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The retinal pigment epithelial (RPE) cell is a potent regulatory cell within the retina. It helps to maintain
normal retinal activity, and following gamma interferon (IFN--y) exposure, it may express major histocom-
patibility complex class II molecules and function as an antigen-presenting cell. Since interleukin-1 (IL-1) and
IL-6 are potent cytokines observed in ocular inflammatory processes, we initiated studies to evaluate conditions
which enable RPE cells to produce these cytokines. Cultures of human RPE cells from two eye donors were
established and characterized, and enzyme immunoassays were employed to screen for IL-1 and IL-6
production. Treatment of RPE cells with lipopolysaccharide (LPS) or recombinant tumor necrosis factor
alpha, IL-1, or IFN-y resulted in a significant level of secretion of IL-6. In contrast, treatment with
recombinant epidermal growth factor, basic fibroblast growth factor, platelet-derived growth factor, or
transforming growth factor j1 did not result in IL-6 production. IFN-y in combination with suboptimal levels
of IL-1, tumor necrosis factor alpha, or LPS can dramatically augment the secretion of IL-6 by RPE cells. Thus,
these inflammatory mediators can act alone or synergistically with IFN-y to activate RPE cells and
dramatically increase the expression and secretion of IL-6. In contrast, IL-1 was not detected following
stimulation with any of the above-mentioned cytokines or LPS. Characterization of IL-6 protein production by
RPE cells revealed that 98% of the protein is promptly secreted by the cell, its induction is dependent upon the
time and concentration of the stimulant, and the continuous presence of the stimulant is required for IL-6
production. Moreover, Western blot (immunoblot) analysis of secreted proteins revealed that IL-6 was
produced in multiple molecular forms. Characterization of gene transcription by Northern (RNA) blot analysis
revealed that mRNA for IL-6 was detected shortly after IL-1 treatment. However, within hours of IL-1
withdrawal, IL-6 mRNA levels returned to control levels. These data demonstrate that LPS and cytokine
activation ofRPE cells results in the activation of IL-6 gene transcription and IL-6 protein secretion. Moreover,
these studies indicate that cytokine activation of RPE cells may be one of the critical factors in ocular
inflammation and that it is an important consideration in RPE cell transplantation studies.

Retinal pigment epithelium, a single layer of tightly packed
epithelial cells, acts as a barrier between the highly vascular-
ized choroid and the delicately structured neuroretina in the
posterior segment of the eye (2, 52). Because of its polarized
organization and strategic location, the retinal pigment epithe-
lial (RPE) cell plays an important role in the normal function-
ing of both the choroid and the retina. Diverse activities
performed by RPE cells include (i) the transport of nutrients
and metabolic products from the choroid to the retina and vice
versa, (ii) phagocytosis of the outer segments shed by retinal
rods and cones, and (iii) the absorption of light and the
dissipation of heat energy derived from incident light (2, 22, 51,
52). Since many of these physiologic actions are essential for
the functional and structural integrity of the retina and cho-
roid, the RPE cell plays a vital role in degenerative, inflam-
matory, and infectious diseases of the eye. For example, in
retinitis pigmentosa, choroideremia, proliferative vitreoreti-
nopathy, parasitic and viral infections, and age-related macu-
lopathy, the characteristic disorganization and destruction of
retinal and/or choroidal elements are accompanied by atrophy,
necrosis, and degeneration of the RPE cell (3, 9, 31, 32, 36, 50).
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In addition, the RPE cell has been demonstrated to actively
participate in immune reactivity in the retina. It can express
major histocompatibility complex (MHC) class I and II mole-
cules and adhesion molecules, and it can process antigen and
present it to helper T cells (7, 8, 13, 40).

Cytokines play an essential role in maintaining normal
physiologic states and in modulating responses to aberrant
conditions. In inflammatory and autoimmune diseases of the
eye, infiltration of lymphocytes and macrophages into the
anterior and posterior segments of the eye and secretion of
cytokines, such as gamma interferon (IFN--y), interleukin-2
(IL-2), tumor necrosis factor alpha (TNF-ot), IL-1, and IL-6,
are the initial events (5, 10, 26, 30, 48). The presence of
IL-1-secreting macrophages in the inflamed subretinal space
during neovascularization has been reported (39). In humans,
IFN-y and IL-2 were localized in infiltrating T cells in uveitis
and sympathetic ophthalmia (26). Significantly higher levels of
IL-6, IL-1, TNF-ot, and IFN-y were detected in vitreous
aspirates of patients with proliferative vitreoretinopathy (30),
uveitis, and other inflammatory eye diseases (4, 18).

Reports characterizing the cellular infiltrate and the pres-
ence of cytokines within the ocular microenvironment have
been supplemented by studies on the inflammatory effects of
direct inoculation of cytokines into the eye. Ocular inflamma-
tory diseases, particularly uveitis, have been produced in
rabbits after administration of endotoxin, TNF-a, or IL-1 into
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the anterior or vitreous compartment of the eye (17, 42, 43).
Intravitreal, but not intravenous, injection of IL-6 causes
uveitis in rats, thus suggesting that local elevation of IL-6 levels
may be involved in ocular inflammatory reactions (24, 25).
The presence of cytokines within the eye during pathologic

states and the induction of ocular pathology following admin-
istration of cytokines suggest a critical role for these molecules
in ocular disease. In vitro systems have provided one approach
to exploring some of the interrelationships between cytokines
and cellular activation. Recent studies show that IFN--y can
activate RPE cells to express MHC class I and II antigens (7,
8). These cells can then function in antigen processing and the
presentation of retinal and nonretinal antigens to helper T
lymphocytes (40). Moreover, RPE cells can respond to inflam-
matory cytokines by expressing MHC class I and intercellular
adhesion molecule-1 molecules and/or by producing IL-6, IL-8,
and monocyte chemotactic protein (7, 8, 13-16, 41, 49).

In this study, human RPE cells were found to produce and
secrete IL-6 when they were incubated with lipopolysaccharide
(LPS) and cytokines such as IL-1, TNF-a, and IFN--y. More-
over, IFN-y acts synergistically with other cytokines to induce
IL-6 secretion. These results are discussed in view of the
functional aspects of RPE cells in inflammatory and degener-
ative diseases of the retina.

MATERIALS AND METHODS

Reagents. Human recombinant IL-lot (rIL-lot) (specific
activity, 5.03 x 106 U/mg), rIL-l,B (specific activity, 7.47 x 106
U/mg), rIL-6 (specific activity, 1 x 109 U/mg), and basic
fibroblast growth factor (bFGF) were obtained from Collabo-
rative Research, Bedford, Mass. Human rTNF-ot (specific
activity, 2 x 107 U/mg), rIFN-y (specific activity, 2 x 107
U/mg), recombinant platelet-derived growth factor (rPDGF),
and nonradioactive DNA labeling and detection kits (Genius
1) were purchased from Boehringer Mannheim, Indianapolis,
Ind. Human rIL-6 (CHO derived; specific activity, 4 x 107
U/mg) and rabbit anti-human IL-6 antibody were obtained
from Genzyme, Cambridge, Mass. Human rIFN-ot was ob-
tained from Amgen, Thousand Oaks, Calif. Anticytokeratin
monoclonal antibodies, LPS (from Salmonella typhosa or Esch-
erichia coli), transforming growth factor 1 (TGF-13l), and
epidermal growth factor (EGF) were obtained from Sigma
Chemical Co., St. Louis, Mo. Enzyme immunoassay (EIA) kits
for IL-la, IL-113, and IL-6 were purchased from AMAC,
Westbrook, Maine. E. coli carrying human IL-6 cDNA plasmid
(clone PT 7.7/hIL-6) was obtained from the American Type
Culture Collection, Rockville, Md. A human 1-actin cDNA
probe was purchased from Clontech Laboratories, Palo Alto,
Calif. Tissue culture media and plastic culture ware were
purchased from GIBCO, Grand Island, N.Y., and Becton
Dickinson, Lincoln Park, N.J., respectively.
Human RPE cell cultures. Human donor eyes were obtained

within 50 h of enucleation from New England Eye Bank in
Boston, Mass. Eyes were opened by cutting around the equa-
torial zone. The vitreous humor and retina were carefully
dissected out from the posterior segment and discarded. The
choroid with attached retinal pigment epithelia was gently
peeled off and cut into approximately 2-mm2 pieces with a

sharp razor blade. Retinal pigment epithelium-choroid ex-
plants were seeded onto the substratum of the culture dishes,
with the RPE layer facing down. Minimal essential medium
(MEM) supplemented with 20% fetal calf serum (FCS),
nonessential amino acids, penicillin (100 U/ml), streptomycin
(100 ,ug/ml), and amphotericin B (Fungizone) (50 ng/ml) was
added to the cultures carefully without disturbing the explants.

The cultures were incubated at 37°C in 5% CO2 in a humidi-
fied chamber. Culture growth was monitored with an inverted
microscope to identify the epithelial or fibroblastic nature of
the cells. Half of the explants yielded pure epithelial cells.
Explants yielding nonepithelial cells were carefully scraped off
the dish. The cultures reached confluence in approximately 3
weeks. The human RPE cell cultures were subcultured at a 1:3
ratio, and MEM supplemented with 10% FCS and other
components as described above was used. RPE cell cultures at
passages 5 to 10 were used in all of these studies.

Immunofluorescence. RPE cells were grown to confluence
on glass chamber slides (Nunc, Naperville, Ill.) and fixed with
an acetone-methanol (1:1) mixture at -20°C for 5 min. After
being washed with phosphate-buffered saline (PBS), the cells
were incubated with a 1:50 dilution of monoclonal antibody to
cytokeratin (clone 8.13), RPE-9, or PR-6 for 1 h at room
temperature. RPE-9 and PR-6 monoclonal antibodies were
developed in our laboratory and react specifically with antigens
present in RPE cells and photoreceptors, respectively (27).
Following this incubation, the cells were washed and incubated
with fluorescein isothiocyanate-conjugated horse anti-mouse
immunoglobulin G (1:100 dilution) for 1 h. After a final wash
with PBS, the cells were mounted and evaluated.
Western blot (immunoblot) analysis. (i) Cytokeratin. Hu-

man RPE cells, human choroid fibroblast cultures, and freshly
isolated bovine RPE cells were lysed by sonication in extrac-
tion buffer (50 mM Tris, pH 8.5; 4 mM EDTA; 2 mM
phenylmethylsulfonyl fluoride [PMSF]; 1% [wt/vol] deoxy-
cholate; 1% [vol/vol] Triton X-100). Cell lysates were clarified
by centrifugation at 10,000 x g for 10 min. The supernatant
fraction was subjected to sodium dodecyl sulfate-10% poly-
acrylamide electrophoresis (SDS-10% PAGE) and transferred
to nitrocellulose membranes. After incubation of the mem-
branes with a 1:200 dilution of anticytokeratin antibody (clone
8.13) for 6 h, they were washed and further incubated for 2 h
with a 1:100 dilution of goat anti-mouse immunoglobulin G
coupled to horseradish peroxidase. The color was developed
with 4-chloro-1-naphthol and H202 as substrates.

(ii) IL-6. RPE cell cultures were grown to confluence in
MEM containing 10% FCS. Cultures were washed twice with
serum-free medium (SFM) and were incubated in SFM with or
without various stimulants. After 24 h of incubation at 37°C,
the media were collected. The media were concentrated
100-fold with Centriprep-10 and Centricon-10 concentrators
(Amicon, Beverly, Mass.). Proteins in the concentrated media
were fractionated by SDS-14% PAGE. Immunoblotting was
performed as described above. Rabbit anti-human IL-6 and
goat anti-rabbit immunoglobulin G-horseradish peroxidase
were used as the primary and secondary antibodies.

Cytokine assays by EIA. The effects of all the stimulants
were always studied in SFM, so that cytokines and growth
factors in the serum would not interfere with the stimulant
effects as well as in EIAs. Cells were grown to confluence in
eight-well chamber slides (Nunc) in MEM containing 10%
FCS. The cultures were washed twice with SFM and incubated
in SFM with or without the stimulants. At the indicated time
points, the media were harvested and either used for analysis
immediately or frozen at -20°C. Cell counts in the represen-
tative wells were determined by removing the cells with
trypsin-EDTA and counting the cells in a hemocytometer.
Each experiment was conducted with cells derived from the
same batch of cultures grown under similar conditions.

IL-6, IL-la, and IL-1B were detected by the specific sand-
wich type immunoassay (AMAC), according to the manufac-
turer's instructions. The intensity of the color developed in the
well strips was read on a microplate reader (Bio-Rad, Rich-
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INFLAMMATORY MEDIATORS AND IL-6 SECRETION BY RPE CELLS

FIG. 1. Phase-contrast photomicrographs of human RPE cell cultures at passage 6 after 4 days (A) and 4 weeks (B) in culture. Shown are
representative fluorescent images ofRPE cell cultures stained with irrelevant monoclonal antibody as a negative control (C) or anticytokeratin (D).
Bar (panel A) = 200 ,um (panel B has the same magnification).

mond, Calif.) at 405 nm. Results were calculated from the
standard curve prepared at the same time.

Northern (RNA) blot analysis. A human IL-6 cDNA probe
of 1.3 kb was prepared by digesting plasmid DNA (clone PT
7.7/hIL-6) with BglII and BamHI. The IL-6 probe was then
purified by gel electrophoresis. RPE cell cultures, grown to
confluence in 100-mm-diameter dishes in MEM containing
10% FCS, were washed twice with SFM and incubated in SFM
in the presence of various stimulants. Total cellular RNA from
the cultures was prepared with RNA extraction medium (RNA
zol; Tel-Test, Inc., Friendswood, Tex.). Cellular RNA was
fractionated by electrophoresis on 1.2% formaldehyde agarose
gels, transferred to nylon membranes, and immobilized by UV
cross-linking for 3 min. The IL-6 cDNA probe was labeled by
the random primer method with digoxigenin-UTP. Mem-
branes were hybridized to the IL-6 probe for 16 to 18 h at 42°C
in high-efficiency hybridization solution with 50% formamide
(Tel-Test). Membranes were washed twice with 2x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS at
room temperature for 5 min; this step was followed by two
washes with O.1X SSC-0.1% SDS at 68°C for 15 min each.
Immunological detection of the hybridized probe was per-
formed by using anti-digoxigenin alkaline phosphatase conju-
gate followed by a color reaction with 5-bromo-4-chloro-3-
indolyl phosphate and nitroblue tetrazolium (DNA labeling
and detection kit; Boehringer Mannheim).

RESULTS
RPE cell cultures. Retinal pigment epithelium-choroid ex-

plants prepared from the eyes of Caucasian human donors

aged 77, 81, and 87 were used to initiate RPE cell cultures.
RPE cell cultures derived from two donor eyes, free of
non-RPE-cell contamination, were selected for further propa-
gation. Pigmentation of the cells was lost gradually. By the
second passage no visible melanin granules were observed.
When the cells reached confluence, they displayed the typical
hexagonal shape and formed monolayers with clear intercellu-
lar boundaries (Fig. 1A). When the cultures were left in the
same dish for extended periods (4 to 8 weeks), cells continued
to replicate further and to form more compact sheets with the
deposition of extracellular matrix-like material (Fig. 1B). Two
primary RPE cell lines (passages 5 to 10) were used in this
study. Cytokeratin was used to monitor the specificity of the
cell lines (35). All of the cells reacted positively with anticy-
tokeratin antibody, suggesting a homogeneous population of
epithelial cells (Fig. 1C and D). In addition, immunoblotting
analysis confirmed the presence of cytokeratin in the RPE
cells. Cytokeratin 18 (42 kDa) was noted to be the predomi-
nant form of cytokeratin associated with these cultured RPE
cells (Fig. 2). In addition, freshly isolated bovine RPE cells also
contained cytokeratin 18. At the time of the first passage, RPE
cells reacted positively with the anti-RPE-9, developed against
RPE cells (27). However, as previously described, in vitro
culture of these cells resulted in the loss of reactivity with this
specific monoclonal antibody (21).

Effect of inflammatory mediators on IL-6 secretion. Conflu-
ent RPE cells were washed in SFM and incubated for 24 h in
SFM alone or in SFM containing IL-la (20 ng/ml), IL-13 (20
ng/ml), TNF-ot (20 ng/ml), LPS (10 ,ug/ml), IFN--y (500 U/ml),
IFN-a (1,000 U/ml), EGF (50 ng/ml), bFGF (20 ng/ml), PDGF
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FIG. 2. Immunological detection of cytokeratin
tures. (A) Coomassie blue-stained gel. Cell extracts
per lane) were subjected to SDS-10% PAGE
Coomassie blue. Lane 1, protein molecular weight
RPE cell cultures at passage 7; lane 3, human
cultures at passage 4; lane 4, freshly isolated bovin
epithelium. (B) Western blot analysis of cellular proi
tins. The samples in lanes la to 4a are the same as t
4 in panel A. The experimental details are described
Methods. The blots were probed with monoclon,-
antibody (clone 8.13). The arrows indicate the positi
protein standards (top to bottom): 106, 80, 49, 32,a

(20 nglml), or TGF-131 (20 ng/ml). Supernat
harvested and analyzed by EIA for the preser
data are summarized in Fig. 3. In untreated
amounts of IL-6, less than 5 pg/104 cells, couki
the medium. IL-1J3 and IL-lat were noted I
potent stimulants of IL-6 production (425 and,
respectively). TNF-ot and LPS were the secoi
stimulants (118 and 126 pgI10O4 cells, respei
presence of IFN--y, 32 pg of IL-6 was secreted
contrast, IFN-ot and growth factors bFGF, EC
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FIG. 3. Effects of various stimulants on IL-6 se
cultures grown to confluence were washed with SFM
24 h in SFM alone (Control) or in SFM containing I

LPS (S. typhosa) (10 ,ug/ml), TNF-a (20 ng/ml), IL.
IL-1, (20 ng/ml). The media were harvested and an

EIA. Results are means ± standard errors of th
experiments performed in duplicate.
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in RPE cell cul-
(50 iLg of protein
and stained with
markers; lane 2,

choroid fibroblast

TABLE 1. Comparison of intracellular and secreted levels of IL-6
produced by RPE cellsa

Concn of IL-6 (ng/107
Stimulant cells) % Secretedb

Cellular Secreted

None 0.2 14 98.4
LPS (S. typhosa) (10 ,ug/ml) 2.7 455 99.4
TNF-a (20 ng/ml) 2.2 370 99.4
IL-la (10 ng/ml) 80.1 4,280 98.2
IL-lp (10 ng/ml) 70.7 4,050 98.3

a RPE cell cultures were grown to confluence in 100-mm-diameter dishes and
incubated in SFM containing various stimulants at the indicated concentrations.
After 24 h, the media were harvested and the cells were extracted into buffer (50
mM Tris, pH 7.4). The cell extracts were clarified by centrifugation at 12,000 x
g. The culture media and the supernatants of cell extracts were used for IL-6
analysis. Data are the means for two experiments.

b Percentage of total IL-6 protein produced that was secreted into the
medium.

e retinal pigment PDGF AB and BB had no effect on IL-6 secretion (data not
teins for cytokera- shown).
those in lanes 1 to Two sources of LPS were used in these experiments. It was
I in Materials and noted that the source of LPS greatly affected IL-6 secretion by
al anticytokeratin RPE cells. For example, 10 ,ig of LPS derived from S. typhosa
ions of prestained (L-7895; Sigma) per ml induced significant levels of IL-6 (94.5
and 27 kDa. pg of IL-6 per 10 cells), whereas 10 ,ug of LPS derived from E.

coli 055-85 (L-6018; Sigma) per ml was ineffective in inducing
IL-6 production above the baseline (6.5 pg of IL-6 per 104
cells). Data from the LPS experiments are the mean values

ant fluILds were obtained from four separate experiments. It should be noted
Ice of IL-6. The that different LPS preparations may have differential effects on
cultures trace cytokine secretion. Because LPS (S. typhosa) induced IL-6, it

d be detectedm was selected for use in further experiments.
to be the most Comparison of intracellular and secreted IL-6. The rela-

400npgIo cells, tionship between the amounts of cell-bound IL-6 and IL-6
nd most potent secreted into the medium was studied in the presence of LPS,
ctively). In the TNF-ao, IL-la, and IL-11. Quantitation of IL-6 in the media
per 10 cells. In and cell lysates was performed by EIA. Results indicate that
sF, TGF-~3, and more than 98% of the IL-6 produced was promptly released

into the medium (Table 1).
Effect of inflammatory mediators on IL-1 production. RPE

cell cultures were treated with bFGF (20 ng/ml), EGF (50
ng/ml), TGF-,B1 (20 ng/ml), PDGF (20 ng/ml), LPS (10 jig/ml),
TNF-a (20 ng/ml), or IL-la or IL-l (20 ng/ml) for 24 h.
Media and cell extracts were then analyzed for IL-1 production
by EIA (11). Neither IL-lot nor IL-1 was readily detected in
media or cell extracts (sensitivity of assay, 10 pg/ml).
Immunoblot analysis of secreted IL-6. The molecular het-

erogeneity of the secreted IL-6 was examined by immunoblot
analysis. Human rIL-6 produced in mammalian cells (CHO)
and in E. coli was used as a positive control. By using anti-IL-6
antibody, multiple molecular forms of IL-6 were detected in
the IL-la- and IL-la-treated RPE cell cultures (Fig. 4). One
major band representing approximately 26 kDa and several
minor bands representing 23, 28, and 30 kDa were detected.
An additional band at the 45-kDa position was also observed in

400 500 the IL-1lB- and IL-la-treated cultures. In LPS- and TNF-a-
treated culture samples, one faint band, located at the 45-kDa

-cretion. RPE cell position, was seen. No bands were observed in the bFGF- or

andtioncubate f
ce medium-treated cultures.

[FN-y (500 UIml)d Kinetics and dose dependence of IL-6 secretion. The time-lay(20 ng/ml), or course of IL-6 production by RPE cells in response to LPS,
alyzed for IL-6 by TNF-ao, IL-la, and IL-1lB was studied. The amount of IL-6
e means for four secreted appeared linear with time, ranging from 1 to 24 h (Fig.

5). These kinetics suggest that the cells were continuously
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FIG. 4. Immunoblot analysis of IL-6 secreted by RPE cell cultures
stimulated by inflammatory mediators. RPE cells grown to confluence
were washed and incubated in SFM alone (Control) or in SFM
containing bFGF (20 ng/ml), IL-lao (10 ng/ml), TNF-ot (10 ng/ml),
IL-1lB (10 ng/ml), or LPS (S. typhosa) (10 p.g/ml) for 24 h. Hundred-
fold-concentrated media were subjected to Western blotting as de-
scribed in Materials and Methods. Human IL-6 produced in CHO cells
(100 ng) and in E. coli (50 ng) is the positive control. The positions of
protein molecular weight markers (in thousands) are shown on the left.

responsive to the mediators during this 24-h period. The effects
of various concentrations of these inflammatory mediators on
IL-6 secretion were studied to determine a dose-response
relationship (Fig. 6). Low concentrations (0.1 ng/ml) of TNF-a,
IL-la*, and IL-13 produced significant amounts of IL-6. IL-6
secretion increased correspondingly with an increase in the
concentration of mediators, reaching saturation at a concen-

700 IL-1
IL-1,

500

300 ,

300

TNFa
75 ~~~~~~~~~~~~~LPS

0 3 6 12
Time (hr)

FIG. 5. Time course of IL-6 secretion by RPE cells in the presence

of various inflammatory mediators. RPE cell cultures grown to con-

fluence were washed with SFM and incubated in SFM containing LPS
(S. typhosa) (10 jig/ml), TNF-ao (20 ng/ml), IL-lot (20 ng/ml), or IL-lp
(20 ng/ml). At the indicated times, the media were harvested and IL-6
levels were determined by EIA. Results are from a single experiment
performed in duplicate and are representative of three such studies.

FIG. 6. Effects of various concentrations of inflammatory media-
tors on IL-6 secretion by RPE cells. Cultures grown to confluence in
eight-well glass chamber slides were washed and incubated in SFM
containing various concentrations of LPS (S. typhosa), TNF-a, IL-lot,
or IL-1,B. After 24 h, the media were harvested and IL-6 levels were
determined by ELA. Results are from a single experiment and are
representative of three such studies.

tration of 10 ng/ml of the mediator. In the case of LPS, IL-6
production was optimal at 10 ,ug/ml.

IL-6 secretion following withdrawal of mediators. The fol-
lowing experiment was designed to evaluate whether the
continuous presence of the inflammatory mediator is required
to induce IL-6 production. Cultures were incubated in the
presence of maximal concentrations of LPS (20 ,ug/ml), TNF-aL
(20 ng/ml), and IL-1l1 (20 ng/ml) for 12 h. The media were

collected, and the cultures were washed three times with SFM
and further incubated in SFM in the absence of the mediator.
At different times (4, 12, and 24 h), the media were harvested
and analyzed by EIA. The data are illustrated in Fig. 7.
Cultures treated with IL-1,, TNF-ot, and LPS secreted 564 +
15, 100 8, and 98 3 pg of IL-6 per well per h, respectively
(data are means ± standard errors of the means). Four hours
after removal of TNF-ot and LPS, IL-6 secretion dropped to
25% of the peak value. However, withdrawal of IL-1lB did not
result in a significant change in IL-6 secretion. Overall, there
was a progressive decrease in IL-6 secretion with time. IL-6
secretion returned to control levels within 12 to 24 h after the
withdrawal of mediators. These studies indicate that the con-
tinuous presence of the stimulant is required for IL-6 secre-
tion.

Expression of IL-6 mRNA. IL-6 mRNA levels were evalu-
ated by Northern blot analysis of total RNA prepared from
RPE cell cultures. A single band of 1.3 kb was detected in
IL-la- and IL-l,B-treated cultures (Fig. 8A, lanes IL-la and
IL-11). No reaction was observed in the bFGF-, TNF-a-,
IFN--y-, and PDGF-treated cultures. Furthermore, no reaction
was observed in the LPS-treated cultures (data not shown).
Although significant amounts of IL-6 were observed in the
presence of LPS and TNF-ot (Fig. 3, 5, and 6), IL-6 mRNA was

not detectable. One possibility could be that the sensitivity of
the nonradioactive method employed in this study is not high
enough to detect moderate changes in IL-6 mRNA levels.
However, results clearly show that the cDNA probe used is
highly specific and does not cross-react with any other species
of mRNA. The blots prepared with a human ,-actin cDNA
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FIG. 7. IL-6 secretion by RPE cells following removal of inflam-
matory mediators. The cultures were grown to confluence in eight-well
glass chamber slides in MEM containing 10% FCS. Then cultures were
washed and incubated in SFM (350 ,ul of medium per well) alone
(CON) and in SFM containing LPS (S. typhosa) (20 jig/ml), TNF-oL (20
ng/ml), or IL-1lB (20 ng/ml). After 12 h, the media were harvested
(+ 12-h samples [arrows]) and the wells were washed twice with SFM
to remove the mediators. Then SFM was added to the wells, and after
4 h, the media were harvested (-4-h samples), and the wells were
washed and refed with SFM. The samples were prepared similarly
after 12 and 24 h (- 12-h and -24-h samples, respectively). The media
were analyzed for IL-6 by ETA. Results are means ± standard errors

of the means for four experiments.

probe (Fig. 8B) identified bands of similar intensity in all the
lanes, suggesting that similar amounts of RNA were loaded
onto the gel.
The time course of induction of IL-6 mRNA was examined

by treating RPE cell cultures with IL-1 (10 ng/ml) for selected
periods (Fig. 9). Within 2 h of IL-1 treatment, significant
induction of IL-6 mRNA was observed. IL-6 mRNA levels
increased with time, reaching a peak at 16 h which was
maintained up to 24 h (densitometric data not shown). After 24
h of IL-1, treatment, the medium was removed, and the
cultures were washed twice and incubated in IL-18-free SFM
for 2 or 5 h. Within 2 h of withdrawal of the stimulus (IL-11),
the IL-6 mRNA level returned to the prestimulatory level (Fig.
9A, lane -2). These results suggest that rapid IL-6 secretion by
RPE cells in response to stimuli (Fig. 5) was dependent on the
induction of IL-6 mRNA. Withdrawal of the stimuli resulted in
a rapid reversal of IL-6 mRNA levels followed by a decrease in
IL-6 production and secretion.

Synergistic effects of IFN-y on IL-6 production. Since
combinations of cytokines can result in the augmentation of
the effects of individual cytokines, we evaluated the effects of
human IFN--y on IL-6 secretion by LPS, TNF-ot, and IL-11
(Fig. 10). When RPE cell cultures were incubated with 100 or
1,000 U of IFN--y alone per ml, low levels of IL-6 were
produced (6.72 ± 0.64 and 10.20 ± 0.50 pg of IL-6 per 104
cells). Suboptimal concentrations of LPS (1 ,ug/ml), TNF-ao
(0.1 ng/ml), and IL-1,B (0.1 ng/ml) also resulted in the secretion
of low levels of IL-6 (<20 pg of IL-6 per 104 cells). In contrast,
the combination of IFN--y with LPS, TNF-a, or IL-1lB resulted
in a striking increase in the secretion of IL-6. For example, LPS
and IFN-y induced the secretion of 100 pg of IL-6 per 104 cells.
Similarly, TNF-ot and IFN-,y treatment resulted in the secre-
tion of 90 pg of IL-6 per 104 cells. Enhanced secretion of IL-6
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FIG. 8. Northern blot analyses of total RNA isolated from RPE
cell cultures treated with various mediators. (A) Blot probed with
nonradioactive digoxigenin-labeled human IL-6 cDNA as described in
Materials and Methods. The positions of RNA size markers (in
kilobases) are shown on the left. The arrow indicates the position of
IL-6 mRNA. (B) Blot probed with human ,-actin cDNA. The samples
in the lanes correspond to the samples shown in panel A. The arrow
indicates the position of ,-actin mRNA.

by RPE cells in the presence of inflammatory mediators and
IFN--y is due to the synergistic actions of IFN--y but is not due
to additive effects.

DISCUSSION
Cytokine production and cytokine-induced activation of

cells are associated with a variety of cellular responses. In the
eye, cytokine-induced activation of RPE cells has been dem-
onstrated to affect a number of fundamental cellular responses
such as cell adhesion and antigen processing and presentation
(7, 8, 13, 40). In this report we show that inflammatory
mediators, particularly the bacterial endotoxin LPS, and cyto-
kines, such as IFN-,y, TNF-ot, and IL-1, enhance gene expres-
sion and secretion of IL-6. In addition, IFN--y in combination
with suboptimal levels of IL-1, TNF-ot, or LPS can dramatically
augment the secretion of IL-6 by RPE cells. In fact, the effect
of IFN--y is striking, in that it can act synergistically with other
mediators to induce higher levels of IL-6. This is a pattern of
action which has been noted in a number of cytokine systems
(12, 44).

This study also reveals that the IL-6 secreted by RPE cells
appears as multiple molecular forms. Other investigators have
noted that IL-6 can undergo posttranslational glycosylation
and phosphorylation reactions (33, 34). Furthermore, it was
observed that the removal of the stimulant, either LPS or the
cytokine, results in a rapid decline in IL-6 levels. Moreover,
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FIG. 9. Time course of IL-6 mRNA expression by RPE cell cul-
tures treated with IL-1,. Cultures were incubated in SFM containing
IL-l (10 ng/ml), and at the times shown above the lanes (in hours),
total RNA was isolated and analyzed by Northern blotting. The
samples in lanes 0 to 24 were prepared after incubation of cultures for
0, 2, 5, 10, 16, and 24 h, respectively, in the presence of IL-1,. The
samples in lanes -2 and -5 were prepared 2 and 5 h after the removal
of IL-l,B following the 24-h treatment. (A) Blot probed with human
IL-6 cDNA. The arrow indicates the position of IL-6 mRNA. (B) The
blot in panel A was reprobed with human ,B-actin cDNA. The samples
in the lanes correspond to those in panel A.

mRNA analysis revealed a rapid induction of IL-6 mRNA by
IL-1 and depletion of mRNA upon withdrawal. These data
suggest that the transcription of the IL-6 gene in RPE cells is
under stringent regulatory control. Finally, in contrast to other
published reports (15, 41), we were able to document that LPS
induced IL-6 production by RPE cells derived from two donor
eyes. Two preparations of LPS were evaluated for their ability
to induce IL-6 secretion. Only the S. typhosa LPS preparation
was capable of stimulating significant secretion of IL-6,
whereas the E. coli preparation failed to induce this cytokine.
The differences in LPS sources may account for the opposing
findings (15, 41). Alternatively, the use of primary RPE cells
from different individuals may also contribute to these differ-
ences.

IL-6, previously known as B-cell stimulatory factor, IFN-,B2,
hepatocyte stimulatory factor, and hybridoma growth factor, is
produced by circulating leukocytes and by endothelial cells,
hepatocytes, smooth muscle cells, fibroblasts, and epithelial
cells (23, 29, 45-47). This multipotent cytokine regulates
immune responses and plays a major role in the autoimmune
and inflammatory disorders. Some of the immunological ac-
tions of IL-6 are associated with its ability to induce prolifer-
ation, differentiation of B lymphocytes, and production of
antibodies. Upregulated IL-6 production has been described in
patients with rheumatoid arthritis, AIDS, psoriasis, sepsis, and
two ocular disorders, proliferative vitreoretinopathy and uve-
itis (19, 20, 28, 30, 37, 38).

Several lines of evidence to support the notion that bacterial
endotoxins and the cytokines TNF-a, IL-1, IL-6, IL-8, and
IFN--y play a critical role in uveitis and other inflammatory
disorders of the eye now exist (10, 17, 24-26, 30, 39, 42, 43, 48).
In a rabbit model system, it has been demonstrated that
intravitreally injected TNF-ot, IL-1, or endotoxin can induce
ocular inflammation consisting of both anterior and posterior
uveitis (17, 42, 43). Similarly, in rodents, the injection of
endotoxin (LPS) into the footpad causes uveitis (24). Further-
more, a comparison of sera and ocular samples revealed that
the intraocular preparations contained 10-fold-higher concen-
trations of IL-6 than the serum samples. Subsequent studies
have shown that direct intravitreal injection of IL-6 also caused
uveitis in rats (25). Taken together, these animal studies

indicate that ocular inflammation induced by inflammatory
mediators can be associated with the presence of IL-6 within
the eye.

In humans, inflammatory mediators and cytokines have also
been localized in the ocular microenvironment. For example,
IFN--y and IL-2 have been immunochemically identified in
infiltrating T lymphocytes in uveitis and sympathetic ophthal-
mia (26). Moreover, elevated levels of IL-6, IL-1, and IFN--y
have been found in the aqueous humor of uveitis patients (4,
18, 37) and in vitreous aspirates of patients with proliferative
vitreoretinopathy (4, 30). Since ocular IL-6 levels, rather than
systemic IL-6 levels, are associated with the uveitic reaction,
local production of IL-6 by ocular resident cells and inflam-
matory cells may be important in ocular inflammatory reac-
tions (10). The RPE cell is a critical retinal regulatory cell of
neuroectodermal origin. This ocular resident cell can be
modified by cytokines and is itself a source of cytokines, such
as IL-6, IL-8, and monocyte chemotactic protein (14-16, 41).

Interferons are powerful regulatory molecules. IFN-y has
been shown to exert a variety of immunoregulatory actions,
including induction of MHC class I and II molecules and
activation ofT cells and macrophages. IFN--y is detected within
the retina during inflammatory and degenerative diseases, and
its presence is closely associated with the expression of MHC
class II molecules on RPE cells (7). Under normal physiologic
conditions, these cells do not express MHC class II molecules.
RPE cells treated with IFN-y in vitro are activated to express
these molecules. These MHC class II-positive RPE cells are
now capable of processing retinal antigens and presenting
them to T lymphocytes (40). In addition, IFNs may activate
gene expression within the retina and contribute to retinal
differentiation (1, 6). The studies presented here further
substantiate the potential activity of IFN--y within the retina.
IFN--y is one of the cytokines capable of inducing enhanced
IL-6 secretion by RPE cells. Moreover, in the presence of low
concentrations of IL-1 or TNF-ot, IFN-y stimulates secretion of
IL-6 in amounts higher than could have been produced by
simple summation effects. Thus, IFN--y acts synergistically to
augment the cytokine-induced IL-6 secretion by RPE cells.
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FIG. 10. Synergistic effects of IFN--y on inflammatory-mediator-

induced secretion of IL-6 by RPE cells. Cultures grown to confluence
were washed with SFM and incubated in SFM alone or in SFM
containing IFN--y (100 or 1,000 U/ml). Each of these cultures was
further treated with media alone (Control) or with medium containing
LPS (S. typhosa) (1 ,ug/ml), TNF-ot (0.1 ng/ml), or IL-la (0.1 ng/ml).
After 24 h, media were harvested and IL-6 levels were determined by
EIA. Results are means ± standard errors of the means for four
experiments with duplicate samples.
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The mechanism of amplification may be highly effective, since
several cytokines are produced simultaneously during inflam-
mation.

In summary, these studies provide evidence that cytokines
and inflammatory mediators can act alone or synergistically
with IFN-y to activate RPE cells and to dramatically increase
the expression and secretion of IL-6. Since the inducer cyto-
kines and IL-6 are potent inflammatory molecules, the data
suggest that cytokine interaction with and production by RPE
cells may contribute to ocular inflammatory processes. Future
studies that define the specific mechanisms by which cytokines
regulate IL-6 secretion by RPE cells in normal and disease
states may provide important insights into biologic mecha-
nisms for modifying inflammatory processes in retinal inflam-
mation, degenerations, and RPE tissue transplantation. More-
over, the indication that IL-6 can also act in neuronal
differentiation (29) suggests a potential role for RPE cell
cytokines in retinal differentiation.
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