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SUMMARY: Dysfunction and loss of human retinal pigment epithelial (HRPE) cells is a significant component of many ocular
diseases, in which mononuclear phagocyte infiltration at the HRPE-related interface is also observed. In this study, we
investigated whether HRPE cell apoptosis may be induced by overlay of IFN-�–activated monocytes. Human monocytes primed
with IFN-� overlaid directly onto HRPE cells elicited significant increases in terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL)–positive HRPE cells (p � 0.0001) and decreases of proliferating cell nuclear antigen–positive (p �
0.0001) HRPE cells. The activated monocytes also induced HRPE cell caspase-3 activation, which was inhibited by the
caspase-3 inhibitor, Z-DEVD-fmk. However, co-incubations in which activated monocytes were prevented from direct contact
with HRPE cells or in which the monocytes were separated from the HRPE cells after 30 minutes of direct contact, did not induce
significant HRPE cell apoptosis. Function-blocking anti-CD18 and anti-intercellular adhesion molecule-1 (ICAM-1) antibodies
significantly reduced activated monocyte-induced TUNEL-positive HRPE cells by 48% (p � 0.0051) and 38% (p � 0.046),
respectively. Anti-CD18 and anti-ICAM-1 antibodies significantly inhibited caspase-3 activity by 56% (p � 0.0001) and 45% (p
� 0.0001), respectively. However, antibodies to vascular cell adhesion molecule-1, TNF-�, IL-1�, or TNF-related apoptosis-
inducing ligand did not inhibit apoptosis or caspase-3 activation. Direct overlay of monocytes also induced reactive oxygen
metabolites (ROM) within HRPE cells. The intracellular HRPE cell ROM production was inhibited by the anti-CD18 and
anti-ICAM-1 antibodies, but not by superoxide dismutase, presumably due to its failure to penetrate into HRPE cells. Accordingly,
neither superoxide dismutase nor NG-monomethyl-L-arginine had significant effects on HRPE cell apoptosis or caspase-3
activation. Our results suggest that activated monocytes may induce ROM in HRPE cells through cell-to-cell contact, in part via
CD18 and ICAM-1, and promote HRPE cell apoptosis. These mechanisms may compromise HRPE cell function and survival in
a variety of retinal diseases. (Lab Invest 2003, 83:1117–1129).

H uman retinal pigment epithelial (HRPE) cells
form the outer blood-retina barrier and serve

many supportive functions for the overlying neural
retina. Dysfunction and/or loss of HRPE cells can
cause retinal dysfunction and significant visual loss.
HRPE cell alterations are a major pathologic compo-
nent of many ocular diseases such as proliferative
vitreoretinopathy (PVR), age-related macular degener-
ation (ARMD), and overtly inflammatory ocular dis-
eases including uveitis. PVR is characterized by for-
mation of epiretinal membranes in which HRPE cell
proliferation and extracellular matrix production pre-
dominate in the early stages of the disease, whereas

the proportion of HRPE cells decreases in late stages
of PVR (Yamashita et al, 1986). Apoptosis of HRPE
cells is observed in these membranes (Esser et al,
1997). Advanced cases of ARMD and uveitis fre-
quently show loss and degeneration of HRPE cells.
Because breakdown of the blood-retina barrier is
frequently seen in these diseases, HRPE cells receive
signals from humoral factors, inflammatory mediators,
and infiltrating leukocytes. These signals not only alter
HRPE cell function and behavior but may also influ-
ence the survival and integrity of HRPE cells. Antag-
onistic or synergistic signals acting on HRPE cells may
be important in bringing about HRPE cell death or
promoting cell survival. Epidermal growth factor, basic
fibroblast growth factor, platelet-derived growth fac-
tor, and TNF-�, for example, induce HRPE cell prolif-
eration, whereas transforming growth factor-� has
been known to cause HRPE cell apoptosis (Esser et al,
1997; Kaven et al, 2000; Kishi et al, 1994; Liu et al,
1992; Schwegler et al, 1997).
Direct cell-to-cell contact has also been shown to

influence cellular response, function, and survival in
many kinds of cell types (Meszaros et al, 2000;
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Seshiah et al, 2002; Yoshida et al, 2001a). HRPE cells
are frequently associated with monocytes in PVR,
ARMD, and uveitis (Baudouin et al, 1992; Chan et al,
1985; Harper et al, 1992; Jerdan et al, 1989; Kampik et
al, 1981; Vinores et al, 1990). We previously found that
direct interactions between HRPE cells and mono-
cytes result in chemokine induction and that HRPE cell
responses to cytokines differ when they are co-
cultured with monocytes (Yoshida et al, 2001a,
2001b). Because inflammation can cause tissue de-
struction as well as proliferation, mononuclear phago-
cytes might also influence HRPE death and survival.

It is well known that monocytes and macrophages
play important roles in innate immunity and inflamma-
tory responses. Activated monocytes and macro-
phages have the capacity to direct apoptosis of vari-
ous kinds of cells including glomerular mesangial
cells, fibroblasts, neurons, smooth muscle cells, lung
epithelial cells, T lymphocytes, neutrophils, endothe-
lial cells, and tumor cells (Arantes et al, 2000; Diez-
Roux and Lang 1997; Duffield et al, 2000; Griffith et al,
1999; Hirano, 1998; Meszaros et al, 2000; Nakayama
et al, 2000). Although quiescent macrophages can
induce neuronal apoptosis (Arantes et al, 2000), cyto-
toxic activity of monocytes and macrophages to most
cells has required monocytes and macrophage stim-
ulation with inflammatory mediators including IFN-�,
which is known to be increased in eyes with PVR and
uveitis (Griffith et al, 1999; Nakayama et al, 2000).
Therefore, in these diseases, activated monocytes
and macrophages may be expected to have some
effects on HRPE cell death and survival. However,
little is understood of signaling mechanisms by which
monocytes influence HRPE cell death and survival.

The balance between cell apoptosis and survival is
dependent upon the relative expression of specific
genes whose products interact to determine the final
outcome of apoptotic signals. Among a series of
cellular events, the activation of caspases seems to be
a major factor for the execution of apoptosis (Alnemri,
1997). Caspases are synthesized as inactive proen-
zymes that are proteolytically cleaved to an active
form. Activated caspases then cleave specific target
proteins at aspartic acid residues, inactivating or dam-
aging essential cellular proteins including enzymes
involved in DNA repair, structural components of the
cytoplasm and nucleus, and various protein kinases
(Cryns and Yuan, 1998; Thornberry and Lazebnik,
1998). Investigation of different patterns of caspase
activation is an area of intensive research, and the
exact contribution of individual caspases is increas-
ingly being defined (Zheng et al, 1999). Of the caspase
family members, caspase-3 seems to be a central
effector of the caspase cascade and considered by
many as a final executioner of the apoptotic cell death
program (Susin et al, 1997). Previous studies have
shown that in HRPE cell apoptosis, caspase-3 activa-
tion is involved in hydrogen peroxide-induced, blue
light exposure–induced, and zinc chelator–induced
apoptosis, whereas it does not participate in
ischemia-induced HRPE cell apoptosis (Hyun et al,
2001; Jin et al, 2001; Sparrow and Cai, 2001; Wood

and Osborne, 2001). However, there is no information
about caspase-3 activity in HRPE cells exposed to
contact with monocytes.

In this study, we examined whether IFN-�-activated
monocytes can trigger HRPE cell apoptosis. In addi-
tion, we tested the involvement of caspase-3 and
characterized the cellular interactions leading to acti-
vated monocyte-induced HRPE cell apoptosis.

Results

Apoptotic Index of HRPE Cells Co-Cultured with
Activated Monocytes

We investigated whether activated monocytes could
induce HRPE cell apoptosis. Prelabeling of HRPE cells
with Cell Tracker Green CMFDA and staining of fixed
cultures with propidium iodide (PI) enabled selective
assessment of HRPE cells. We could see the shape
and size of HRPE cells (Fig. 1). Because apoptotic
cells remain intact and closely associated within the
cultures, it is possible to definitively assay apoptotic
cell death without disturbing the cultures. This method
reduces the risk of underestimating apoptosis, an
inherent problem with certain assays of apoptosis
(Duffield et al, 2000). In addition, we performed termi-
nal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining. When HRPE cells
were overlaid with IFN-�–activated monocytes, and
the co-cultures were stimulated with IFN-�, we found
apoptotic HRPE cells exhibiting cell shrinkage and
nuclear condensation (Fig. 1A). Such cells were also
positive for TUNEL staining (Fig. 1E). No significant

Figure 1.
Apoptosis, terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining, and proliferating cell nuclear antigen (PCNA)
immunostaining of human retinal pigment epithelial (HRPE) cell: monocyte
co-cultures. A, Propidium iodide (PI) staining of 48-hour-old HRPE cell:
activated monocyte co-cultures stimulated with IFN-� (activated co-cultures).
Green HRPE cells, prelabeled with CellTracker Green CMFDA, are distinguished
from monocytes, which are seen as red cells with red nuclei. HRPE cells with
nuclear condensation and cell shrinkage can be seen in the activated
co-cultures. B, unstimulated HRPE cell: monocyte co-cultures. C, IFN-�
stimulated HRPE cells. D, unstimulated HRPE cells. E, TUNEL staining (brown)
of activated co-cultures. HRPE cells were also stained for vimentin (red). F,
TUNEL staining of HRPE cells alone stimulated with IFN-�. G, PCNA immu-
nostaining (red) of HRPE cells in activated co-cultures is reduced when
compared with IFN-�–stimulated HRPE cells alone as seen in H. HRPE cells
were prelabeled with CellTracker Green CMFDA before co-culture. Bar � 20 �m.
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difference between the percentages of cells demon-
strating nuclear condensation on PI staining and those
labeled with TUNEL was seen in the co-cultures (25.3
� 4.1 vs 23.7 � 3.4%). Proliferating cell nuclear
antigen (PCNA), which has been shown to be a useful
marker for proliferating cells, was also assessed after
overlay of monocytes onto HRPE cells. When mono-
cytes were primed with IFN-�, and the subsequent
co-cultures were stimulated with IFN-� (activated co-
cultures), significant increases in TUNEL-positive
HRPE cells (p � 0.0001) and decreases in PCNA-
positive cells (p � 0.0001) were observed compared
with control culture of HRPE cells growing alone,
stimulated with IFN-� (Fig. 2). When unstimulated
monocytes were overlaid onto HRPE cells and the
co-cultures were incubated without IFN-� (unstimu-
lated co-cultures), TUNEL-positive HRPE cells were
not induced and PCNA-positive HRPE cells were
increased compared with unstimulated HRPE cells
(Fig. 2). HRPE cells alone, stimulated with IFN-�, did
not undergo apoptosis and demonstrated significant
increases in PCNA-positive cells (p � 0.0025) com-
pared with unstimulated HRPE cells.

Priming of both HRPE cells and monocytes with
IFN-� did not result in significant increases in the
number of TUNEL-positive HRPE cells compared with
monocyte priming alone (Table 1). When neither HRPE
cells nor monocytes were primed or when only HRPE
cells were primed, co-cultures stimulated with IFN-�
induced 48% and 52% HRPE cell apoptosis, respec-
tively, compared with monocyte priming.

Caspase-3 Activation in HRPE Cells Induced by
Activated Monocytes

We examined the involvement of caspase-3 in IFN-�–
activated monocyte-induced HRPE cell apoptosis. We
quantitated caspase-3 activity in HRPE cell lysates by
measuring the cleavage of the caspase-3–specific
substrate Ac-DEVD-pNA. Caspase-3 activity was not
detected in HRPE cells alone, with or without IFN-�
stimulation (Fig. 3A). Unstimulated co-cultures did not
show significant differences in HRPE cell caspase-3
activity compared with control HRPE cells (Fig. 3A).
When monocytes were primed, however, co-cultures
stimulated with IFN-� exhibited significant (p �
0.0001), time-dependent increases of caspase-3 ac-
tivity in HRPE cells. Immunoblotting analysis also
showed that the cleavage of procaspase-3 (p20) was
detected in HRPE cells in activated co-cultures (Fig.
3B). When the co-cultures were incubated for 24
hours with Z-DEVD-fmk, a caspase-3 inhibitor,
caspase-3 activation was significantly inhibited by
80% (Fig. 3C). This inhibitor also significantly de-
creased TUNEL-positive cells by 71% (Fig. 3C). When
both HRPE cells and monocytes were primed with
IFN-�, caspase-3 activity of HRPE cells in co-cultures
was not significantly different from that with only
monocyte priming (Table 2). When neither HRPE cells
nor monocytes or when only HRPE cells were primed,
caspase-3 activity was only 22% and 24% of that in
co-cultures with monocyte priming, respectively.

By increasing the ratios of monocytes to HRPE cells
in activated co-cultures, a progressively greater pro-
portion of HRPE cells showed apoptosis (Fig. 4A).
Consistent with this result, HRPE cell caspase-3 ac-
tivity increased as the ratio of IFN-�–activated mono-
cytes to HRPE cells increased (Fig. 4B).

Figure 2.
Quantitation of effects of co-culture of HRPE cells with activated monocytes on
HRPE cell TUNEL and PCNA staining. Monocytes were primed with IFN-�
(pMo) or left unstimulated (Mo) before co-culture established as described in
“Materials and Methods.” In activated co-cultures, co-cultures were also
stimulated with IFN-�. A, TUNEL staining of HRPE cells and monocytes. B,
PCNA immunostaining of HRPE cells and monocytes. Data are expressed as
percentage of TUNEL-positive HRPE cells and PCNA-positive HRPE cells.
Values represent means � SD; *p � 0.05.
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Role of Cell-to-Cell Contact in Activated
Monocyte-Induced HRPE Cell Apoptosis

We examined whether cell contact was obligatory for
HRPE cell apoptosis in activated co-cultures. Co-
incubation of HRPE cells and activated monocytes in
the same cultures, but separated by porous polycar-
bonate filters, did not significantly induce apoptosis or
caspase-3 activation of HRPE cells (Fig. 5). When
HRPE cells and activated monocytes were co-
cultured for 30 minutes, and then monocytes were

removed, no significant induction of apoptosis or
caspase-3 activation of HRPE cells was measured.

Involvement of CD18 and Intercellular Adhesion
Molecule-1 (ICAM-1) in HRPE Cell Caspase-3 Activation
and Apoptosis Caused by Activated Monocytes

We investigated whether adhesion or cytokine path-
ways contributed to the apoptosis and caspase-3
activation induced in activated co-cultures. When
function-blocking anti-CD18 and anti-ICAM-1 anti-
bodies were included in activated co-cultures, HRPE
cell apoptosis was significantly decreased by 48% (p
� 0.0051) and 38% (p � 0.046), respectively (Fig. 6A).
Anti-CD18 and anti-ICAM-1 antibodies also signifi-
cantly inhibited HRPE cell caspase-3 activity by 56%
(p � 0.0001) and 45% (p � 0.0001), respectively (Fig.
6B). These inhibitory effects were not significantly
enhanced by preincubation of the HRPE cells and/or
monocytes with the antibodies before co-culture (data
not shown). When these antibodies were removed
after preincubating them with activated monocytes
and HRPE cells before co-culture, none of these
antibodies significantly inhibited the caspase-3 acti-
vation (not shown). Function-blocking antibodies to
vascular cell adhesion molecule-1 (VCAM-1), TNF-�,
IL-1�, or TNF-related apoptosis-inducing ligand
(TRAIL) did not inhibit the caspase-3 activation or
apoptosis.

Intracellular Reactive Oxygen Metabolite (ROM)
Production in HRPE Cells Co-Incubated with
Activated Monocytes

To assess whether ROM may be associated with
IFN-�–activated monocyte-induced HRPE cell apo-
ptosis, we visualized ROM in HRPE cells after acti-
vated monocyte contact. We observed intracellular
ROM production in HRPE cells co-incubated with
activated monocytes (Fig. 7). This intracellular ROM
production was inhibited by anti-CD18 and anti-
ICAM-1 antibodies by 61% and 35%, respectively
(Fig. 7B). In contrast, the antioxidant, superoxide dis-
mutase (SOD) (100 U/ml and 1000 U/ml), did not affect
this HRPE cell intracellular fluorescence, presumably
because of its failure to penetrate into the cells.
Likewise SOD did not have significant effects on
apoptosis or caspase-3 activation of HRPE cells (not
shown). We also tested the involvement of nitric oxide

Table 1. Effects of IFN-� Pretreatment on HRPE cell
TUNEL Staining

TUNEL-positive HRPE cell (%)

RPE � Mo 11.4 � 4.8
pRPE � Mo 12.4 � 3.0
pRPE � pMo 20.83 � 4.8
RPE � pMo 23.7 � 3.4

pRPE, HRPE cells primed with IFN-�; pMo, monocytes primed with IFN-�;
Cocultures were incubated with IFN-� for 48 hours.

Figure 3.
Effects of co-culture of HRPE cells with activated monocytes on caspase-3
activation. Monocytes were primed with IFN-� (pMo) or left unstimulated (Mo)
before co-culture established as described in “Materials and Methods.” In
activated co-cultures, co-cultures were also stimulated with IFN-�. A,
Caspase-3 activity was measured after 12 and 24 hours of co-culture. Activity
is expressed as percent of maximal activity occurring in activated 24-hour
co-cultures. B, Cell lysates were prepared after 24 hours of co-culture and
Western blot analysis was performed. C, Z-DEVD-fmk (100 nmol/ml) was
incubated with HRPE cells for 1 hour before addition of monocytes. Caspase-3
activity was measured after 24 hours of co-culture and is expressed as the
percent activity compared with activated co-cultures without treatment with
Z-DEVD-fmk (top). TUNEL staining was performed (bottom). Percentage of
TUNEL-positive HRPE cells was counted. Values represent means � SD; *p �
0.05.

Table 2. Effects of IFN-� Pretreatment on HRPE Cell
Caspase-3 Activity

HRPE cell caspase-3 activity
(%)

12 h 24 h

RPE � Mo 7.3 � 1.2 22.3 � 2.0
pRPE � Mo 14.7 � 1.9 23.8 � 4.8
pRPE � pMo 42.8 � 5.7 91.2 � 7.1
RPE � pMo 48.1 � 2.6 100

Cocultures were incubated with IFN-�.
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(NO) in HRPE cell apoptosis in activated co-cultures. A
NO inhibitor, NG-monomethyl-L-arginine (L-NMMA),
did not affect the apoptosis or caspase-3 activation
(not shown).

Discussion

The blood-retina barrier limits access of inflammatory
cells and molecules into the eye. Breakdown of the

outer blood-retina barrier and monocytic infiltration
are prominent features of PVR, ARMD, and uveitis.
HRPE cells and monocytes are closely associated in
the histopathologic lesions of eyes with these dis-

Figure 4.
Effects of ratios of monocytes to HRPE cells in co-cultures on TUNEL positivity
and caspase-3 activity. Monocytes were primed with IFN-� for 12 hours (pMo),
and then co-cultures were stimulated with IFN-�. A, After 48 hours of
co-culture, percentage of TUNEL-positive HRPE cells was counted. B,
Caspase-3 activity was measured after 24 hours of co-culture and is expressed
as percent activity compared with maximum activity (monocytes/HRPE cells �
20). Values represent means � SD; *p � 0.05, compared with control.

Figure 5.
Role of cell-cell contact in activated monocyte-induced HRPE cell apoptosis.
Monocytes were overlaid directly onto HRPE cells (Direct), or co-incubated
with HRPE cells in the same cultures but separated by porous polycarbonate
filters (Filter), or overlaid directly onto HRPE cells for 30 minutes and then
detached from HRPE cells (Short contact). A, After 48 hours of co-culture,
percentage of TUNEL-positive HRPE cells was counted. B, Caspase-3 activity
was measured after 24 hours of co-culture and expressed as percent activity
compared with co-cultures in which monocytes were directly overlaid onto
HRPE cells for the entire 24-hour period. Values represent means � SD; *p �
0.05.
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eases (Baudouin et al, 1992; Chan et al, 1985; Harper
et al, 1992; Jerdan et al, 1989; Kampik et al, 1981;
Vinores et al, 1990). There is increasing evidence that
both monocytes and HRPE cells have critical regula-

tory functions in these diseases processes and that
monocytes and monocyte-derived cytokines can
modulate HRPE functions and integrity (Elner et al,
1990, 1991; Jaffe et al, 1995).

In eyes with PVR and uveitis, IFN-� is known to be
up-regulated, whereas activated T-lymphocytes,
which produce IFN-�, have been identified in lesions
of ARMD (Kenarova et al, 1997; Ongkosuwito et al,
1998; Reddy et al, 1995). IFN-� has effects on cell
survival and death by itself (Brysk et al, 1995; Zach-
risson et al, 2001). This is the first study, to our
knowledge, in which IFN-�–activated monocytes have
been shown to induce HRPE cell apoptosis. When
HRPE cells were co-cultured with monocytes acti-
vated with IFN-�, we observed HRPE cell shrinkage,
nuclear condensation, and cytoplasmic blebbing. Ac-
tivated monocytes also induced increases in TUNEL-
positive HRPE cells and decreased percentages of
PCNA-positive cells. These effects were enhanced by
increasing the ratios of activated monocytes to HRPE
cells in the co-cultures. In contrast, unstimulated
monocytes did not induce HRPE cell apoptosis. In
addition, increases in PCNA-positive HRPE cells were
observed during co-culture with unstimulated mono-
cytes, suggesting that when unstimulated, monocytes
may actually enhance HRPE cell proliferation, which is
consistent with previous observations (Osusky and
Ryan, 1996). These data suggest that activated mono-
cytes could cause HRPE cell apoptosis and that the
tissue milieu, including the presence of cytokines and
numbers of infiltrating cells, might also change how
monocytes function to modulate HRPE cell prolifera-
tion or demise.

Previous studies have also reported the effects of
mononuclear phagocytes on cell death and survival.
Lang and Bishop (1993) have demonstrated a key role
for macrophage-directed apoptosis in the elimination
of unwanted capillaries in neonatal development of the
mouse and rat eye. Monocytes activated with IFN-�

Figure 6.
Role of adhesion molecules and cytokines in activated monocyte-induced
HRPE cell apoptosis. Monocytes were primed with IFN-�, and then co-cultures
were stimulated with IFN-�. Antibodies directed against CD18, intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
TNF-�, TNF-related apoptosis-inducing ligand, and IL-1� were incubated with
HRPE cells and monocytes. A, Percentage of TUNEL-positive HRPE cells was
counted. B, Caspase-3 activity was measured after 24 hours of co-culture and
expressed as percent activity compared with control co-cultures. Values
represent means � SD; *p � 0.05, compared with control.

Figure 7.
Production of reactive oxygen metabolites (ROM) in HRPE cells co-cultured
with activated monocytes. Monocytes were primed with IFN-�, and then
co-cultures were stimulated with IFN-�. Anti-CD18 and anti-ICAM-1 antibodies
and superoxide dismutase (100 U/ml) were incubated with HRPE cells and
monocytes. A, Differential image contrast (DIC) photomicrographs (left) and
fluorescence photomicrographs (ROM) (right) of co-cultures in which HRPE
cells were preincubated with dihydrotetramethylrosamine (H2TMRos). B,
Fluorescence intensity was quantitated. Values represent mean fluorescence/
cell � SD; *p � 0.05.
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and lipopolysaccharide also show cytotoxicity to vas-
cular endothelial cells (Peri et al, 1990). However,
unstimulated monocytes have been reported to pre-
vent apoptosis in serum-starved vascular endothelial
cells and, in fact, induce proliferation of the cells in
vitro (Noble et al, 1999). Monocytes also may alterna-
tively induce mesangial cell apoptosis and prolifera-
tion depending on the state of monocytic activation
(Duffield et al, 2000; Mene et al, 2002). In this study,
activated but not quiescent monocytes induced HRPE
cell apoptosis, whereas quiescent monocytes induced
HRPE cell proliferation. Therefore, a critical prerequi-
site for how monocytes participate in sustaining or
eliminating resident cells, including HRPE cells, seems
to be the state of monocyte activation. Such
monocyte-mediated regulation of resident cell popu-
lations is probably important in numerous diseases
and over a wide range of disease activity or
quiescence.

Apoptosis is mediated by multiple pathways that
involve a complex array of biochemical regulators and
molecular interactions. Among them, involvement of
caspase-3 activation in apoptosis of various kinds of
cells has been reported, implicating caspase-3 is a
major execution protease. The cleavage of caspase-3
from its proactive form to its active form has been
shown to be critical for its role in apoptosis
(Fernandes-Alnemri et al, 1994). The caspase-3–de-
pendent pathway is observed in tumor cell-induced
apoptosis of T lymphocytes and endothelial cells,
whereas caspase-3 activation is not seen in HIV-
infected cell-induced apoptosis (Gastman et al, 2000;
Kebers et al, 1998). In this study, caspase-3 activity in
HRPE cells increased as co-incubation times with
activated monocytes increased. Consistent with this
result, Western blot analysis of HRPE cell lysates
revealed cleaved caspase-3 induction after co-culture
with activated monocytes. The caspase-3 activation
and apoptosis in HRPE cells were prevented by the
caspase-3 inhibitor, Z-DEVD-fmk. These data suggest
that caspase-3 is likely to play a dominant role during
activated monocyte-induced HRPE apoptosis.

Activated monocyte-induced HRPE cell apoptosis
also seems to be dependent on cell-to-cell contact,
because co-incubation of HRPE cells and monocytes
in the same cultures, but separated by porous poly-
carbonate filters, does not induce the HRPE cell
apoptosis observed after direct overlay of human
monocytes onto HRPE cells. Short contact (30 min-
utes) also did not induce HRPE cell apoptosis, sug-
gesting that continuous contact is important in the
apoptosis induction. There is increasing evidence that
integrins have an important role in regulation of cell
death and survival (Frisch and Ruoslahti, 1997). In this
study, activated monocyte-induced HRPE cell apo-
ptosis was reduced by anti-CD18 (�2 integrin) anti-
body. Our result is in agreement with previous reports
that have shown the involvement of �2 integrins in
smooth muscle cell apoptosis induced by monocytes
activated with macrophage colony-stimulating factor;
in HLA-DR–mediated monocyte apoptosis; in Fas-
mediated, monocyte-dependent, T lymphocyte apo-

ptosis; in superantigen-induced death of specific
CD4� T-lymphocytes; and in TNF-�–induced neutro-
phil apoptosis (Damle et al, 1993b; Seshiah et al,
2002; Thibeault et al, 1999; Walzog et al, 1997; Wu et
al, 1996). Previous studies have shown that the CD18-
ICAM-1 adhesion pathway is important in the recog-
nition of target cells and in monocyte-induced cyto-
toxicity of vascular endothelial cells and tumor cells
(Bernasconi et al, 1991; Jonjic et al, 1992). In contrast,
Noble et al (1999) demonstrated that the contact-
mediated monocyte signaling that protects serum-
starved endothelial cells from apoptosis is not inhib-
ited by anti-CD18 antibody, suggesting that different
signals are mediated by distinct pathways. In this
study, we demonstrated that anti-ICAM-1 antibody
also reduced caspase-3 activation and apoptosis of
HRPE cells in response to co-incubation with IFN-�–
activated monocytes. Our data indicate that �2 inte-
grin and ICAM-1 binding is likely to be an important
adhesive interaction in contact-dependent HRPE cell
apoptosis.

�2 integrins are important in inflammatory re-
sponses because they mediate leukocyte aggrega-
tion, leukocyte-endothelial cell and leukocyte-tissue
cell adhesion, complement binding, and binding of
microbial agents (Elner et al, 1981; Elner and Elner,
1996). Although Wang et al (1994) reported IFN-�–
enhanced CD18 expression in monocytes, there are
conflicting data regarding the IFN-� up-regulation of
CD18 expression (Bernasconi et al, 1991). Nonethe-
less, the augmented, CD18-dependent binding of ac-
tivated monocytes to target cells has been shown to
depend upon changes in the avidity of these mole-
cules rather than upon increases in the absolute
numbers of these receptors on the cell surface (Elner
and Elner, 1996). Thus, it is possible that activated
forms of these integrins mediate avid binding of acti-
vated leukocytes to vascular endothelial cells or to
cells in tissue that expresses complementary ligands.

The susceptibility of the target cells as well as the
type of triggering signal dictate apoptotic mecha-
nisms. IFN-� has been demonstrated to increase
susceptibility of mesangial cells and placental syncy-
tiotrophoblasts to activated monocytes (Duffield et al,
2000; Garcia-Lloret et al, 2000). The increased sus-
ceptibility of placental syncytiotrophoblasts caused by
IFN-� is a result of an increase of ICAM-1 expression.
ICAM-1–transfected melanoma cells also show aug-
mented susceptibility to cytotoxicity by activated
monocytes. ICAM-1 was detected in HRPE cells in
vitro and in the eyes of experimental uveitis and ARMD
(Elner et al, 1992; Kim et al, 1995; Shen et al, 1998).
However, although we previously demonstrated that
IFN-� could enhance ICAM-1 expression on the sur-
face of HRPE cells (Elner et al, 1992), in this study,
priming HRPE cells with IFN-� did not show significant
effects on the induction of caspase-3 activation or
apoptosis in HRPE cells in co-cultures with activated
monocytes. Therefore, monocyte activation rather
than HRPE cell susceptibility seems to be more im-
portant in CD18 and ICAM-1 involvement in HRPE cell
apoptosis induced by activated monocytes. In this
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vein, robust proliferating HRPE cells in PVR mem-
branes show strong �2 integrin expression, whereas
HRPE cells in control retinas are weakly positive for �2
integrin (Robbins et al, 1994). ICAM-1 stimulation is
also known to induce caspase-3 activation and apo-
ptosis in T lymphocytes (Damle et al, 1993a; Palmer et
al, 2001). Damle et al (1993a) demonstrated that
engagement of T-lymphocyte integrins, including
CD18, by their ligands is an important step during
induction of T-lymphocyte death. ICAM-1 on mono-
cytes, up-regulated by IFN-�, thus might also be
involved in apoptosis of CD18-positive HRPE cells
(Elner et al, 1981).

In previous studies, TNF-� has been considered to
play a major role in activated monocyte-induced and
macrophage-induced apoptosis in many cells includ-
ing neutrophils, mesangial cells, and placental syncy-
tiotrophoblasts (Duffield et al, 2000; Feinman et al,
1987; Garcia-Lloret et al, 2000; Meszaros et al, 2000).
Griffith et al (1999) reported that activated monocyte-
induced cytotoxicity of tumor cells is mediated by
TRAIL. However, in this study, function-blocking anti-
TNF-�, anti-IL-1�, or anti-TRAIL antibodies did not
inhibit the caspase-3 activation or apoptosis of HRPE
cells induced by activated monocytes. Therefore,
these factors do not seem to be involved in activated
monocyte-induced HRPE cell apoptosis. Our data are
supported by the report that TNF-� alone did not
induce HRPE cell apoptosis even though it possesses
cytotoxic activity to many other cell types (Harris et al,
1996).

ROM are also considered to be the major mediator
of neutrophil-induced cytotoxicity of corneal epithelial
cells, monocyte-induced apoptosis in natural killer
cells, transforming growth factor-�–induced apopto-
sis of fibroblasts, and IFN-�–activated and IFN-�–
activated monocyte cytotoxicity of tumor cells (Hans-
son et al, 1996; Matsumoto et al, 1998; Von Eynatten
and Bauer, 2001; Webb and Gerrard, 1990). ROM are
also known to induce HRPE cell apoptosis and be
implicated in the development of uveitis, ARMD, and
PVR (Barak et al, 2001; Beatty et al, 2000; Boker et al,
1994; Rao et al, 1987). In our study, activated mono-
cytes induced ROM production in HRPE cells before
apoptosis induction. Anti-CD18 and anti-ICAM-1 an-
tibodies significantly reduced the intracellular ROM
induction. However, SOD did not affect intracellular
ROM induced by activated monocytes, presumably
because of its failure to penetrate into HRPE cells
(Drunat et al, 2001; Wang et al, 1996). SOD also did
not have significant effects on apoptosis or caspase-3
activity in HRPE cells induced by activated mono-
cytes. Intracellular formation of ROM is known to be
more important to apoptosis induction than extracel-
lular addition of ROM (Ramachandran et al, 2002).
Therefore, although IFN-� also induces monocyte
ROM release (Salisbury and Calhoun, 1990), this is
unlikely to have a significant role in HRPE cell apopto-
sis because SOD did not inhibit HRPE cell apoptosis
in our study. In contrast, intracellular ROM in HRPE
cells induced by the contact of activated monocytes

via adhesion molecules, not susceptible to SOD, may
well be involved in HRPE cell apoptosis.

Involvement of NO has also been shown in activated
monocyte cytotoxicity (Duffield et al, 2000). However,
an NO inhibitor, L-NMMA, did not inhibit HRPE cell
apoptosis induced by activated monocytes. Although
NO has been shown to inhibit HRPE cell growth and
cause retinal damage, NO produced by RPE cells
stimulated with IFN-� and lipopolysaccharide could
not induce RPE cell apoptosis (Behar-Cohen et al,
1996; Goureau et al, 1993). Our data, together with
these observations, suggest that NO does not play a
significant role in the monocyte cytotoxic activity of
HRPE cells.

Our data indicate that there are specific mecha-
nisms in activated monocyte-induced HRPE cell apo-
ptosis, which exhibits some properties in common
with apoptosis of other cell types. Our observations
provide evidence for a new concept in blood-retina
barrier breakdown, monocyte-directed regulation of
HRPE cell populations by the coordinated induction of
apoptosis. In other tissues, new investigations have
shown monocyte/macrophage-directed regulation of
mesangial cells in glomerulonephritis and of smooth
muscle cells in atherosclerotic plaques (Duffield et al,
2000; Seshiah et al, 2002). Monocyte-induced HRPE
cell survival and death also play a pivotal role in the
outcome of inflammatory responses seen in numerous
retinal diseases. This study may provide a novel
molecular mechanism for the regulation of HRPE
monolayer integrity in ocular diseases.

Materials and Methods

Reagents

Falcon Primaria flasks were purchased from Becton
Dickinson Inc. (Lincoln Park, New Jersey). Plates,
dishes, and transwell chambers were purchased from
Costar (Kennebunkport, Maine). Plastic coverslips
were purchased from Nalge Nunc International (Roch-
ester, New York). Recombinant human (rh) IFN-�,
antibodies against ICAM-1, VCAM-1, TNF-�, IL-1�,
and TRAIL were purchased from R&D Systems (Min-
neapolis, Minnesota). Anti-CD18 antibody was pur-
chased from Immunotech, Inc. (Westbrook, Maine).
Rabbit polyclonal anti-caspase-3 antibody was pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
California). DMEM, Ca2�, Mg2�-free PBS, fetal bovine
serum (FBS), Triton X-100, sodium chloride, glycerol,
magnesium chloride, EDTA, sodium orthovanadate,
sodium pyrophosphate, AEBSF [4-(2-aminoethyl)-
benzenesulfonyl fluoride], sodium fluoride, aprotinin,
PI, SOD, and catalase were purchased from Sigma
Chemical Company (St. Louis, Missouri). In Situ Cell
Death Detection, POD was purchased from Roche
Molecular Biochemicals (Indianapolis, Indiana). The
Caspase-3 Cellular Activity Assay Kit was purchased
from Biomol (Plymouth Meeting, Pennsylvania).
Z-DEVD-fmk, L-NMMA, and NG-monomethyl-D-
arginine (D-NMMA) were purchased from Calbiochem
(San Diego, California). Cell Tracker Green CMFDA
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and dihydrotetramethylrosamine (H2TMRos) were
purchased from Molecular Probes, Inc.(Eugene, Ore-
gon). Penicillin G, streptomycin sulfate, amphotericin
B, and Ficoll-Paque Plus were purchased from Amer-
sham Pharmacia Biotech. (Uppsala, Sweden), and
Fico-Lite Monocytes was purchased from Atlanta Bio-
logics (Atlanta, Georgia). Diff-Quick was purchased
from Baxter (McGaw, Illinois), and limulus amoebocyte
lysate assay was purchased from BioWhittaker (Walk-
ersville, Maryland).

HRPE Cell Culture

HRPE cells were isolated from donors who had
healthy eyes within 24 hours of death as previously
described, in accordance with the Helsinki agreement
(Elner et al, 1990). In brief, the sensory retina was
separated gently from the HRPE monolayer, and the
HRPE cells were removed from Bruch’s membrane
using 1-hour incubation with papain (5 �g/ml). Isolated
HRPE cells were seeded into Falcon Primaria flasks in
DMEM containing 15% FBS, penicillin G (100 U/ml),
streptomycin sulfate (100 �g/ml), and amphotericin B
(0.25 �g/ml). The HRPE monolayers exhibited uniform
immunohistochemical staining for fibronectin, laminin,
and type IV collagen in a chicken wire distribution,
characteristic for these epithelial cells. Cells, grown in
culture up to six passages, were used for all
experiments.

Monocyte Culture

Human monocytes were isolated as previously de-
scribed, in accordance with the Helsinki agreement
(Lukacs et al, 1995; Yoshida et al, 2001a, 2001b).
Peripheral blood was drawn into a heparinized syringe
from healthy volunteers and diluted 1:1 in normal
saline, and mononuclear cells were separated by
density gradient centrifugation (Ficoll-Paque Plus).
The cells were washed and then layered onto a density
gradient (1.068 g/ml) for the enrichment of monocytes
(Fico-Lite Monocytes). The isolated cells were then
washed, cytospun onto a glass slide, stained with
Diff-Quick, and differentially counted.

Cell Stimulation

When desired, HRPE cells and monocytes were
primed with rhIFN-� for 24 and 12 hours, respectively,
before co-culture. In some experiments, HRPE cells
were prelabeled with CellTracker Green CMFDA be-
fore co-culture as described previously (Duffield et al,
2000, 2001). Cell cultures were washed with medium
lacking serum and then incubated for 1 hour in serum-
free medium containing CMFDA at 3 �M. Cells were
washed in medium containing 10% FBS to remove
any unbound CMFDA. Experiments were conducted
in DMEM/F12 containing 10% FBS. Enriched mono-
cyte populations were layered onto HRPE monolayers
grown to confluency. Co-cultures were incubated in
control medium or in the same medium also contain-
ing rhIFN-� (500 U/ml) for 48 hours. In experiments in
which function-blocking monoclonal antibodies di-

rected against ICAM-1 (30 �g/ml), VCAM-1 (25 �g/ml),
CD18 (10 �g/ml), TNF-� (1 �g/ml), IL-1� (1 �g/ml), and
TRAIL (100 ng/ml) were used, they were incubated
with HRPE cells and monocytes for 1 hour before
addition of monocytes and maintained during stimu-
lation. L-NMMA (1 mM), D-NMMA (1 mM), and SOD
(100 and 1000 U/ml) were incubated with HRPE cells
and monocytes for 30 minutes before co-cultures. To
detect whether cell contact was obligatory for apopto-
sis induction, HRPE cells and monocytes were co-
incubated in the same cultures but separated by
porous polycarbonate filters. Cold Ca2�, Mg2�-free
PBS including 0.5% EDTA was used to separate
monocytes from HRPE cells for caspase-3 activity
analysis and Western blot analysis as previously de-
scribed (Yoshida et al, 2001a). The isolated cells were
cytospun onto a glass slide, stained with Diff-Quick,
and counted. The purity of the cells was more than
95%. Cytokines and reagents were negative for endo-
toxin contamination as determined by the limulus
amoebocyte lysate assay method (�0.05 EU/ml).

Assessment of Apoptosis

Morphologic Criteria. At the end of the experiment,
cultures in wells were fixed by adding 4% paraformal-
dehyde, stored at 4° C for 24 hours to ensure firm
adherence of the fixed apoptotic cells to the cultures.
Subsequently, medium was removed and PI in PBS (5
�g/ml) was added for 5 minutes to stain both mono-
cytes and RPE cells. This reagent was then discarded,
and wells were covered with a fluorescent mountant.
Using inverted fluorescent microscopy, five fields
were randomly and blindly selected from each well so
that at least 500 RPE cells were counted in each well.
We defined RPE cells as cells labeled with green
fluorescence and larger than monocytes. Apoptotic
cells were clearly distinguishable by characteristic
morphology, namely, cytoplasmic blebbing, cell
shrinkage, nuclear condensation, and fragmentation.

TUNEL Staining. TUNEL was performed according
to the manufacturer’s protocol. Briefly, cultures were
fixed and incubated with TUNEL mixtures containing
TdT and fluorescein-labeled dNTP for 1 hour at 37° C.
Incorporated fluorescein was detected by anti-
fluorescein antibody from sheep conjugated with
horseradish peroxidase using the substrate diamino-
benzidine. HRPE cells were distinguished by the sub-
sequent labeling with anti-vimentin antibody. After the
cultures were incubated with anti-vimentin antibody
for 1 hour at 37° C, alkaline phosphatase-labeled
polymer (DAKO EnVision Labeled Polymer; DAKO
Company, Carpinteria, California) was added to the
co-cultures. After substrate reaction (New Fuchsin;
DAKO Company) stained cells were analyzed under a
light microscope.

Immunohistochemistry. Fixed cells prelabeled with
Cell Tracker Green CMFDA were incubated for 1 hour
at 37° C with monoclonal anti-PCNA antibody. Bound
antibodies were distinguished by the subsequent in-
cubation with rhodamine-conjugated anti-mouse IgG
(ICN Pharmaceuticals, Inc., Aurora, Ohio).
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Caspase-3 Activity

Caspase-3 activity was assayed using a caspase-3
cellular activity assay kit (Biomol), according to the
manufacturer’s protocol. Briefly, cell extracts were
added to the microtiter wells, and reaction was initi-
ated by adding 200 �M Ac-DEVD-pNA substrate. In
parallel, the samples were reacted with this substrate
in the presence of 0.1 �M Ac-DEVD-CHO, a specific
caspase-3 inhibitor, to measure the nonspecific hy-
drolysis of the substrate. Absorbance was read at 405
nm in a microtiter plate reader at the indicated time
intervals.

Western Blot Analysis

HRPE cells were lysed with lysing buffer containing 50
mM HEPES (pH 7.4), 1% Triton X-100, 0.15 M sodium
chloride, 10% glycerol, 1.5 mM magnesium chloride, 1
mM EDTA, 1 mM sodium orthovanadate, 10 mM so-
dium pyrophosphate, 1 mM AEBSF, 10 mM sodium
fluoride, 10 �g/ml aprotinin, and 10 �g/ml leupeptin.
Lysates were then incubated on ice for 15 minutes
with shaking. Then, the extracts were centrifuged at
15,000 rpm for 15 minutes at 4° C.

Western blot analysis of cellular extracts from HRPE
cells followed the manufacturer’s procedure. Briefly,
samples containing 20 �g of proteins were analyzed
by SDS-PAGE and then were electrotransferred to
nitrocellulose membranes. For signal protein detec-
tion, samples were blocked with a solution of Tris-
buffered saline containing 5% dry nonfat milk and
0.1% Tween-20 (TBST) at room temperature for 1
hour, probed with anti–caspase-3 antibody, and
washed three times in TBST. The membranes were
incubated with horseradish peroxidase-conjugated
secondary antibody for 1 hour at room temperature
and washed three times with TBST. The membranes
were then visualized using an enhanced chemilumi-
nescent technique.

ROM Production Determination

HRPE cells were incubated in phenol red-free media
to prevent interference with the fluorescence mea-
surements. H2TMRos was used as fluorescence
marker for ROM in HRPE cells. HRPE cells were
incubated for 2 hours in media, containing 1 �g/ml
H2TMRos. Before co-incubation this media was re-
placed with H2TMRos-free media. Fluorescence was
measured using a PTI Photomultiplier Detection Sys-
tem connected to Zeiss Axiovert-inverted fluorescent
microscope, enhanced by quarts optical elements. We
used 530 nm excitation and 590 emission wave-
lengths. Measuring were performed in a circle (d �
100 �m area) of the activated monocyte-HRPE con-
tact (n � 10) after monocyte contact. When SOD was
used, the media containing SOD was replaced with
SOD-free media immediately before microscopy to
eliminate the “quenching” effect of SOD on emitted
fluorescence.

Statistical Analysis

Individual experiments were performed in triplicate
three times on three different HRPE cell lines and
human monocytes isolated from the blood of three
different donors on separate days. Each cell line
displayed similar fold-increases or decreases over
control levels. Data are expressed as mean � SD.
Various assay conditions were evaluated using
ANOVA with a post-hoc analysis (Scheff multiple com-
parison test); p values � 0.05 were considered to be
statistically significant.
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