantly in the leading zone and most frequently at the
leading edge, corresponding well to the findings in our immu-
nocytochemical study. Moreover, the adhesion of EBV'BJAB
cells to the HCE cells was blocked efficiently either by
pretreatment of HCE cells with anti-ICAM-1 mAb and/or by
pretreatment of EBV'BJAB cells with anti-LFA-1 mAb. Thus,
we concluded that functional ICAM-1 is expressed on the HCE
cells in the leading zone of the outgrowing epithelial sheet. We
also could exclude the possibility that the strong positive
staining at the leading edge might be caused by an artefact in
immunostaining procedure. Furthermore, when the outgrow-
ing epithelial sheet was treated with IFN-y or TNF-a , a well
known inducer of ICAM-1 expression, positive staining was
observed throughout the epithelial sheet of HCE cells,
suggesting that the predominant expression of ICAM-1 in the
leading zone is unlikely to be caused by a certain ICAM-1
inducive factor contained possibly in the culture medium or by
cytokines secreted from the cells in culture medium.

According to previous studies of epithelial cell movement,
locomotory membrane activity such as ruffling was observed
prominently in the cells at the leading edge of epithelial sheets
by time lapse cinemicrography.” Ruffling is thought to be an
important movement corresponding to activity in the leading
edge closely related to cell movement.”” Moreover, a frequent
correlation between ruffling and the formation of focal adhe-
sions is found in migrating cells.” Focal adhesion is less adhe-
sive in that it allows cells to move on the substrate, compared
to the firm adhesion of basal epithelial cells to the underlying
basal lamina mediated by the anchoring complex including
hemidesmosomes.* Focal adhesion is suggested to have a key
role in the migration of cultured cells. In addition to observa-
tion in cultured cells, punctate spots of vinculin, a marker for
focal adhesion, have been demonstrated in the cells at the
leading edge of the migrating corneal epithelium in the heal-
ing process after epithelial debridement in a rat wound
model.” Considering our findings together with those in pre-
vious studies, it is strongly suggested that ICAM-1 is actively
expressed on the epithelial cells of outgrowing epithelial
sheets as an indication of active movement correlated to cell
migration.

Next, to investigate the mechanism of the predominant
ICAM-1 expression on the HCE cells in the leading zone of
outgrowing epithelial sheets, we tried to determine the
relation between PKC activity and ICAM-1 expression,
because PKC has been shown to have a key role in corneal
epithelial migration." In addition, the PKC activator, phorbor
12-myristate 13-acetate, has been reported to induce ICAM-1
expression on other types of cells such as vascular endothelial
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cells.” Treatment of outgrowing epithelial cells with calphos-
tin C, a PKC specific inhibitor, showed a markedly decreased
ICAM-1 expression on the HCE cells in the leading zone, espe-
cially on the cells at the leading edge. This finding indicates
that this predominant expression of ICAM-1 on the HCE cells
is mediated through a PKC dependent signal transduction
pathway. According to recent studies, the interaction between
integrins and ECM, which occurs at sites known for focal
adhesion,” triggers an activation of protein kinases including
PKC, leading to intracellular signal transduction for various
cellular events.” A transient increase of PKC activity has been
demonstrated in cell membrane by cell attachment to
fibronectin (FN).” FN can be synthesised and secreted by cul-
tured corneal epithelial cells and plays a critical part in the
adhesion and the migration of corneal epithelial cells.” There-
fore, it is suggested that PKC is activated predominantly in the
HCE cells in the leading zone of epithelial outgrowth by an
interaction between integrins and ECM components such as
FN, resulting in predominant ICAM-1 expression on these
HCE cells.

Our findings indicate that ICAM-1 is expressed predomi-
nantly on the HCE cells in the leading zone, particularly at the
leading edge, which is mediated through a PKC dependent
pathway and possibly induced by an interaction between
integrins and FN. Previous studies have shown that ICAM-1
can function as a receptor for HA which is synthesised by cor-
neal epithelial cells in the wound healing process™ ** and
enhances the migration of corneal epithelial cells coopera-
tively with FN in vitro.” Taken together, ICAM-1 expression on
HCE cells during active movement of the cells such as spread-
ing and migration, possibly has an important role in an
enhancement of corneal epithelial cell movement through
interaction with HA, leading to acceleration of corneal epithe-
lial wound healing cooperatively with FN.
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