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SUMMARY

 

Human retinal pigment epithelial (RPE) cells form part of the blood–retina barrier where they poten-
tially can regulate leucocyte function. RPE cells are known to secrete several cytokines in response to
stimulation by other cytokines. Anaphylatoxin C5a, a potent inflammatory mediator produced during
complement activation, binds to G-protein coupled C5a receptors (C5aR) on monocytes/macrophages
and releases various cytokines from the cells. We previously reported that the human RPE cell line
ARPE-19 possesses C5aR and expresses IL-8 mRNA in response to C5a stimulation. In this study, we
used a primary human RPE cell line (RPE43) and found that C5a induces increased expression of IL-
1

 

b

 

, IL-6, MCP-1 and GM-CSF mRNAs as well as IL-8 mRNA. ARPE-19 cells showed similar increases
in the same cytokines. Interestingly, the kinetics of expression of the various cytokines differed. These
results provide further evidence that C5a stimulation of RPE cells may play a role in regulating leuco-
cyte function during ocular inflammation in which there is complement activation.
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INTRODUCTION

 

Retinal pigment epithelial (RPE) cells form a blood–retina bar-
rier which limits access of blood cells and proteins to the retina.
There is evidence that RPE cell dysfunction plays a role in the
pathogenesis of certain chronic ocular diseases such as prolifera-
tive vitreoretinopathy [1] and age-related macular degeneration
[2], disorders in which leucocyte and macrophage infiltration is
often seen [3].

Physiologically, RPE cells have specific functions including
transporting nutrients to photoreceptors, and phagocytosing their
shed rod outer segment (ROS) fragments [4,5]. With respect to
their immunomodulatory properties, they have been reported to
express Fc

 

g

 

 receptors (Fc

 

g

 

RIII) and iC3b receptors (CR3) as
present on traditional phagocytic cells [6], express class II antigen
[7,8] and express ICAM-I [9], the latter of which can be up-
regulated by IFN-

 

g

 

 stimulation. In response to certain cytokine
stimulation, they also have been found to produce a number of
other cytokines which may play important roles in ocular inflam-
mation. Among the cytokines produced, it has been shown that
they elaborate (1) IL-1

 

b

 

 in response to IL-1

 

a

 

 stimulation [10],
(2) IL-6 in response to IL-1

 

b

 

 or TNF

 

a

 

 stimulation [11,12], (3)
IL-8 in response to IL-1

 

b

 

, TNF

 

a

 

 [13] or IL-7 stimulation [14], (4)

granulocyte-macrophage colony stimulating factor (GM-CSF) in
response to IL-1

 

a

 

 stimulation [10] and (5) monocyte chemotactic
protein-1 (MCP-1) in response to IL-1

 

b

 

, TNF

 

a

 

 [15] or IL-7
stimulation [14].

Anaphylatoxin C5a is a 9-kD soluble complement activation
fragment generated by cleavage of C5 during activation of the
complement cascade. C5a is a potent inflammatory factor, i.e.
active at 10 p

 

M

 

 (in chemotaxis), with several biological functions
including (1) induction of smooth muscle contraction (2) augmen-
tation of vascular permeability, and (3) release of histamine from
mast cells and basophils [reviewed in [16]]. C5a has potent
chemotactic activity for polymorphonuclear cells (PMN) [17],
monocytes [18], eosinophils [19,20], T lymphocytes [21] and mast
cells [22,23]. C5a stimulates a respiratory burst in PMN [24],
up-regulates CR3 expression on PMN [25], induces P-selectin
expression on endothelial cells [26,27] and increases adhesion of
eosinophils to endothelial cells [28]. C5a is also a potent immune
regulatory factor that activates several cell types to release cytok-
ines. It activates macrophages/monocytes to release IL-1

 

b

 

 and
TNF

 

a

 

 [29,30] as well as IL-6 [31] and IL-8 [32].
C5a stimulates cells via interaction with C5a receptors

(C5aR). These receptors belong to a family of G-protein coupled
receptors with seven transmembrane segments [33,34]. Although
C5aR traditionally were believed to be expressed only on blood
phagocytes and a limited number of other cell types (see Discus-
sion), recent studies have shown that C5aR are also present on
endothelial and epithelial cells in the lung [35], mesangial cells in
the kidney [36], as as well as astrocytes, microglia and neurons in
the brain [37–40].
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Previously we showed that ARPE-19 cells (a well-established
ATCC human RPE cell line) possess C5aR and exhibit increased
expression of IL-8 mRNA in response to C5a stimulation [41]. In
this investigation, we examined the effect of C5a stimulation on a
primary cultured human RPE cell line with an emphasis on more
closely approximating the 

 

in vivo

 

 situation and assaying for the
expression of other cytokines in addition to IL-8. We found that
C5a induces increases of IL-1

 

b

 

, IL-6, MCP-1 and GM-CSF
mRNAs in these cells, as well as IL-8 as in the ARPE-19 cell line.
In the cases of IL-8 and IL-6, we documented that protein pro-
duction paralleled the mRNA increases. These results further sup-
port the proposition that C5a effects on RPE cells may be
important in regulating inflammatory and immune responses in
ocular diseases.

 

MATERIALS AND METHODS

 

Reagents and cells

 

Human C5a was obtained from Advanced Research Technologies
(San Diego, CA, USA). It was prepared using methods excluding
LPS contamination [42]. Rabbit anti-human C5aR antibody pro-
duced against C5aR’s 21 N-terminal amino acids [43] was a gift
from Dr T.E. Hugli (La Jolla Institute for Molecular Medicine,
San Diego, CA, USA). L cell transfectants expressing human
C5aR were also a gift of Dr T.E. Hugli. Human IL-6 and IL-8
proteins were quantified using Quantikine kits (R & D systems,
Minneapolis, MN, USA). Mouse anti-human C5aR mAb was
obtained from BD-Pharmingen, San Diego, CA. The primary
human RPE cell line (RPE43) was kindly provided by Dr D.N.
Henry (Michigan State University) [44,45]. Cells at 6 passages in
RPMI-1640 medium containing 2 m

 

M

 

 

 

L

 

-glutamine, 10% fetal calf
serum (FBS) and 5 m

 

M

 

 glucose were plated at a density of 20 000
cells/cm

 

2

 

 in 100 mm dishes and grown at 37

 

∞

 

C in humidified air
with 5% CO

 

2

 

. The ARPE-19 cell line was obtained from the
American Type Culture Collection (Rockville, MD, USA) and
maintained in a 1 : 1 mixture of Dulbecco’s modified Eagle’s
medium (DMEM): F12 containing 10% FBS and 2 m

 

M

 

 

 

L

 

-
glutamine. In some experiments, 0·4 

 

m

 

m pore size Transwell filters
(Costar, Cambridge, MA, USA) coated with 10 

 

m

 

g/cm

 

2

 

 of purified
mouse laminin (Collaborative Biomedical Products, Bedford,
MA, USA) were used and the RPE-43 cells plated on the coated
filters [46].

 

FACS analyses

 

RPE43 cells or freshly isolated PMN (1 

 

¥

 

 10

 

6

 

) were suspended in
fluorescence-activated cell sorter (FACS) buffer containing 10%
FBS, 10 mg/ml goat IgG, 5 m

 

M

 

 EDTA and 0·1% NaN

 

3

 

 with 3 

 

m

 

g/
ml rabbit anti-human C5aR antibody or control rabbit IgG, and
the mixtures incubated for 1 h on ice. After washing with cold
phosphate-buffered saline (PBS) containing 0·1% NaN

 

3

 

, the
cells were suspended in 100 

 

m

 

l of the same buffer containing
1 : 50 diluted fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG (Sigma Chemicals, St. Louis, MO, USA) in FACS
buffer and the mixture incubated for 1 h on ice. The washed cells
were analysed on a FACScan flow cytometer (Becton-Dickinson,
San Jose, CA, USA).

 

Cell stimulation and RT-PCR

 

RPE43 cells (1·5 

 

¥

 

 10

 

6

 

) were stimulated with human C5a in
serum-free medium for the indicated times. Total RNA was
extracted using TRIzol reagent (Life Technologies, Rockville,
MD, USA) according to the manufacturer’s instructions. Follow-
ing treatment for 20 min at 37

 

∞

 

C with RQ-1 RNase-free DNAse
(Promega, Madison, WI, USA), cDNA was prepared from 5 

 

m

 

g of
RNA using Oligo(dT)12–18 primers and the SuperScript Pream-
plification System for first strand cDNA synthesis (Gibco BRL,
Gaithersburg MD, USA). Primers for human IL-1

 

b

 

, IL-8,
GM-CSF, and glyceroaldehyde-3-phosphate dehydrogenase
(GAPDH) were obtained from Stratagene (La Jolla, CA, USA).
Primers for MCP-1 [47] and C5aR [33] were designed according
to the reported sequences. The primers used are listed on Table 1.

Semiquantitative RT-PCR was carried out with 1 

 

m

 

l of cDNA
and 1 

 

m

 

l of Taq DNA polymerase (Promega) in a 50-

 

m

 

l final vol-
ume. In preliminary experiments, PCR for each product was per-
formed at 25, 30, 35 and 40 cycles. The cycle number used for
semiquantitative measurements was then selected based on the
amplification results falling in the mid-linear portion of the den-
sity vs. cycle response curve, using the average for all of the time
points for each cytokine, respectively. For IL-1

 

b

 

, 40 cycles were
used; for IL-6, 35 cycles; for IL-8, 30 cycles; for GM-CSF, 30
cycles; for MCP-1, 35 cycles; and for GAPDH, 25 cycles. The PCR
conditions used were: denaturation for 3 min at 94

 

∞

 

C, 35 cycles of
denaturation for 1 min at 94

 

∞

 

C, annealing for 1 min at 60

 

∞

 

C with
extension for 2 min at 72

 

∞

 

C, and final elongation at 72

 

∞

 

C for
10 min. PCR was performed on a model 480 DNA thermal cycler

 

Table 1.

 

Oligonucleotide primers

Gene Orientation Primer Product size (bp)

IL-1

 

b

 

sense 5

 

¢ 

 

CTTCATCTTTGAAGAAGAACCTATCTTCTT

 

 3¢

 

332
antisense 5

 

¢ 

 

AATTTTTGGGATCTACACTCTCCAGCTGTA

 

 3¢

 

IL-6 sense 5

 

¢ 

 

GATGGATGCTTCCAATCTGGAT

 

 3¢

 

450
antisense 5

 

¢ 

 

AGTTCTCCATAGAGAACAACATA

 

 3¢

 

IL-8 sense 5

 

¢ 

 

CGATGTCAGTGCATAAAGACA

 

 3¢

 

200
antisense 5

 

¢ 

 

TGAATTCTCAGCCCTCTTCAAAAA

 

 3¢

 

GM-CSF sense 5

 

¢ 

 

ACACTGCTGAGATGAATGAAACAGTAG

 

 3¢

 

286
antisense 5

 

¢ 

 

TGGACTGGCTCCCAGCAGTCAAAGGGGATG

 

 3¢

 

MCP-1 sense 5

 

¢ 

 

GATCTCAGTGCAGAGGCTCG

 

 3¢

 

152
antisense 5

 

¢ 

 

TGCTTGTCCAGGTGGTCCAT

 

 3¢

 

C5aR sense 5

 

¢ 

 

ACCACCCCTGATTATGGGCACTATGATGAC

 

 3¢

 

420
antisense 5

 

¢ 

 

GTTCTGGCACCAGATGGGTTTAAACACCAG

 

 3¢

 

GAPDH sense 5

 

¢ 

 

CCACCCATGGCAAATTCCATGGCA

 

 3¢

 

600
antisense 5

 

¢ 

 

TCTAGACGGCAGGTCAGGTCCACC

 

 3¢
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(Perkin Elmer/Roche Molecular Systems, Inc., Branchburg, NJ,
USA). Products were analysed on 2% agarose gels stained with
ethidium bromide. All experiments were repeated at least three
times.

 

ELISAs

 

Aliquots of the culture supernatants of C5a (30 n

 

M

 

)-stimulated
RPE43 cells were removed at the indicated times. Quantifications
of IL-6 and IL-8 were performed by specific ELISAs (R & D
Systems) according to the manufacturer’s instructions.

 

RESULTS

 

Analysis of C5aR by FACS

 

In initial studies to establish whether RPE43 primary culture cells,
like the ARPE-19 line, express C5aR [41], the cells were stained
with anti-human C5aR antibody and analysed by flow cytometry.
As shown in Fig. 1, the RPE43 cells showed a significant shift rel-
ative to the nonrelevant IgG control. For comparative purposes,
control studies were performed under identical conditions with
PMN on which C5aR have been extensively studied [43]. Corre-
lation of the results showed that the C5aR level on the RPE43
cells was 

 

~

 

33% of that of unstimulated PMN (not shown).
Expression of C5aR by the RPE43 cells was independently doc-
umented by RT-PCR using primers (Table 1) for human C5aR
mRNA (not shown). It additionally was confirmed on Western
blots in which identical bands of the expected M

 

r

 

 (45–50 kD) were
visualized in extracts of RPE43 and L cell transfectants express-
ing human C5aR, but not in untransfected L cells (not shown.)

 

Expression of cytokine mRNA

 

In the next set of studies, the effect of C5a stimulation of the cells
was assessed. Based on previous dose–response curves in the
APRE-19 line which showed a maximum effect at 100 n

 

M

 

 C5a,
the RPE43 cells were stimulated with 30 n

 

M

 

 of C5a for 3, 6, 9,
24 h. Expression of IL-8, GM-CSF, IL-1

 

b

 

, IL-6, MCP-1 and
GAPDH mRNA was then measured by semiquantitative RT-
PCR. In the case of each of the cytokines, mRNA levels increased
relative to constitutive levels. However, as shown in Fig. 2, the
kinetics of maximum expression of each cytokine differed. The
maximum increase of IL-8 mRNA was observed at 9 h, that of

GM-CSF at 9 h, that of IL-1

 

b

 

 at 3 h, that of IL-6 at 3 h, and that
of MCP-1 at 24 h. Equivalent data were obtained in three inde-
pendent experiments. The increase in IL-8 mRNA was inhibited
by overnight pretreatment with 1 n

 

M

 

 pertussis toxin verifying the
specificity of the effect. When ARPE-19 cells were substituted for
RPE43 cells and the cells identically stimulated by C5a, similar
increases in mRNAs for each of the cytokines were measured and

 

Fig. 1.

 

FACS analysis of RPE43 cells. RPE cells were stained by rabbit
anti-human C5aR IgG and FITC-conjugated goat anti-rabbit IgG. Shaded
pattern indicates rabbit IgG control.
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Fig. 2.

 

RT-PCR analyses of mRNA expression of IL-8, GM-CSF IL-1

 

b

 

,
IL-6, and MCP-1 following stimulation of RPE43 cells by C5a. RPE43 cells
were stimulated with 50 n

 

M

 

 human C5a for 3,6,9, and 24 h. Lane 1 

 

=

 

 0 time.
Lanes 2, 3, 4, and 5 

 

=

 

 3, 6, 9, and 24 h (a) IL-8 mRNA expression. (b) GM-
CSF mRNA expression. (c) IL-1 mRNA expression. (d) IL-6 mRNA
expression. (e) MCP-1 mRNA expression. (f) GAPDH mRNA expression
at the same time points.

(a)

(b)

(c)

(d)

(e)

(f)

1     2       3      4      5

1     2       3      4      5

1      2     3    4      5

1      2      3      4      5

1      2     3     4      5

1      2      3      4      5

200        IL-8

286        GM-CSF

332      IL-1b

450      IL-6

152      MCP-1

600      GAPDH
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the same kinetics were observed (not shown) as recorded for the
primary RPE43 line.

 

Release of cytokine protein

 

To document that the increases in mRNAs did result in increased
cytokine production, two representative cytokines, IL-6 and IL-8
were studied. For each cytokine, protein levels released in the cul-
ture supernatant after stimulation by C5a were measured by spe-
cific sandwich ELISA. As shown in the Table 1, the levels of both
proteins increased in a time-dependent fashion.

 

DISCUSSION

 

C5a is a potent mediator of inflammation which activates cells via
C5aR, a G-protein coupled receptor. It binds to C5aR through its
C-terminal region. As indicated, historically C5a initially was
thought to stimulate only phagocytic blood elements (PMN and
peripheral blood mononuclear cells (PBMC)), macrophages and
mast cells. However, the cloning of C5aR cDNA and production
of specific anti-C5aR antibody revealed that a number of other
cells also express C5aR. Recent findings that C5aR are expressed
on several brain cell types [38,39] prompted us to examine
whether C5aR are present within the eye, and as a consequence,
C5a ligation could play a role in ocular inflammation.

RPE cells are multifunctional cells which are uniquely posi-
tioned within the eye. They have properties similar to macroph-
ages among which are the capacity to phagocytose and the ability
to generate several cytokines including IL-1

 

b

 

, IL-6 and IL-8 [10–
13]. By ingesting degenerating ROS, they play an essential role in
maintaining photoreceptor health [4,5]. They are situated
between the retina and the uveal vasculature which contains
serum proteins and leucocytes. In several ocular inflammatory
disorders, PMN and monocyte infiltration are usually seen.

In this study, we showed that C5a stimulates RPE43 cells
derived from a primary RPE cell culture to increase mRNA levels
of IL-1

 

b

 

, IL-6, IL-8, MCP-1 and GM-CSF. We previously reported
that C5a was able to cause the APRE-19 cell line to increase
mRNA levels of IL-8 [41]. RPE43 primary culture cells have
properties closely simulating those of 

 

in vivo

 

 RPE cells, and thus
avoid any alterations that could occur in the established ATCC
APRE-19 line. With the use of RPE43 cells in the present study, in
addition to four other cytokine mRNAs, we showed that IL-8
mRNA is similarly produced, confirming our former results.

IL-1

 

b

 

 and IL-6 are important mediators of the acute phase
response and possess biological functions that support host
immune reactions. It has been reported that IL-1

 

b

 

 is generated in
low levels in response to C5a stimulation of PBMC [48,49], and its
production is synergistically enhanced by endotoxin (LPS) and
IFN

 

g

 

 [29]. Our results showed that IL-1

 

b

 

 mRNA expression by
RPE cells in response to stimulation by C5a similarly is weak, its
detection needing 5 more cycles of PCR than the other cytokines
identified. Based on the findings with PBMC, it is possible that
synergistic effects of LPS and/or other cytokines in the vicinity of
RPE cells could have effects similar to those on PBMC. It has
been reported that C5a can stimulate human astrocytes to
increase mRNA levels of IL-6 without protein production [50]. In
view of this, we tested for IL-6 protein by ELISA and recovered
it in the RPE cell supernatant (Table 2). Scholz  

 

et al.

 

 [31] also
reported IL-6 protein production by human PBMC in response to
C5a stimulation. The reason for these contradictory results is not

clear. As indicated in the Results, differences in the kinetics of
expression of the mRNAs for some of the cytotoxins were found.
It is possible, for example, that the release of IL-1 could function
in a paracrine or autocrine fashion to cause the release of MCP-1.

IL-8 and MCP-1 are known to have strong chemotactic activ-
ity for PMN and monocytes/macrophages, respectively. Since the
infiltration of both cell types is commonly seen in many ocular dis-
eases, these cytokines may play important roles in the initial stage
of inflammation. Although the primary activity of GM-CSF is its
haematopoietic myeloid stem cell stimulating function, it also
induces the proliferation and differentiation of PMN, enhances
the responsiveness of PMN to secondary stimuli, and induces the
release of several cytokines from monocytes [51]. GM-CSF thus
can enhance the activity of infiltrating cells both directly and sec-
ondarily by virtue of stimulating the release of cytokines.

Although we identified C5aR on primary cultured RPE cells
and showed that C5a induces the generation of several cytokines
in this report, there may be other roles that C5a has in the eye. In
view of findings that neurons express C5aR [39,40] and a recent
report [52] that C5a has a protective effect in glutamate-mediated
neurotoxicity in the brain, it is possible that in addition to being
an inducer/regulator of inflammation, it may have a similar role
on RPE cells or other C5aR

 

+

 

 cells in the eye. Another recent
report has shown that C5a is required for hepatocyte regeneration
after toxic injury [53]. If C5a can function as a growth stimulator
in the eye, it could play a role in protecting against certain degen-
erative processes.
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