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SUMMARY

Whilst animal studies and a pilot clinical trial suggest that intravitreal triamcinolone acetonide (TA) may
be useful in the treatment of age-related macular degeneration (AMD), its mode of action remains to be
fully elucidated. The present study has investigated the capacity of TA to modulate the expression of
adhesion molecules and permeability using a human epithelial cell line (ECV304) as a model of the
outer blood—retinal barrier (BRB). The influence of TA on the expression of ICAM-1 and MHC-I was
studied on resting and phorbol myristate acetate (PMA)- or interferon-gamma (IFN-vy)- and/or tumour
necrosis factor-alpha (TNF-«)-activated cells using flow cytometry and immunocytochemistry.
Additionally, ECV304 cells were grown to confluence in uncoated Transwell chambers; transepithelial
resistance (TER) across resting and PMA-activated cells was monitored. TA significantly decreased the
paracellular permeability of ECV304 cells and down-regulated ICAM-1 expression, consistent with
immunocytochemical observations. PMA-induced permeability changes were dose-dependent and TA
decreased permeability of both resting and PMA-activated monolayers. MHC-I expression by ECV304
cells however, was not significantly affected by TA treatment. The modulation of TER and ICAM-1
expression in vitro correlate with clinical observations, suggesting re-establishment of the BRB and
down-regulation of inflammatory markers are the principal effects of intravitreal TA in vivo. The results
further indicate that TA has the potential to influence cellular permeability, including the barrier

function of the retinal pigment epithelium (RPE) in AMD-affected retinae.
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INTRODUCTION

The aetiology of age-related macular degeneration (AMD) is not
established, although a number of studies have reported that the
pathogenesis of AMD involves both cell-mediated [1-3] and
humoral immunity [4,5]. The efficacy of the anti-inflammatory
corticosteroid triamcinolone acetonide (TA) in the treatment of
exudative AMD is currently being examined in a prospective
randomized clinical trial [6]. Previously we have reported the
findings of an open label phase II study, in which intravitreal TA
was used to treat subfoveal neovascular membranes, indicating
that inhibition of new blood vessel growth and exudation occurred
in a significant number of cases [6,7].

Subretinal neovascularization disrupts the outer blood—retinal
barrier (BRB) resulting in exudation into the subretinal space and
subsequent loss of photoreceptor function. The BRB exists at two
principal sites: an inner barrier consisting of retinal vascular
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endothelial cells and an outer barrier consisting of the retinal
pigment epithelium (RPE), in both of which adjacent cells are
joined by adherens and occludens junctions. The presence of
zonulae occludens (ZO) between adjacent endothelial and RPE
cells controls the paracellular passage of metabolites between the
neuronal environment and the vasculature, while specific transport
systems operate to control the movement of metabolites via the
transcellular route [8]. ICAM-1 is constitutively expressed on RPE
and choroidal vascular endothelial cell surfaces and is an
important component of cell—cell interactions during inflamma-
tory responses, mediating leucocyte adhesion and extravasation
[9,10]. It has been suggested that the RPE uses the same principal
receptor—ligand pairings to mediate leucocyte traffic as the
vascular endothelium of the anterior BRB [11]. Models of the
outer BRB have been established to investigate cellular perme-
ability and adhesion molecule expression by the RPE [12], and
one study of a model of the inner BRB has examined the effects of
hydrocortisone on the formation of barrier properties by cultured
vascular endothelial cells [13]. The present study has employed a
human cell line with an epithelial phenotype (ECV304) [14] as a
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model of the outer BRB, to investigate the capacity of TA to
modulate cellular permeability and adhesion molecule expression.

MATERIALS AND METHODS

Cell culture

ECV304 cells. A human bladder carcinoma-derived epithelial
cell line (ECV304; European Collection of Cell Cultures,
Salisbury, UK) was maintained in Dulbecco’s modified Eagles’
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS; Trace Biosciences, Sydney, Australia), 50 mg/ml each of
penicillin and streptomycin, and 2 mm glutamine (Trace
Biosciences) in a humidified atmosphere of 5% CO, at 37°C.
Cells were subcultured once per week (0-05% trypsin, 0-02%
EDTA for 3 min at 37°C) and passages 4—15 were used in the
experiments.

Antibodies

For flow cytometry (FCM) the following antibodies were used:
mouse anti-human ICAM-1 (CD54; Biodesign International, Saco,
ME); mouse anti-human HLA-ABC (Dako Pty Ltd, Sydney,
Australia); rabbit anti-human ZO-1 (Zymed, San Francisco, CA,
USA) and mouse IgG1 or rabbit IgG (isotype controls) (Dako Pty
Ltd). Anti-human CD54 (clone no. 15.2) is directed against the
85-115-kD glycoprotein (ICAM-1). ICAM-1 is a membrane
glycoprotein which mediates antigen-independent adhesion of
leucocytes wvia interaction with its ligand LFA-1. ZO-1 is a
membrane protein which is a constituent of tight junctions,
zonulae occludens, which control the permeability of epithelial
and endothelial cell monolayers.

Sheep anti-mouse immunoglobulin F(ab’), fraction FITC
(Silenus Laboratories Pty Ltd, Sydney, Australia) was used as
the secondary antibody for FCM. Biotinylated sheep anti-mouse
immunoglobulin and/or donkey anti-rabbit immunoglobulin
(Amersham Pty Ltd, Sydney, Australia) were used as secondary
antibodies for immunocytochemistry. All antibodies were titrated
for FCM or immunolabelling before experimental use and the
minimum concentration for saturation labelling was chosen.

Reagents

Phorbol 12-myristate 13-acetate (PMA; Sigma, Sydney, Australia)
was dissolved in dimethyl sulphoxide (DMSO; Sigma) as a
6 x 1072 ™ stock solution; TA (Sigma) was dissolved in
methanol (Biolab Scientific Pty Ltd, Sydney, Australia) as a
1072 M stock solution. Optimal dose and time responses were
established by FCM. For the flow cytometry experiments, a final
concentration of 107%™ and 24 h stimulation with PMA, and
107% M and 48 h treatment with TA were used.

Flow cytometry
Cells were grown in 25-cm? flasks overnight, then 10 ml fresh
culture medium were added with the following treatments: control
untreated; PMA 107° ™ for 72 h; TA 10 ° ™ for 48 h; PMA
107%™ for 24 h, and then TA 107% M for 48 h; diluent control
(DMSO + methanol). In order to compare the effects of PMA
with other proinflammatory cytokines, interferon-gamma (IFN-vy)
and/or tumour necrosis factor-alpha (TNF-«), ECV304 cells were
treated for 48 h with either IFN-y (200 U/ml), PMA (107% m) and
TNF-a (200 U/ml) or with both IFN-y and TNF-«.

FCM labelling. Following incubation, cultures were washed
twice with PBS, then detached from the flasks with 0-05% trypsin/
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Fig. 1. (a) Time—response curves to a range of phorbol myristate acetate
(PMA) doses established a threshold effect, using 10~° M PMA (V¥). Four
hours post PMA treatment was determined to be optimum to produce a
significant differential effect over dimethyl sulphoxide (DMSO)-treated
ECV304 monolayers ([J) versus PMA @5 x 107°M (@ or5 x 107 0m
(A) (P = 0-025). (b) Comparison of the resistances of the triamcinolone
acetonide (TA)-treated cells (A) with control cultures (CJ) showed that the
transepithelial resistance (TER) was markedly higher in TA-treated
cultures from day 12 to the conclusion of the experiment. Treatment with
107° M PMA at day 9 resulted in reduced resistance from 4 h post-
treatment (M). Additionally, treatment with 10° m PMA followed by TA
(107 M) resulted in a significant increase in resistance compared with
PMA-treated cultures (@). Each data point represents the mean TER of
five Transwells (n = 5) = s.e.m.
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0-02% EDTA for 3 min at 37 °C. This treatment has been reported
to not alter the serological detectability of MHC class I [15] and
ICAM-1 [16]. Cells (5 x 10°) were pelleted by centrifugation at
463 g for 3 min at 4°C, and then resuspended with 100 w1 of
primary antibody at 4°C. After 1 h incubation, cells were washed
through 100 wL FBS by centrifugation (463 g, 3 min, 4°C), and
resuspended in 100 w1 of FITC-conjugated antibody for 45 min at
4°C. Cells were then centrifuged through FBS as above, and
resuspended in 300 w1l DMEM/FBS for FCM.

Flow cytometry analysis. Fluorescence between 515 nm and
545 nm was measured using a FACScan (Becton Dickinson,
Sydney, Australia) with an argon—ion laser set at an emission of
488 nm for excitation of FITC. Forward and side scatter
measurements were within the same range for all populations,
and at least 10* events were collected for each sample. Data
analysis was performed with the CellQuest program (Becton
Dickinson) and results presented either as histograms or bar
graphs. Histograms show results from individual experiments, and
express number of events versus log;, fluorescence intensity. Bar
graphs show average normalized data (n = 3) for peak channel
fluorescence which is a quantitative measure of relative cell
surface molecule expression.

Transepithelial resistance

ECV304 cells (3-5 x 10%) were plated onto uncoated polycarbonate
membranes (3 um pore size) in Transwell inserts (Costar, Cam-
bridge, MA) in a 150-u1 volume of culture medium, and 700 w1 of
culture medium were added to each well. The medium was changed
on the following day, and subsequently changed every second day
for the duration of the experiment. Electrical resistance was
measured from day 3 using a Millipore ERS resistance meter
(Millipore, NSW, Australia) as previously described [17].

Time-response curves to a range of PMA doses were
investigated to establish a threshold effect, using 1077 M,
5x 107" mand 5 x 10~ '° M concentrations.

Treatments of cultured cells were carried out at day 9 after the
transepithelial resistance (TER) stabilized. Cells were treated as
follows: either with PMA (1072 M) for 4 h and subsequently
DMEM or TA (10° M) continuing throughout the experimental
period (up to day 19); or TA (107% M) alone; to control for the
effects of DMSO and methanol, a group of wells was treated with
the same concentration of DMSO and methanol alone as the
PMA- and TA-treated groups.

The electrical resistances of monolayers were calculated as the
average resistance of the different groups, minus the average
resistance reading from the background control (membrane only)
and then multiplied by the effective growing area (0-33 cm?).
Each data point represents the mean of electrical resistance from
an individual experiment (n = 5 Transwells) = s.e.m. (Fig. 1).
All experiments were repeated four times.

Immunocytochemistry

In parallel with the flow cytometry experiments, 5 x 10* cells
(ECV304) were seeded onto coverslips and immunolabelled using
ICAM-1 and MHC-I antibodies. Additional coverslips were seeded
and grown to confluence for ZO-1 immunolabelling. The coverslips
were then fixed in cold acetone for 20 min, washed in PBS, and
blocked in 10% serum prior to the primary antibody incubation.
The serum used was either sheep or donkey, depending on the
secondary antibody. Coverslips were then incubated at 4°C for 1 h
with anti-ICAM-1, anti-MHC-I, anti-ZO-1 or negative control

(mouse IgG1 or for ZO-1 rabbit IgG), followed by incubation in
biotinylated secondary antibody for 30 min. Bound antibody was
detected with streptavidin-fluorescein (Zymed) labelling and the
specimens examined by fluorescence microscopy.

Electron microscopy

Control Transwell specimens were fixed in 2-5% glutaraldehyde
in 0-1 M sodium cacodylate buffer pH 7-4 and postfixed in 2%
osmium tetroxide, block stained in uranyl acetate, dehydrated
through a series of alcohols and acetone, embedded in Epon-
Araldite resin and cured at 60°C. Ultrathin sections were stained
with uranyl acetate and lead citrate and examined at 75 kV with
an Hitachi 7100FA transmission electron microscope (EM).

Statistical analysis

Results are expressed as mean * s.e.m., and a two-tailed unpaired
Student’s t-test was used. Readings with P < 0-05 were
considered significant.

RESULTS

Transepithelial resistance

Time-response curves to a range of PMA doses established a
threshold effect, using 10~° M PMA. Four hours post PMA
treatment was determined to be optimum to produce a significant
differential effect over untreated ECV304 monolayers
(P = 0-025) (Fig. 1a). At this concentration of PMA the TER
was reduced relative to untreated monolayers, though resistance
could still be increased by TA treatment.
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Fig. 2. Unstimulated ECV304 cells constitutively expressed moderate
levels of ICAM-1 (M) and MHC-I (0J) compared with the isotype antibody
controls. Similar levels of expression were detectable in cells treated with
dimethyl sulphoxide (DMSO)/methanol or triamcinolone acetonide (TA)
alone. Phorbol myristate acetate (PMA)-activated cells had significantly
(P = 0-0003) up-regulated ICAM-1 expression after 72 h in culture, an
approximately four-fold increase over unstimulated levels of expression.
After 24 h initial exposure to PMA cells were additionally exposed to TA
(10_6 M) for a further 48 h; treatment of PMA-stimulated cells with TA
significantly reduced detectable levels of ICAM-1 expression (PMA
versus PMA + TA, P = 0-045). AU, Arbitrary units. MHC-I levels were
not significantly modulated by either TA or PMA treatment. Similarly,
after 24 h initial exposure to PMA cells were additionally exposed to TA
(107° M) for a further 48 h; treatment of PMA-stimulated cells with TA
did not significantly modulate levels of MHC-I expression.
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Fig. 3. Representative FACS histograms showing ECV304 expression of (a) ICAM-1 and (b) MHC-I for: a, IgG control; b, mock-treated; c,
phorbol myristate acetate (PMA) + triamcinolone acetonide (TA); and d, PMA. (c) ICAM-1 for: a, mock-treated; b, IFN-y and tumour
necrosis factor-alpha (TNF-«); c, IFN-y; d, PMA; and e, TNF-a. PMA treatment significantly up-regulated ICAM-1 expression while
subsequent treatment with TA significantly reduced ICAM-1 expression. Treatment of PMA-stimulated cells with TA did not significantly
modulate levels of MHC-I expression. PMA had a similar effect to other proinflammatory cytokines; IFN-y produced equivalent levels of
ICAM-modulation to PMA, while TNF-a produced less modulation than PMA. IFN-y and TNF-a in combination produced most

pronounced up-modulation of ICAM-1 expression.

The TER of all ECV304 cell cultures reached a peak
approximately 9 days after seeding (Fig. 1b). Comparison of the
resistances of the TA-treated cells with control cultures showed
that the TER was markedly and significantly higher in TA-treated
cultures from day 12 to the conclusion of the experiment.
Significant increases in TER (ranging from P < 0-0001 to
P < 0-01) occurred 3 days after TA treatment (between days 12
and 19). Treatment with 10~° M PMA at day 9 resulted in reduced
resistance from 4 h post-treatment until the conclusion of the
experiment. Additionally, treatment with 10~° M PMA followed
by TA (10 m) resulted in a significant increase in resistance
compared with PMA-treated cultures (ranging from P < 0-0002
to P < 0-01) on day 3 which was preserved until the conclusion of
the experiment. Figure 1b illustrates a typical experiment; similar
results were obtained in three separate experiments.

Flow cytometry analysis

Unstimulated ECV304 cells constitutively expressed moderate
levels of ICAM-1 (25 arbitrary units (AU)) and MHC-I (15 AU)
compared with the isotype antibody controls (Fig. 2). Similar
levels of expression were detectable in cells treated with DMSO/
methanol or TA alone (Fig. 2). PMA-activated cells had a
significantly (P = 0-0003) up-regulated ICAM-1 expression
(110 AU) after 72 h in culture, an approximately four-fold
increase over unstimulated levels of expression (Figs 2 and 3a).
After 24 h exposure to PMA, cells were additionally exposed to
TA (107%wm) for a further 48 h; treatment of PMA-stimulated
cells with TA significantly reduced levels of ICAM-1 expression
(70 AU) (PMA wversus PMA + TA, P = 0-045) (Fig. 2). MHC-1
levels were, conversely, not significantly modulated by either TA
(8 AU) or PMA (6 AU) treatment (Figs 2 and 3b). After 24 h
initial exposure to PMA, cells were additionally exposed to TA
10~° ™ for a further 48 h; treatment of PMA-stimulated cells with
TA did not significantly modulate levels of MHC-I expression
(5 AU) (Figs 2 and 3b).

The proinflammatory cytokine IFN-y produced equivalent
levels of ICAM-modulation to PMA, while TNF-a produced less
modulation than PMA. IFN-y and TNF-a in combination
produced the most pronounced up-modulation of ICAM-1
expression (Fig. 3c).

Morphology

ECV304 cells grown on coverslips showed cell membrane
localized ICAM-1 immunostaining (Fig. 4A). Staining with
isotype control (non-immune immunoglobulin) indicated insig-
nificant levels of non-specific binding to ECV304 cells (Fig. 4B).
PMA stimulation promoted hypertrophy and the formation of long
processes in ECV304 cells associated with more intense ICAM-1
expression at the plasma membrane (Fig. 4C). Subsequent
treatment with TA resulted in condensation of the ECV304 cell
morphology associated with smaller cell size and reductions in
processes; the intensity of ICAM-1 expression at the plasma
membrane was also visibly diminished (Fig. 4D).

Z0-1 immunostaining of coverslips revealed the ECV cells to
form an integrated monolayer (Fig. 4E) with high levels of
immunoreactivity expressed at the cell margins with occasional
punctate accumulations of staining.

At the ultrastructural level ECV304 cells in Transwells
appeared as a continuous layer (Fig. 4G) with apposing cells
joined by both desmosomes (maculae adherens) and tight
junction-like structures (ZO) (Fig. 4F). Both types of junction
occurred at the apices of the cells, with ZO junctions occurring
closer to the apices than desmosomes (Fig. 4F,G).

DISCUSSION

Intravitreal administration of corticosteroids, including TA, has
been shown to be effective in reducing the incidence of
experimentally induced neovascularization in monkeys [18],
rabbits [19,20] and pigs [21]. Corticosteroids are commonly used
to treat inflammatory eye diseases [22—24] and their therapeutic
potential for the treatment of exudative AMD, via intravitreal
administration, is currently being examined [6,7,25]. Although
this class of drugs is known to display differential capacities to
mediate anti-inflammatory and permeability effects, the parti-
cular mode of action of TA has not been defined. The present
study employed a human cell line with an epithelial phenotype
(ECV304)14 to investigate the capacity of TA to modulate
cellular permeability and adhesion molecule expression.

The ECV304 cell line was originally suggested to be of
endothelial origin and has been employed in many laboratories as
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a model of human vascular endothelium [26]. Recently, it has
been reported that the ECV304 line has identical DNA fingerprint
profiles to the T24 epithelial carcinoma cell line [27]. It has
been known for some time that ECV304 lacks a number of
characteristics of vascular endothelial cells, including VCAM-1,
E-selectin [26], factor VIII (von Willebrand’s factor) and
cadherin-5, whilst expressing epithelial cell proteins including
E-cadherin and desmoplakin antigens [14]. Furthermore, ECV304
cells express a number of phenotypic characteristics in common
with the human RPE line (D407) including cytokeratin expres-
sion, growth characteristics and morphology [28]. ECV304 cells
are also reported to express a number of features in common with
primary isolates of human RPE cells, including the expression of
glucocorticoid receptors [29,30] and ICAM-1 [9,26]. The ECV304
line may now be considered as a potential model of epithelial and
RPE cell permeability.

The rationale for the use of anti-inflammatory corticosteroids
has been derived from numerous observations of the involvement
of both humoral and cell-mediated immunity in the pathogenesis
of AMD. Early pathological changes in AMD-affected retinae
have been described and related to immunological responses in
retinal microglia and vascular elements [3]. Further, the presence
of anti-retinal autoantibodies in sera from patients with early
AMD has been reported [4,5]. Both the atrophic [31] and
neovascular end stages [32] of AMD involve cell-mediated
inflammation, and leucocyte sticking and extravasation have been
observed ultrastructurally [1]. Chronic inflammatory cells have
been reported in surgically excised subfoveal neovascular
membranes [2] and it has been recently suggested that IL-183
and TNF-a secreted by macrophages may promote choroidal
neovascularization [33]. Glucocorticoids also suppress the activity
of monocytes and macrophages, contributing to the efficacy of
glucocorticoids in inflammatory diseases [34]. In situ histopatho-
logical analyses of fellow eyes showed diminished exudation and
microglial/macrophage numbers associated with intravitreal TA
administration [7].

The RPE apparently uses the same principal receptor—ligand
pairings to mediate leucocyte traffic as the vascular endothelium
of the inner BRB [11,35]. Adhesion molecule expression,
including ICAM-1, has been described in excised subretinal
disciform lesions in association with inflammatory cells [36].
Further, soluble factors from reactive microglia may enhance the
expression of ICAM-1 on vascular endothelial cells [37] and we
have recently reported microglial activation related to the
pathogenesis of AMD [3].

PMA has the potential to mimic the effects of proinflamma-
tory cytokines by inducing expression of ICAM-1 and MHC-I
molecules on human endothelial cells [38]. Previously, human
vascular endothelial, epithelial and epithelial/endothelial hybrid
cell lines have been employed to investigate the modulation of

ICAM-1 by dexamethasone [26,30]. The present study has
investigated the effects of TA on constitutive and PMA-modulated
expression of ICAM-1 and MHC-I antigens on ECV304 cells
using flow cytometry. The results demonstrate that PMA-induced
expression of ICAM-1 on ECV304 cells is significantly reduced
by TA treatment, suggesting that TA has the potential to down-
regulate ICAM-1 expression in vivo. Our findings show that IFN-
7y results in equivalent levels of ICAM-1 modulation on ECV304
cells compared with PMA treatment. TNF-a produced less
modulation than PMA while IFN-y and TNF-« in combination
produced more pronounced up-modulation of ICAM-1 expression.
However, MHC-I levels were not significantly modulated by
either TA or PMA treatment, consistent with a previous report that
MHC antigens may be up-regulated independently of ICAM-1
biosynthesis [39].

The present study indicates that TA has the capacity to
decrease the permeability of the ECV304 cell line, both prior to
and subsequent to PMA-mediated permeability increases. One
earlier study has reported that dexamethasone regulates tight
junction permeability of cultured 31EG4 mammary epithelial cells,
resulting in increased TER and ZO-1 protein expression [40]. There
appear to be no reports of the effect of TA on endothelial or
epithelial cell permeability, but the current results suggest that TA
has the capacity to modulate both the expression of adhesion
molecules and cellular permeability of human epithelium.

Glucocorticoid receptors are widely distributed in mammalian
tissues and have been detected in human RPE cells [29] and
bovine endothelial cells [41]. RPE cells also express vascular
endothelial growth factor (VEGF) antigen [42] and it has been
suggested that the capacity of corticosteroids to reduce oedema
may be via down-regulation of the VEGF gene [43]. It has been
suggested that involution of neovascular membranes in the monkey
eye is the result of RPE proliferation, enveloping the newly formed
vessels and resorbing subretinal fluid [44,45]. Intra-ocular gluco-
corticoids, including TA, are reported to induce RPE proliferation
[29], and may promote the barrier function of the RPE.

TA may influence the activity of a variety of cell types
involved in subretinal fibrovascular lesions including the RPE,
vascular endothelial cells and leucocytes. The modulation of
epithelial resistance and ICAM-1 expression by TA in vitro is
consistent with clinical observations, indicating that reduction of
the permeability of the outer BRB and down-regulation of
inflammatory stimuli are the principal effects of intravitreal TA
in vivo.
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Fig. 4. (A) On coverslips, resting ECV304 cells showed cell membrane-localized ICAM-1 immunostaining. (B) On coverslips staining with
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phorbol myristate acetate (PMA) stimulation promoted hypertrophy and the formation of long processes in ECV304 cells was associated
with more intense ICAM-1 expression at the plasma membrane. (D) On coverslips, subsequent treatment of PMA-stimulated cells with
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micrograph illustrating that ECV304 cells form a continuous layer with apposing cells joined by both desmosomes (maculae adherens) and
tight junctions (ZO). Both types of junction occurred at the apices of the cells (arrows indicate cell boundaries).
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