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stress; and 4) lipid dysregulation.

complement pathway signaling.
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(Background: Smoke components can generate 1) oxidative stress; 2) complement activation; 3) endoplasmic reticulum
Results: In smoke-exposed RPE cells all four measures were activated, and reversed by antioxidants and blocking alternative

Conclusion: Oxidative stress and complement act synergistically in age-related macular degeneration (AMD) pathogenesis.
Significance: Identifying mechanisms of lipid deposition will aid to develop new therapeutic approaches for AMD.
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Age-related macular degeneration (AMD) is a complex dis-
ease caused by genetic and environmental factors, including
genetic variants in complement components and smoking.
Smoke exposure leads to oxidative stress, complement activa-
tion, endoplasmic reticulum (ER) stress, and lipid dysregula-
tion, which have all been proposed to be associated with AMD
pathogenesis. Here we examine the effects of smoke exposure on
the retinal pigment epithelium (RPE). Mice were exposed to cig-
arette smoke or filtered air for 6 months. RPE cells grown as
stable monolayers were exposed to 5% cigarette smoke extract
(CSE). Effects of smoke were determined by biochemical, molec-
ular, and histological measures. Effects of the alternative path-
way (AP) of complement and complement C3a anaphylatoxin
receptor signaling were analyzed using knock-out mice or spe-
cific inhibitors. ER stress markers were elevated after smoke
exposure in RPE of intact mice, which was eliminated in AP-
deficient mice. To examine this relationship further, RPE mono-
layers were exposed to CSE. Short term smoke exposure resulted
in production and release of complement C3, the generation of
C3a, oxidative stress, complement activation on the cell mem-
brane, and ER stress. Long term exposure to CSE resulted in
lipid accumulation, and secretion. All measures were reversed
by blocking C3a complement receptor (C3aR), alternative com-
plement pathway signaling, and antioxidant therapy. Taken
together, our results provide clear evidence that smoke expo-
sure results in oxidative stress and complement activation via
the AP, resulting in ER stress-mediated lipid accumulation, and

* This work was supported, in whole or in part, by National Institutes of Health
Grant ROTEY019320, Department for Veterans Affairs merit Award RX000444,
the Beckman Initiative for Macular Research, an unrestricted grant to the
Medical University of South Carolina from Research to Prevent Blindness
(RPB), New York, NY, and Foundation Fighting Blindness, Columbia, MD (to
B. R.); and National Institutes of Health Grant RO1 091944 from the NHLBI
and Flight Attendant Medical Research Institute (FAMRI) CIA Grant 092079
(toC. A).

" To whom correspondence should be addressed: 167 Ashley Ave., Charles-
ton, SC 29425, Tel.: 843-792-5086; Fax: 843-792-1723; E-mail: rohrer@
musc.edu.

14534 JOURNAL OF BIOLOGICAL CHEMISTRY

further suggesting that oxidative stress and complement act
synergistically in the pathogenesis of AMD.

Age-related macular degeneration (AMD)? is the leading
cause of blindness in people over the age of 60 in the Western
world. AMD is a late-onset maculopathy that ultimately results
in the loss of central vision. The early phase of AMD is charac-
terized by the presence of drusen, which are deposits rich in
lipoproteins located between the retinal pigment epithelium
(RPE) and Bruch’s membrane (BrM). The late phase of AMD
can present itself as either the atrophic, dry; or the neovascular,
wet form (1, 2). The atrophic form of the disease or geographic
atrophy results in loss of RPE cells, followed by the loss of
underlying photoreceptors and overlying choriocapillaris. The
neovascular form or choroidal neovascularization is character-
ized by growth of new choroidal blood vessels through the BrM
and RPE into the subretinal space. Because new vessels tend to
be more leaky than established ones, the resulting fluid leakage
into either the subretinal or sub-RPE space can lead to impair-
ment of retinal function and increased photoreceptor cell death
(3). Hence one of the main target cells for pathology in both
early and late AMD is the RPE.

Based on the presence of oxidized lipids and complement
components in drusen and BrM, the hypothesis of oxidative/
inflammatory stress-mediated AMD was postulated (4). This
hypothesis gained support when some of the main genetic risk
factors were identified as polymorphisms occurring in comple-
ment genes, including the alternative pathway (AP) inhibitor,
CFH (complement factor H (5-8)), and others. Hence based on

2 The abbreviations used are: AMD, age-related macular degeneration; RPE,
retinal pigment epithelium; AP, alternative pathway; CFB, complement
factor B; CFH, complement factor H; UPR, unfolded protein response;
GRP78, glucose-regulated protein of 78 kDa; NAC, N-acetylcysteine; TER,
transepithelial resistance; CSE, cigarette smoke extract; ROS, reactive oxy-
gen species; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)pro-
pane-1,3-diol; ER, endoplasmic reticulum; DCFDA, 2,7-dichlorofluorescein
diacetate; MDA, malondialdehyde; SREBP, sterol regulatory element-bind-
ing protein.
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the current literature, the following sequence is proposed: the
trigger for pathophysiology is provided by chronic oxidative
stress resulting in alterations in the target tissues (photorecep-
tors, RPE, BrM, and choriocapillaris); tissue damage leads to
chronic inflammation, involving the innate immune system
(e.g. the complement system); chronic inflammation subse-
quently leads to cellular damage in the target tissues, extracel-
lular matrix modifications, and the accumulation of extracellu-
lar debris including lipids; finally leading to the development of
drusen and pigmentary changes (early AMD) followed by the
progression to geographic atrophy and/or choroidal neovascu-
larization (late AMD) (9, 10). According to this hypothesis, in
the presence of complement abnormalities that lead to an over-
active alternative pathway, the tissue effects of chronic inflam-
mation are exacerbated.

The complement system is an evolutionary ancient part of
the innate and adaptive immune system, and developed to par-
ticipate in clearing pathogens and non-self cells from the orga-
nism. To execute this function, there are three initiation path-
ways (classical, lectin, and alternative) that all lead to a common
terminal pathway via the generation of homologous comple-
ment C3 convertases (11). Activation of the complement sys-
tem results in the generation of three classes of effector mole-
cules: the soluble anaphylatoxins C3a and C5a, which signal
through their respective G-protein coupled receptors (C3aR
and C5aR) and are involved in chemotaxis and mediating
inflammatory responses; the cell-bound opsonins C3b, C3d,
and iC3b, which are derived from C3 upon cleavage, and are
involved in removal of pathogens and cells; and the terminal
membrane attack complex, which forms a nonspecific pore in
the cell membrane, and is involved in cell lysis. Self-cells are
protected from complement activation by the expression of
membrane-bound complement inhibitory molecules and solu-
ble serum inhibitors that prevent self-cell complement-medi-
ated injury. However, because the levels, as well as the cellular
localization, of these inhibitors can be influenced by environ-
mental factors such as oxidative stress (12) or cigarette smoke
(13, 14), self-cell surfaces can become targets of complement
activation. For example, in AMD, changes in levels and local-
ization of CFH and CD55 (15), CD46 (16), as well as CD59 (17)
have been reported in RPE, BrM, and choroid, and have been
associated with increased cellular deposition of complement
C3 and membrane attack complex in tissue samples (4, 18) of
patients.

Smoking has been recognized as the only modifiable risk fac-
tor for AMD. Smoking increases the risk for developing AMD
(19), and promotes the progression of AMD from the atrophic
to the neovascular form (20, 21); smoking cessation on the
other hand can reduce both disease risk and rate of progression
(22). Smoking is thought to contribute to disease mainly by
generating oxidative stress in the target tissues by producing
free radicals (23) and depleting the antioxidant system
(reviewed in Ref. 24). However, important for this study, ciga-
rette smoke has been shown to be able to directly activate C3 by
modifying C3 in a way that reduces its ability to bind to CFH
(25), and serum levels of complement components are elevated
in smokers (26). Neufeld and colleagues (27) have shown com-
plement activation in the RPE/choroid in mice exposed to long-
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term smoke inhalation, including the presence of the anaphy-
latoxin C3a and the deposition membrane attack complex. Our
follow-up study, using the same long term smoke model and
comparing effects in wild type mice and mice without a func-
tional AP (complement factor B knock-out mice, CFB™/7),
showed clearly that ocular pathology generated by smoke expo-
sure in mouse is dependent upon AP activation (28).

The endoplasmic reticulum (ER) functions include the syn-
thesis of secretory and membrane proteins, the production of
lipids and sterols, and calcium homeostasis. Many different
environmental and genetic factors can cause ER stress; relevant
for this study, smoking, as well as complement activation, has
been suggested as triggers. Acute and chronic smoke exposure
can adversely affect protein synthesis (29), lipid metabolism
(30), and calcium homeostasis (78), resulting in ER stress. Spe-
cifically, smoking results in misfolding of nascent polypeptides
in the ER as well as accumulation of protein aggregates; both of
which trigger specific compensatory mechanisms to reduce or
reverse the accumulation of unfolded proteins (unfolded pro-
tein response, UPR) (31), or removal of protein aggregates
(autophagy) (32), respectively. Interestingly, in passive Hey-
mann nephritis, a model of membranous nephropathy, mem-
brane attack complex-induced podocyte injury has been found
to be associated with and might be mediated by ER stress (sum-
marized by Ref. 33). The UPR is a highly conserved response
designed to relieve stress and restore ER homeostasis (34). As a
first line of defense, the UPR reduces overall protein synthesis
while selectively increasing synthesis of proteins involved in
folding. To reduce the amount of unfolded proteins or those
that did not get modified properly, damaged proteins are
routed into the proteasome or to the autophagosomes for deg-
radation. Finally, the UPR can lead to the expansion of the ER
size as well as its capacity. The UPR is monitored and mediated
by three receptor systems localized in the ER membrane, PERK
(eukaryotic translation initiation factor 2-« kinase 3), IRE1
(inositol requiring enzyme 1), and ATF6 (activating transcrip-
tion factor 6) (for reviews see Refs. 29 and 35)). All three sensors
share the same entry molecule GRP78 (glucose-regulated pro-
tein of 78 kDa) on the ER luminal surface (36), but trigger
unique downstream events associated with unique marker
genes. The relative contribution and the sequence of activation
within the three pathways is cell-type and stress-dependent;
which is analyzed typically by examining up-regulation of
mRNA, splice variants, or protein expression of factors down-
stream of PERK, ATF6, and IRE1. Here we use GRP78, CHOP
(to represent IRE1 activation), sXBP1 (to represent ATF6 acti-
vation), and elF2« (to represent PERK involvement) as specific
markers.

Lipid accumulation is one of the hallmarks of age-related
macular degeneration, building up as extracellular lesions in
BrM. The analysis of lipid composition in BrM has suggested
that the lipoprotein particles are different from those found in
plasma. They contain free and esterified cholesterol (37), phos-
phatidylcholine, and apolipoprotein B100 (38), and differ in
composition such as their enrichment for esterified cholesterol
and the percent phospholipid being comprised of phosphati-
dylcholine (39). It is suggested that the lipoproteins in BrM may
be derived in part from the photoreceptor outer segments, but
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are processed significantly by the RPE (40). Relevant for this
study, lipid accumulation has been associated with ER stress
and the UPR. ER stress has been shown to activate transcription
factors know as sterol regulatory element-binding proteins
(SREBP), which increase the expression of proteins required for
the biosynthesis and uptake of cholesterol and triglycerides.
Although the mechanism of ER stress-mediated SREBP activa-
tion is unclear, players from the UPR including elF2« and
GRP78 have been implicated (reviewed in Ref. 41) and interest-
ingly, sterol regulatory element-binding transcription factor 1
(SREBEF-1) can be translated by an internal ribosome entry site
(42).

Given the aforementioned lines of evidence, we tested
whether lipid accumulation in the RPE can be triggered by
smoke exposure. More specifically, we asked whether lipid
accumulation is dependent upon complement activation and
ER stress. Furthermore, the presence of a feedback loop
between complement and oxidative stress is explored. Finally,
we tested the hypothesis that complement alternative pathway
inhibition provides protection in cigarette smoke-induced oxi-
dative and ER stress, and lipid accumulation.

EXPERIMENTAL PROCEDURES

Animals—CFB™’~ mice on a C57BL/6] background were
generously provided by V. Michael Holers (University of Colo-
rado Health Science Center, Denver, CO) (43); C57BL/6] mice
were purchased (Jackson Laboratory, Bar Harbor, ME). Ani-
mals were housed under a 12:12 h, light:dark cycle with access
to food and water ad libitum. At 8 weeks of age male mice were
divided into two groups (n = 12 per group and genotype); with
the control group remaining in a filtered air environment, the
experimental groups being subjected to cigarette smoke. Ciga-
rette smoke exposure was carried out (5 h per day, 5 days per
week) by burning 3R4F reference cigarettes (University of Ken-
tucky, Louisville, KY) using a smoking machine (model TE-10;
Teague Enterprises) for 6 months. The average concentration
of total suspended particulates was 130 mg/m?> and was moni-
tored twice daily. For more details, see Ref. 28.

Reagents—The reagents used in these studies included
pooled normal human serum (Quidel) as a source of comple-
ment proteins. To block the alternative pathway of comple-
ment activation, a targeted inhibitory protein (CR2-fH) was
produced as previously described (44). This agent targets the
inhibitory domain of factor H to sites of C3d deposition and
effectively blocks alternative pathway activation. To block ana-
phylatoxin C3a-receptor signaling, the experiments were per-
formed in the presence and absence of a selective, high affinity,
competitive C3a-receptor antagonist (Calbiochem; N>-[(2,2-
diphenylethoxy)acetyl]-L-arginine, TFA) following the man-
ufacturer’s recommended dose; to prevent oxidative stress, the
antioxidant NAC (N-acetylcysteine; Sigma) was used. Antibod-
ies specific for CHOP, GRP78, elF2«, and GAPDH were pur-
chased from Cell Signaling Technology (Danvers, MA), XBP1
was from Santa Cruz (Dallas, TX); the antibody to determine
C3d deposition was generated by us and used as described (45).

Cell Culture System—Experiments were performed on
ARPE-19 cells, a human RPE cell line that displays the differen-
tiated phenotype of RPE cells, and forms a polarized monolayer
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on Transwell filters (Costar) (46). To form monolayers, cells
were expanded in DMEM:F-12 (Invitrogen) with 10% fetal
bovine serum (FBS) and 1X penicillin:streptomycin. After the
cells reached confluence, they were grown in serum-reduced
media until they reached stable barrier facilities, based on tran-
sepithelial resistance (TER) measurements. TER values reach a
stable plateau of 40—45 Q) cm? within 2—3 weeks after conflu-
ence (46). FBS was removed completely for the final days prior
to measurements, which does not alter survival or monolayer
formation (47), such that complement-sufficient normal
human serum can be used as a source of complement. TER was
determined by measuring the resistance across the monolayer
with an EVOM volt-ohmmeter (World Precision Instruments)
as described previously, subtracting the TER for filters without
cells and then multiplying by the surface area of the filters.

Cigarette Smoke Extract (CSE)—Cigarette smoke extract was
generated as described (48); by bubbling smoke from four 3R4F
cigarettes (University of Kentucky) through 50 ml of media
(DMEM:F-12 plus 1X penicillin:streptomycin) using a Shapiro
cigarette smoke machine (Washington University, St. Louis,
MO). Media was sterile-filtered (0.22 wm) and used immedi-
ately. CSE was diluted with fresh media to create 5, 10, and 20%
final concentrations. Stable ARPE-19 cell monolayers were
treated with CSE applied to the apical compartment as
described under “Results.” Treatment was performed apically,
because we have shown previously that the apical side of
ARPE-19 monolayers is more susceptible to oxidative stress-
mediated complement activation than the basal side (46).

Immunocytochemistry—Intracellular CHOP, GRP78, and
XBP1 in ARPE-19 cells was examined by immunofluorescence
microscopy. Cells were grown on Transwell plates as described
above. After specific treatments, cells were fixed in PBS con-
taining 4% paraformaldehyde and nonspecific binding sites
were blocked with 1% normal goat serum and 3% BSA in PBS (as
a preabsorption buffer) for 2 h. The cells were incubated over-
night at 4 °C with primary antibody followed by incubation for
1 hatroom temperature with FITC-conjugated secondary anti-
body (1:200; Zymed Laboratories Inc., Invitrogen). As a nega-
tive control, primary antibodies were omitted. Surface staining
of C3d was examined as described (45). The membranes were
cut out of the wells, placed on a microscope slide, coverslipped
with antifade, and imaged using confocal microscopy (Leica
SP2).

Lipid Staining—Cells grown on Transwell plates or enucle-
ated eyes from control and smoke-exposed mice were fixed in
PBS containing 4% paraformaldehyde. Eyecups were cryopro-
tected in 30% sucrose in PBS, frozen in TissueTek O.C.T.
(Fisher Scientific, Waltham, MA), and cut into 14-um cryostat
sections. For general lipid staining, RPE monolayers and mouse
ocular sections were stained with Nile Red (Sigma). Nile Red
(stock solution: 0.5 mg/ml in acetone) was applied to sections in
phosphate-buffered saline at 1.75 ug/ml (49). Neutral lipids
were identified using HCS LipidTox (Invitrogen), according to
the manufacturer’s instructions. For the identification of unes-
terified and esterified cholesterol, monolayers were incubated
with 250 ug/ml of Filipin (stock solution: 2.5 mg/ml in N,N-
dimethylformamide; Sigma); to identify the latter, monolayers
were incubated with cholesterol esterase (30 ug/ml; for 5 h at
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TABLE 1
RT-PCR primer sequences
Gene name Symbol Forward primer Reverse primer
Actin B (human) ACTB 5'-AAATCTGGCACCACACCTTC-3’ 5'-GGGGTGTTGAAGGTCTCAAA-3'

Sterol regulatory element-binding transcription factor 1 (human) SREBF1
Tight junction protein ZO-1 (human) TJP1
DNA damage-inducible transcript 3 protein (human) CHOP
Binding immunoglobulin protein (human) BIP
Complement component 3 (human) C3
X-Box binding protein 1 (human) XBP
Actin B (mouse) Actb
Sterol regulatory element-binding transcription factor 1 (mouse)  Srebfl

Binding immunoglobulin protein (mouse) Bip
DNA damage-inducible transcript 3 protein (mouse) Chop

5'-CTGCTGTCCACAAAAGCAAA-3'
5'-CGCAGCCACAACCAATTCAT-3’
5'-CACCACACCTGAAAGCAGACT-3'
5'-GAACGTCTGATTGGCGATGC-3'
5'-ACTCTGTGCCCCCTGTAGTG-3’
5'-TTACGAGAGAAAACTCATGGCC-3'
5'-GCTACAGCTTCACCACCACA-3'
5'-GTGAGCCTGACAAGCAATCA-3’
5'-TGCAGCAGGACATCAAGTTC-3'
5'-CTGCACCAAGCATGAACAGT-3'

5'-GGTCAGTGTGTCCTCCACCT-3’
5'-TCAGGCGAAAGGTAAGGGAC-3'
5'-CCTCTTGCAGGTCCTCATACC-3’
5'-TCAACCACCTTGAACGGCAA-3’
5'-TGGTCAGGGACATCTGTTTG-3’
5'-GGGTCCAAGTTGTCCAGAATGC-3’
5'-TCTCCAGGGAGGAAGAGGAT-3’
5'-GGTGCCTACAGAGCAAGAGG-3'
5'-TTTCTTCTGGGGCAAATGTC-3’
5'-CTACCCTCAGTCCCCTCCTC-3’

37 °C) to hydrolyze the esterified 3B-hydroxy group of choles-
terol to a fatty acid. Staining of monolayers were examined after
membranes were cut out of the wells, placed on a microscope
slide, coverslipped with antifade, and imaged using confocal
miscroscopy (Nile Red) or fluorescence microscopy (Filipin).
To quantify the lipid signal in Bruch’s membrane, images were
thresholded, binarized, and measured in Image] software.

ELISA for C3 and C3a Measurements—To measure release of
C3 and production of C3a by the cells, cell culture supernatants
were centrifuged at 20,000 X g for 5 min. Microplates were
coated with the respective C3 and C3a capture antibody (BD
Bioscience) and 100 ul of the supernatant was added. The cap-
tured proteins were detected with C3- or C3a-specific antibod-
ies conjugated to horseradish peroxidase, followed by develop-
ment with chromogenic substrate OPD (Sigma). Product
development was assayed by measuring absorbance at 492 nm.
Aliquots were assayed in duplicate, and values were compared
with a C3 and anaphylatoxin dose-response curve.

Western Blot Analyses—Cell culture supernatants were sep-
arated by electrophoresis on a 10% BisTris polyacrylamide gel
(Invitrogen), and proteins were transferred to a nitrocellulose
membrane. The membrane was probed with polyclonal anti-
bodies to GRP78, CHOP, XBP1, and GAPDH (loading control),
and antibody binding was visualized using a chemilumines-
cence detection kit (Amersham Biosciences Life Science). Den-
sity of the bands was analyzed and normalized against GAPDH
control using the Alpha Innotech Fluorchem 9900 imaging sys-
tem while running Alpha Ease FC Software 3.3 (Alpha Inno-
tech, San Leandro, CA).

Measurements of Oxidative Stress—Cells were analyzed for
reactive oxygen species (ROS) production, using 2,7-dichloro-
fluorescein diacetate dye (DCFDA; Molecular Probes/Invitro-
gen) according to the manufacturer’s protocol. In short, after
treatment of monolayers on Transwell filters, cells were col-
lected, stained with 20 mm DCFDA dye, washed, and analyzed
using a spectrophotometer (excitation wavelength, 485 nm;
emission wavelength, 535 nm). Lipid peroxidation was mea-
sured determining the production of malondialdehyde (MDA),
a natural biproduct of lipid peroxidation. Cells were collected
after the respective treatments and homogenized in MDA lysis
buffer (Abcam). MDA present in the cells was reacted with
thiobarbituric acid to generate the MDA-thiobarbituric acid
adduct and quantified colorimetrically using a spectrophotom-
eter (A = 532 nm). Standard curves for both ROS and MDA
measurements were prepared as recommended.
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Reverse Transcription PCR—RPE/choroid/sclera fractions
(henceforth referred to as RPE/choroid) were isolated from
control and smoke-exposed animals and stored at —80 °C until
they were used. Cells were collected after treatment and stored
at —80°C.

Quantitative RT-PCR analyses were performed as previously
described in detail (50). In short, real-time PCR analyses were
performed in triplicate in a GeneAmp® 5700 Sequence Detec-
tion System (Applied Biosystems) using standard cycling con-
ditions. Quantitative values were obtained by the cycle number,
normalizing genes of interest to B-actin, and determining the
fold-difference between experimental and control samples.
Fold difference values were compared using Z-test analyses,
accepting a significance of p < 0.05. See Table 1 for a list of
primers used.

Semi-quantitative RT-PCR was used to amplify the spliced
and unspliced XBP1 mRNA. XBP1 primers were used as
described by Samali ef al. (51) and are listed in Table 1. PCR
products were electrophoresed on a 2.5% agarose gel. B-Actin
was used as a loading control. The size difference between the
spliced and unspliced XBP1 is 26 nucleotides.

Statistics—Data are expressed as mean * S.E. of the mean.
Statview software was used for statistical analysis. The Fisher
PLSD was used to compare trends over time. Comparison of
two conditions was performed using the Student’s ¢ test.

RESULTS

Effects of Chronic Cigarette Smoke Exposure on ER Stress and
Lipid Homeostasis in Vivo—In a previous publication (28) we
have shown that 6 months of smoke exposure impairs retinal
function as determined by electroretinography and contrast
sensitivity measurements in C57BL/6] mice. In these published
studies, gene expression analyses on the RPE/choroid fraction
indicated increased complement activation and oxidative
stress, concomitant with reduced mitochondrial function and
autophagy. RPE/BrM alterations were analyzed by electron
microscopy, and demonstrated increased mitochondrial size,
mislocalization within the RPE, and a thickening of BrM. These
features are indicative of altered mitochondrial function and
stress, as well as altered degradation of cellular components.
Importantly, mice deficient in AP signaling (lacking CFB) were
protected from these cigarette smoke inhalation-mediated
alterations (28).

Here we investigated whether these same animals exhibited
ER stress and lipid dysregulation. ER stress markers, Grp78 and
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FIGURE 1. Gene expression changes in ocular tissues between WT and
CFB~/~ mice following CSE. Analysis of marker gene expression in WT and
CFB™/~ mice, using quantitative RT-PCR on cDNA generated from a RPE/cho-
roid/sclera fraction. Quantitative values were obtained by cycle number (C,
value), determining the difference between the mean experimental and con-
trol (B-actin) AC, values for smoke versus room air-exposed mice within each
genotype (fold-difference). Candidates were examined from two categories,
ER stress (Grp78 and Chop) and lipid metabolism (Srebf-1). Significant changes
were identified in all three genes for C57BL/6J mice, whereas gene expression
was minimally affected in CFB™/~ animals. Data are expressed as mean = S.E.
(n = 3 per condition, *, p < 0.05).

Chop, were elevated ~2.5- and ~8.5-fold, respectively, in the
RPE/choroid fraction of smoke-exposed C57BL/6] wild type
mice, whereas in CFB~/~ mice, expression of these markers
was not significantly altered as compared with normal (Fig. 1).
Srebf-1, which can be up-regulated by UPR transcription fac-
torsandisindicative of altered cholesterol and fatty acid homeo-
stasis, was also increased ~4.5-fold in the RPE/choroid fraction
of smoke-exposed wild type mice, but not in CFB~/~ mice
(Fig. 1).

A separate cohort of smoke-exposed and control C57BL/6]
mice was analyzed for lipid deposition. Cross-sections were
stained for lipids in RPE/choroid using Nile Red, Filipin stain-
ing (49), as well as LipidTox. Nile Red is a general lipid dye that
equally binds to free fatty acids, triglycerides, cholesterol, and
to some degree phospholipids; LipidTox binds with high spec-
ificity to neutral lipids; whereas Filipin recognizes cholesterol.
Esterified and unesterified cholesterols can be distinguished
with Filipin after incubation with cholesterol esterase, which
removes the ester moiety from cholesterol. Based on the outer
segment composition, strong lipid staining could be observed
in the outer segment layer for both Nile Red (data not shown)
and LipidTox in both the control air- and smoke-exposed ani-
mals (Fig. 2, A and B). Lipid droplets were found to be present
distal to the RPE, a layer most likely representing the thickened
Bruch’s membrane in smoke-exposed, but not in control sec-
tions. Quantification of the lipid signal in Bruch’s membrane
(see Fig. 2, a and b, for examples of thresholded and binarized
images) revealed that ~5-fold higher levels were present in ret-
inal sections from smoke-exposed when compared with control
mice (487 £ 58 versus 100 £ 11; n = 3 per condition; p < 0.005).
However, no staining could be obtained using the Filipin dye to
identify either esterified or unesterified cholesterol (data not
shown). This observation is consistent with data presented by
Curcio and co-workers (52), who have shown convincingly that
whereas mice have the ability to generate lipids in the RPE, they
fail to retain it in the ocular structures.
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FIGURE 2. Lipid deposition in eyes exposed to smoke. Localization of neu-
tral lipids was identified using LipidTox staining, comparing C57BL/6J mice
exposed to room air (A) or smoke (B). Lipid particles were seen in Bruch’s
membrane (BrM) and the basal side of the RPE in smoke-exposed mice when
compared with controls. Insets highlight RPE/BrM and corresponding bina-
rized images from control and smoke-exposed eyes (a and b). Abbreviations:
RPE, retinal pigment epithelium; OS, outer segments; IS, inner segments; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; RGC, retinal ganglion cell layer.

Cigarette Smoke-induced Lipid Deposition in Cultured RPE
Cells—To further examine the mechanism of smoke-induced
ER stress and lipid homeostasis, ARPE-19 cell monolayers were
exposed to FBS-free media bubbled with 5% cigarette smoke
(CSE). Daily treatment with CSE for 5 days resulted in signifi-
cant lipid deposition as visualized with Nile Red staining. Nile
Red-positive staining was found inside the cells (Fig. 3B), as well
as on the Transwell plate itself (Fig. 3, b), indicative of basolat-
eral secretion of the lipids by the RPE cells. Similar staining was
obtained using the neutral lipid stain LipidTox (data not
shown). Because one of the main neutral lipids present in BrM
is cholesterol, staining was repeated using Filipin. Filipin-
positive material could be documented on smoke-exposed
ARPE-19 cells both before and after esterase treatment (Fig. 3,
D and E). This level of lipid deposition had no effect on barrier
function of the monolayer, as measured by TER (data not
shown), although mRNA for the tight-junction protein ZO-1
was slightly, but significantly increased (Fig. 7A).

Smoke Exposure Induces Oxidative Stress in RPE Cells—One
of the main effects of smoke exposure is considered to be the
induction of oxidative stress, leading to free-radical production
(23) and a depletion of the antioxidant system (reviewed in Ref.
24). Here we confirmed that 2 h of CSE exposure resulted in a
rapid increase in the amount of ROS measurable using 2,7-
dichlorofluorescein diacetate (Fig. 44); levels were still elevated
by 24 h after CSE exposure. ROS have been shown to degrade
polyunsaturated lipids, forming malondialdehyde. Reactive
oxygen species can initiate lipid peroxidation or the oxidative
degradation of lipids. Here we documented lipid peroxidation
by measuring the formation of MDA 2 h after CSE, a natural
side product of this process. CSE resulted in an ~8-fold
increase in MDA when compared with control media (Fig. 4B).

Cigarette Smoke-induced Complement Activation in RPE
Cells—Cigarette smoke has been shown previously to directly
activate C3, leading to activation of the AP, by modifying C3 in
a way that reduces its ability to bind to CFH (25). In support of

SASBMB

VOLUME 289-NUMBER 21-MAY 23,2014



Complement-mediated Lipid Accumulation and Smoking

C

FIGURE 3. Lipid deposition in ARPE-19 cell monolayers exposed to smoke. Localization of lipids was identified using Nile Red (A, B, and F-/), and unesterified
(Cand D) and esterified cholesterol (E) was characterized, comparing cells exposed to control media (A and C) or smoke (B and D-G). Nile Red-positive lipid
particles were seen in RPE cells after smoke exposure (B) when compared with controls (A). Lipid deposits could also be detected on the filters of the Transwell
plates after cells were completely detached, confirming basolateral release of lipids from these cells (b, inset). Lipid particles contained both unesterified (D) and
esterified cholesterol (E). Nile Red-positive lipid particles were eliminated in cells pretreated with the alternative pathway inhibitor CR2-fH (F) or specific
C3a-receptor antagonist (G) for 1 h prior to smoke exposure. Monolayers treated daily with tunicamycin to induce ER stress were found to stain strongly for Nile

Red-positive lipids (H); levels that did not change after pretreatment with CR2-fH (/).
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FIGURE 4. Oxidative stress in ARPE-19 cells exposed to smoke. Cells
were grown into mature monolayers, exposed to CSE, and collected for
analysis after 2 or 24 h. Some wells were pretreated with CR2-fH or C3a-
receptor antagonist for 1 h. A, ROS were determined using DCFDA. Levels
were elevated by CSE after 2 or 24 h and reduced after complement inhi-
bition. B, oxidative degradation of lipids was determined by examining
lipid peroxidation by measuring the formation of MDA, a natural side
product of this process. After 2 h, levels were elevated by CSE and reduced
after complementinhibition. Data are expressed as mean = S.E. (n = 3 per
condition, ¥, p < 0.05).

this finding, in lung epithelial cells, exposure of 10% serum and
CSE resulted in complement activation as evidenced by the
generation of C4a, C3a, and C5a (53). If the AP were to be
activated in this process, the cleavage of C3 into C3a and C3b
exposes a highly reactive thiol ester bond on C3b, which allows
it to react with and deposit onto membranes. The membrane
association of C3b can trigger the AP pathway; yet upon inac-
tivation of C3b by factor I, cofactor and CR1 activity will pro-
duce C3d. The same authors demonstrated that exposure of
cells to CSE and serum resulted in C3d deposition as demon-
strated by immunostaining (53).
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Because the RPE in vivo exhibits complement activation
products after CSE (27), and has been documented to express
many complement components (18), we asked whether mono-
layers stimulated with CSE secrete their own complement C3.
Measurement of supernatants from ARPE-19 cells stimulated
with CSE for 4 and 24 h demonstrated a significant increase in
C3 secretion into both the basal and apical supernatant (Fig.
5A). Furthermore, quantitative RT-PCR analysis showed
increased C3 mRNA levels at 24 h post-CSE exposure (Fig. 5C),
suggesting that CSE induces C3 transcription. In addition,
measurements of C3a revealed that short term CSE resulted in
the generation of biologically active anaphylatoxin C3a (Fig.
5B). However, whereas C3 was secreted equally toward both
sides, generation of anaphylatoxin was limited to the apical
compartment, an expected finding, because CSE was only
applied to the apical side and therefore components within the
smoke extract presumably directly modified and activated C3.
Hence all additional experiments measuring complement acti-
vation were limited to the analysis of apical supernatants. Over-
all, CSE for 4 h resulted in the release of ~13 ng/ml of C3, of
which ~5% became cleaved to generate C3a (~0.7 ng/ml).
Finally, CSE resulted in significant complement C3d deposition
on the apical surface of ARPE-19 cell monolayer as shown by
immunocytochemistry as early as 2 h after CSE exposure (data
not shown), lasting for at least 24 h (Fig. 6).

Effects of Cigarette Smoke Exposure on ER Stress and Lipid
Homeostasis in RPE Cells—To examine whether CSE triggers
ER stress in RPE monolayers, cells were examined for ER stress
and lipid homeostasis by quantitative RT-PCR 24 h after the
exposure to CSE. ER stress markers, GRP78 and CHOP, were
elevated ~3- and ~13-fold, respectively; SREBF-1 was also
increased ~3-fold (Fig. 7A). Interestingly, these fold-differ-
ences were similar to those identified in vivo within the mouse
RPE (Fig. 1). Analysis of XBP1 activation requires monitoring of
the production of the spliced version by regular PCR. Exposure
to CSE resulted in the formation of the spliced XBP1 (sXBP1),
similar to that generated by tunicamycin, a known ER stress
inducer (Fig. 7B). GRP78, CHOP, and XBP1 are not only ele-
vated at the mRNA level, but protein expression is significantly
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FIGURE 5. Complement activation in ARPE-19 cells exposed to smoke.
Cells were grown into mature monolayers, exchanged to serum-free media
24 h prior to the experiment, exposed to CSE in serum-free media, and col-
lected for ELISA analysis after 4 h, or quantitative RT-PCR after 24 h. A and B,
ELISA was performed, using plates coated with C3- or C3a-specific capture
antibodies. Some wells were pretreated with CR2-fH, C3a-receptor antago-
nist, or antioxidant (NAC) for 1 h. To determine polarity of C3 (A) and C3a
production (B), apical and basal supernatants were collected after CSE. C3
secretion was increased toward both sides; C3a production was limited to the
side of CSE. Levels of apical C3 and C3a were elevated by CSE and reduced
after application of inhibitors. C, C3a mRNA levels were elevated by CSE and
reduced after application of inhibitors. Data are expressed as mean = S.E.
(n = 3 per condition, *, p < 0.05); n.d., not determined.

increased (Fig. 8, A and B), and can be visualized in the ER by
confocal microscopy, using antibodies specific for GRP78,
CHOP, and XBP1 (Fig. 9). Finally, elF2« activation, which
requires phosphorylation, was increased after CSE (Fig. 8, A
and B).

Effects of Complement Inhibition on CSE-induced Pathology—
Because cigarette smoke has been shown to be able to directly
activate C3 by modifying C3 in a way that reduces its ability to
bind to CFH (25), activating the alternative pathway, the con-
tribution of the AP to anaphylatoxin production, oxidative
stress, ER stress, and lipid deposition was investigated. Pre-
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FIGURE 6. Complement deposition in ARPE-19 cells exposed to smoke.
Cells were grown into mature monolayers, exchanged to serum-free media
24 h prior to the experiment, exposed to CSE in serum-free media, and fixed in
4% paraformaldehyde after 2 or 24 h. Immunocytochemistry was performed
using a well characterized mouse monoclonal antibody that recognizes
human C3d on control (B) and CSE cells (D) at 24 h. A mouse monoclonal
antibody against nitrophenol was used as control (A and ().

treatment with specific antagonist for the C3a-receptor or an
inhibitor for the AP pathway (CR2-fH) would be expected to
ameliorate pathology. Prior to the exposure with 5% CSE, cells
were pretreated for 1 h with either C3aR antagonist, or the AP
pathway inhibitor CR2-fH.

Treatment of monolayers with CR2-fH or C3a-receptor
blockers completely prevented the CSE-stimulated release of
C3 into the apical media, prevented the accumulation of the
anaphylatoxin C3a as well as the increase in C3 mRNA (Fig. 5,
A-C). Likewise, ROS and lipid peroxidation were found to be
completely inhibited in the presence of complement inhibition
at 2 h or significantly reduced at 24 h post-CSE (Fig. 4, A and B).
CR2-fH and anaphylatoxin-receptor antagonist prevented the
increase in markers for ER stress and lipid metabolism at both
the mRNA and protein level (Figs. 7A and 8, A and B). Finally,
cells pre-treated with CR2-fH had negligible lipid deposition as
documented by Nile Red staining; likewise C3a-receptor antag-
onism effectively blocked lipid deposition (Fig. 3, F and G).
Treatment with the inhibitors alone in the absence of CSE had
no effect (data not shown).

Relationship between Complement Activation, Oxidative
Stress, ER Stress, and Lipid Deposition—The main findings thus
far are as follows: short term CSE resulted in the production and
release of complement C3, the generation of the anaphylatoxin
C3a, and AP activation; short term CSE triggered oxidative as
well as ER stress; long term exposure resulted in lipid accumu-
lation; and finally, all these readouts could be reduced by block-
ing anaphylatoxin receptor and AP signaling. Next, we aimed to
establish the relationship between complement activation, oxi-
dative, and ER stress as well as lipid deposition.

To determine whether CSE results in complement-mediated
ER stress, experiments were repeated in the presence of C3a-
receptor inhibition or by blocking the AP pathway using CR2-
fH. ER stress and lipid homeostasis markers GRP78, CHOP,
and SREBF-1 mRNA levels were found to be significantly
reduced by pretreatment with either complement inhibitor
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FIGURE 7. Gene expression changes related to ER stress and lipid metabolism in ARPE-19 cells exposed to smoke. Analysis of marker gene expression
using quantitative RT-PCR (A and C) or regular PCR (B) on cDNA generated from ARPE-19. Some wells had been pretreated with CR2-fH or C3a-receptor
antagonist for 1 h prior to smoke exposure. A, quantitative RT-PCR for ER stress (GRP78 and CHOP) and lipid metabolism (SREBF-1) markers were performed and
quantified as described in the legend for Fig. 1. Significant changes were identified in all three genes for cells exposed to smoke; mRNA levels were reduced
after complement inhibition. B, XBP1 gets spliced in response to ER stress, reducing the mRNA product tested here from 289 to 263 base pairs (bp). Smoke
exposure increased XBP1 splicing; tunicamycin was used as a positive control. C, quantitative RT-PCR for ER stress markers (GRP78 and CHOP) was performed
on cells exposed to smoke, or CSE and pretreatment with the antioxidant NAC. Significant changes were identified in all three genes for cells exposed to smoke;
mRNA levels were reduced after NAC treatment. Data are expressed as mean = S.E. (n = 3 per condition, *, p < 0.05).

(Fig. 7A). Likewise, protein levels for GRP78, CHOP, and XBP1, DISCUSSION

as well as, for phosphorylated elF2a were significantly The main results of the current study were as follows: 1)
decreased (Fig. 8, A and B). C57BL/6] mice exposed to long term smoke inhalation exhib-

To determine whether CSE results in long term oxidative  jteq signs of ER stress (UPR) and lipid dysregulation based on
stress, or whether CSE-mediated complement activation  gene expression profiles; 2) the same genes were altered after
provides a feedback loop as suggested in the literature (9), CSE treatment of RPE monolayers in culture; 3) CSE trig-
ROS and lipid peroxidation measurements were repeated in  gered the production and release of C3 from RPE cells, which
the presence of complement inhibition (Fig. 4, A and B). ROS e to the activation of the AP and subsequent production of
and lipid peroxidation were found to be completely inhibited  C3a involving an anaphylatoxin-receptor-dependent autocrine
in the presence of complement inhibition at 2 h and signifi-  feedback loop; 4) CSE-mediated complement activation
cantly reduced at 24 h post-CSE exposure, supporting the resulted in oxidative and ER stress; 5) oxidative stress and com-
notion that persistent inflammation causes oxidative stress  plement activation are linked through a feedback loop; 6) long
(9). Pretreatment of cells with of NAC, an antioxidant amino  term CSE resulted in lipid accumulation both in vivo and in
acid derivative, for 1 h prior to CSE prevented the increasein  yjtro; 7) lipid accumulation and secretion in vitro was found to
ER-stress marker gene expression (GRP78 and CHOP) at  be complement-dependent; 8) which together supports the fol-
24 h (Fig. 7C). Likewise, it prevented the increase of C3 pro-  lowing pathway: smoke-mediated activation of AP signaling,
tein secretion and gene transcription as marked by mRNA  resulting in oxidative stress, followed by ER stress, and leading
expression (Fig. 5, A and C). to lipid deposition (Fig. 10).

To determine whether long term ER stress can trigger com- Risk factors for AMD include age, smoking, as well as an
plement activation, cells were treated daily with tunicamycin, overactive complement system due to SNPs in complement
which resulted in lipid deposition similar to that generated by  regulatory proteins or complement activators. Aging may con-
CSE (Fig. 3H). However, pretreatment with CR2-fH, which tribute to disease pathogenesis in part by affecting mitochon-
completely eliminated CSE-mediated lipid deposition, had no  drial metabolism. Mitochondrial DNA mutations and respira-
effect on tunicamycin-mediated lipid deposition (Fig. 3I). tory chain dysfunction have been shown to accompany normal
Hence a feedback from ER stress to complement activation aging, impairing cellular homeostasis. Smoking is thought to
does not appear to exist in these cells. generate oxidative stress, and although the RPE has available
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FIGURE 8. Protein expression changes related to ER stress in ARPE-19 cells exposed to smoke. Monolayers were treated as for Fig. 7, but examined by
Western blotting (A), and protein levels were quantified (B). Protein levels for GRP78, CHOP, and XBP1 were elevated after smoke exposure or tunicamycin (TM)
treatment (positive control). Phosphorylation of the B-subunit of the transcription factor elF2, which is part of the cellular ER stress response, was significantly
increased after smoke exposure. Pretreatment with CR2-fH or C3a-receptor antagonist prevented the increase in GRP78, CHOP, and XBP1 expression and
returned the levels of phosphorylated elF2a to baseline levels. Tunicamycin (TM) was used as a positive control. Data are expressed as mean = S.E. (n = 3 per
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FIGURE 9. Immunocytochemical analysis of ER stress in ARPE-19 cells
exposed to smoke. Cells were grown into mature monolayers, exchanged to
serum-free media 24 h prior to the experiment, exposed to CSE in serum-free
media, and fixed in 4% paraformaldehyde after 24 h. Immunocytochemistry
was performed using ER stress markers on control (A) and CSE cells (B-D) and
imaged by confocal microscopy (Leica SP2). CHOP (B)-, GRP78 (C)-, and XBP1
(D)-positive staining could be identified in CSE cells; control cells were found
to be negative (only staining for CHOP is shown for control cells).

effective defenses against oxidative damage, such as high
amounts of antioxidants (54), the aged RPE loses that capability
(55, 56). Finally, an overactive complement system, possibly
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due to the loss of membrane-bound and soluble inhibitors
available to the RPE (15-17) can lead to formation of immune
deposits on the RPE (57) and drusen as well as damage of or
alterations in RPE cells (46, 58), which together can lead to a
breakdown of the blood retina barrier, choroidal neovascular-
ization, and vision loss (reviewed in Ref. 59). Here we provide
evidence that smoking triggers complement activation on the
surface of RPE cells, leading to ER stress and lipid dysregulation.

Smoke exposure in a mouse model has been shown to lead to
pathological changes in BrM (60), complement activation at the
level of the RPE-choroid (27), with pathology being dependent
upon the activation of the AP (28). In primary human RPE cells,
previous work has shown that exposure to CSE in serum-free
media resulted in lipid peroxidation, senescent changes, and
alterations in extracellular matrix after 72 h (61). Although the
authors did not examine the underlying mechanism that trig-
gered these changes, the focus of the discussion was primarily
on oxidative stress. In subconfluent ARPE-19 cells, benzo-
(a)pyrene, a toxic element present in cigarette smoke, was
shown to result in mitochondrial DNA damage, and increased
lysosomal and exocytotic activity. Interestingly, mRNA levels
for CFH, C3, CFB, and CD59 were increased under those con-
ditions (27). Finally, exposure of subconfluent RPE cells to CSE
or hydroquinone, another toxic component of cigarette smoke,
among other effects, induced expression of VEGF, as well as
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FIGURE 10. Complement activation in RPE cells increases lipid deposition.
Smoke exposure activates C3, triggering the activation of the AP. AP of com-
plement activation results in the generation of anaphylatoxins C3a, which
trigger anaphylatoxin-receptor-dependent ER stress. Complement activa-
tion, however, also generates oxidative stress and increases C3 release,
thereby amplifying the response to smoke exposure. ER stress finally leads to
lipid deposition, one of the known hallmarks of AMD. Thus, it is expected that
complement inhibition in early AMD results in a reduction in lipid production
and deposition in RPE and Bruch’s membrane.

indicators of redox imbalance in serum-free media after 24 h
(62). Dysregulation of the complement system in mouse on the
other hand has been associated with changes in retinal struc-
ture and function (63, 64), alterations in retinal perfusion (65);
but no data are available on UPR or lipid dysregulation in that
context. Complement activation on RPE cells has been shown
to lead to VEGF secretion followed by loss of barrier function
(46, 66) as well as secretion and activation of membrane metal-
loproteinases (58). Here we extended the analysis on comple-
ment-mediated effects in RPE cells by demonstrating that CSE
resulted in the activation of the complement system on the
surface of RPE cells (C3d deposition), generation and release of
complement C3 concomitant with the generation of C3a, fol-
lowed by activation of the AP amplification loop. Complement
activation, presumably via C3a-receptor signaling, resulted in
ER stress and the UPR, leading to lipid accumulation and secre-
tion. All UPR measures, as well as lipid accumulation and oxi-
dative stress, were significantly reduced by blocking anaphyla-
toxin receptor signaling, or the AP amplification loop.

ER stress and the UPR have been examined in the context of
retinal degeneration, in particular with regards to misfolded
proteins in photoreceptors and the RPE (reviewed by Ref. 67);
and hence therapeutic approaches have included the search for
small molecular chaperones to promote protein folding
(reviewed by Ref. 35). A recent review article focused on the role
of ER stress in AMD and its potential for triggering choroidal
neovascularization (68), as AMD risk factors, such as oxidative,
proteotoxic, and metabolic stress as well as the presence of
cytokines can trigger ER stress and the UPR; and VEGF produc-
tion in human RPR cells has been shown to be activated by
ATF4 (69), one of the transcription factors produced by the
UPR. However, whereas a link has been presented between the
UPR and complement activation in kidney disease (33), similar
evidence is missing in AMD. Our data provide a clear and novel
link between CSE-mediated complement activation and the
UPR, leading to lipid accumulation.

Regions of the aging or pathological eye that exhibit lipid
accumulation include BrM (49) and the RPE (70); yet the origin
of the lipids in drusen, oil droplets, and BrM deposits is not
entirely clear. As the two main lipid components in these struc-
tures are esterified cholesterol and phosphatidylcholine (38,
49), the lipid composition of BrM appears to be more similar to
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that of plasma than of photoreceptors (71). Hence, because
photoreceptor outer segments, the main cargo to be recycled or
removed by the RPE, are rich in docosahexaenoic acid, there
would be a need for additional processing steps within the RPE
to convert the fatty acids into neutral lipids (40). Alternatively,
cholesterol from other sources might contribute to the lipids
contained in the lipoprotein particles secreted by the RPE (40).
Here we provide data that suggests that cholesterol uptake reg-
ulated via the transcription factors SREBF-1, and triggered by
complement activation, might be involved in lipid dysregula-
tion in the RPE. Interestingly, similar to the work reported here,
Johnson and co-workers (72) showed that primary RPE cells
grown in long term cultures accumulate sub-RPE deposits rich
in apolipoprotein E. Taken together, whereas the data in the
literature as well as our data do not provide clear evidence that
the lipid deposits are derived from reprocessed serum lipids
rather than from RPE plasma membrane, these cumulative data
clearly support the hypothesis that photoreceptor phagocytosis
is not required. We hope to determine the source of lipids in
future studies.

Here we demonstrated complement-mediated effects that
require signaling via the anaphylatoxin C3a-receptor. C3a is
generated by the C3 convertases, and is inactivated by the
removal of the C-terminal arginine amino acid, producing C3a
desArg. In both mouse and human there is a single receptor for
C3a (C3a-receptor), which can also serve to mediate signaling
for C3a desArg. Ligand binding and signaling by the C3a-recep-
tor has been well characterized, a process that involves pertus-
sis toxin-sensitive Ge; signaling (73). Receptor signaling
through the anaphylatoxin receptors can result in changes in
intracellular signaling calcium levels, trigger prolonged activa-
tion of protein phosphorylation such as ERK1/2 and Akt, and
may also involve arrestin binding to the phosphorylated recep-
tor. Importantly, C3a-receptors are expressed by the RPE (18).
Here we observed both the generation of C3a by CSE, as well as
C3a-receptor engagement. The commercially available C3a-re-
ceptor antagonist was found to reduce oxidative and ER stress
as well as lipid accumulation. In addition, we observed that
either blocking the AP, or C3a-receptor inhibition prevented
the CSE-induced C3 production and release and concomi-
tant anaphylatoxin production. Similar results were re-
ported in human macrophages, in which C3 secretion was
found to be triggered by application of C3a, an effect that was
enhanced by co-administering oxidized LDL (74). Other
pathways for control of C3 expression and secretion have
been reported, including cytokine signaling (75-77). It will
be of interest to examine the potential synergistic effects of
CSE and cytokine stimulation.

As indicated above, the hypothesis of oxidative/inflamma-
tory stress-mediated AMD included a feedback loop between
chronic oxidative stress and chronic inflammation or comple-
ment activation (4). However, in RPE tissue, this feedback loop
has not yet been investigated. Here we have shown that CSE
results in both oxidative stress and complement activation.
Blocking complement activation was found to eliminate oxida-
tive stress and, vice versa, blocking oxidative stress prevented
C3 production and release, the prerequisite for complement
activation on the cell surface and anaphylatoxin production and
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signaling. Finally, a similar loop has not yet been characterized
in any other tissue or cell type.

Taken together, there is growing evidence linking oxidative
stress, smoking, ER stress, lipid dysfunction, as well as comple-
ment activation to the development and progression of AMD.
The data presented here show that cigarette smoke exposure in
RPE cells leads to ER stress and lipid accumulation, and provide
the first direct evidence that the AP of complement is required
for these alterations to occur. In addition, we provide the first
experimental evidence of the postulated feedback loop between
oxidative stress and complement. Although we have shown that
oxidative stress renders cells susceptible to complement activa-
tion (46), here we have provided evidence that blocking oxida-
tive stress reduces local complement production and activa-
tion. Finally, our data suggest that lipid dysregulation in AMD
may be amenable to anti-complement-based therapies.
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