
Nrf2 Signaling Modulates Cigarette Smoke Induced Complement
Activation in Retinal Pigmented Epithelial Cells

Lei Wanga,+, Naoshi Kondoa,+, Marisol Canoa, Katayoon Ebrahimia, Takeshi Yoshidaa,
Bradley P. Barnetta, Shyam Biswalb, and James T. Handaa,*

Lei Wang: lwang9@jhmi.edu; Naoshi Kondo: nskondo@gmail.com; Marisol Cano: mcano1@jhmi.edu; Katayoon
Ebrahimi: kebrahi2@jhmi.edu; Takeshi Yoshida: TYoshida@doheny.org; Bradley P. Barnett: bradpbarnett@gmail.com;
Shyam Biswal: sbiswal@jhsph.edu
aWilmer Eye Institute, Johns Hopkins School of Medicine, Johns Hopkins University, Baltimore,
MD, 21287, USA

bDepartment of Environmental Health Sciences, Bloomberg School of Public Health, Johns
Hopkins University, Baltimore, MD, 21287, USA

Abstract

While cigarette smoking (CS) and dysregulated complement are thought to play a central role in

age-related macular degeneration (AMD), their exact roles are unknown. The aim of this study is

to determine if CS activates complement and if the antioxidant transcription factor Nrf2 modulates

this response. In AMD specimens, Nrf2 immunolabeling was strong in the cytoplasm with

scattered nuclear labeling of macular retinal pigmented epithelial (RPE) cells that appeared

normal, but was decreased and without nuclear labeling in dysmorphic cells overlying drusen, a

hallmark AMD lesion. Cigarette smoke extract (CSE) induced Nrf2 nuclear translocation in RPE

cells with increased antioxidant and complement gene expression. While CFH protein was not

altered by CSE, cell membrane regulator proteins CD46, CD55, and CD59 were decreased, while

C3a and C3b, but not iC3b, were increased compared to controls. C5b-9 was increased by CSE,

but at sublytic levels only after addition of normal human serum. Nrf2-knockdown enhanced the

increase of C3a and C3b from CSE, but not iC3b, C5a, or C5b-9. CSE also increased IL-1b

expression and secretion after C3a generation, and was reduced by a C3aR antagonist. In contrast,

the Nrf2 activator CDDO-Im restored complement gene expression in RPE cells exposed to CSE.

We provide evidence of altered Nrf2 in human AMD, and that CSE induces a pro-inflammatory

environment specifically by generating C3a and C3b, and Nrf2 deficiency magnifies this specific

complement response.
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Introduction

Age-related macular degeneration (AMD), a prototypical aging-related disease, is a

multifactorial, often blinding condition caused by progressive degeneration of the retinal

pigmented epithelium (RPE) and neural retina. AMD affects 30–50 million individuals

worldwide, and is a leading cause of legal blindness in developed countries[1]. Although the

precise etiology of AMD remains elusive, a large body of evidence implicates the early

involvement of oxidative stress[2]. The susceptibility of RPE cells to oxidative stress

progressively increases with age, and cumulative oxidative damage contributes to RPE

dysfunction and apoptosis, either directly or through inflammatory processes[2].

Complement has emerged as an important element in AMD pathophysiology since the

identification of complement in drusen, a hallmark lesion[3]. Importantly, multiple

laboratories have identified genetic susceptibility loci for AMD in the complement pathway,

including factor H (CFH)[4–6], component 3 (C3)[7, 8], factor B (CFB)[9], component 2

(C2) [9], and factor I (CFI)[10]. Despite the growing awareness, triggers for complement

and the specific mechanisms by which dysfunctional complement activation causes this

disease remain unknown.

Besides aging, cigarette smoking (CS) is the strongest environmental risk factor associated

with AMD[11]. CS is a potent, complex oxidant that contains over 4700 compounds[12].

The susceptibility therefore, appears to be mediated by oxidative processes. We reported

that mice exposed to chronic CS develop oxidative damage, RPE apoptosis, and structural

features of early AMD[13]. The exact role it plays in disease onset remains unresolved.

Nuclear factor-erythroid 2-related factor 2 (Nrf2), a CNC-basic leucine zipper transcription

factor, regulates the inducible expression of antioxidant and cytoprotective enzymes via the

cis-acting antioxidant response element (ARE)[14]. Not only does Nrf2 play a critical role in

controlling the cellular redox status, but it influences the innate immune response[15].

Importantly, Nrf2 abundance and activity can decline with age and compromise antioxidant

protection[16]. Furthermore, systemic complement activity increases with age[17], including

increased complement gene expression in the RPE/choroid of old mice[18]. While its

potential role in AMD has been previously introduced as reviewed in [19], and recent work

suggests that Nrf2 deficiency in mice can lead to elements of an AMD phenotype[20],

evidence for altered Nrf2 signaling in human AMD and its specific contribution toward

disease development is lacking.

We suggest an integrative etiological model of AMD. The three established AMD

susceptibility elements of aging, smoking, and complement, are intimately related and

incrementally contribute to AMD, in which oxidative stress is a pivotal factor linking these

three elements, and the decline in Nrf2 signaling will magnify this process. Given its central

role in AMD, it is of great interest to determine if CS triggers oxidative stress and

complement activation in the RPE, and if Nrf2 modulates these molecular events. Herein,
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we investigated how CS affects complement activation in RPE cells, and determined the

influence of Nrf2 signaling on this response.

Materials and Methods

Immunohistochemistry

Human autopsy eyes (n=20) were obtained from the Ocular Pathology Division at the

Wilmer Eye Institute after obtaining Institutional Review Board approval. Donors were

classified as “unaffected” (n=8) if they had no history of AMD or histopathologic evidence

of drusen. Early AMD donors (n=12) had an AMD history, and macular drusen (n=9), but

no late stage disease such as geographic atrophy or choroidal neovascularization. Eyes were

fixed in 4% formaldehyde, paraffin embedded, and sectioned at 4μm thickness. The sections

contained both the macula and periphery so that comparisons in relative staining could be

assessed between macula and periphery of the same section. Sections were deparaffinized.

Antigens were retrieved using the Target Retrieval System (Dako, Inc., Carpinteria, CA)

according to the manufacturer’s instructions. After blocking with horse serum, sections were

incubated with rabbit monoclonal anti-human Nrf2 (1:200; Epitomics, Inc. Burlingame, CA)

or isotype control rabbit IgG (1:200; Epitomics, Inc.) overnight at 4°C, with biotinylated

anti-rabbit IgG (Vectastain®ABC-AP Kit; Vector labs, Burlingame, CA), and then with the

ABC-AP reagent. Competition experiments were performed by pre-incubating the anti-Nrf2

antibody for 3h with a 1:200 excess by volume of human Nrf2 protein at 25°C, following

our previously published protocol[22]. Full-length human Nrf2 cDNA (NM_006164) was

expressed in DH5alpha bacteria, and Nrf2 protein was purified by gel filtration and dialyzed.

Slides were incubated with levamizole added to blue substrate working solution (Vector

labs) for 10min. Sections were imaged with a light microscope equipped with the Cri-

Nuance system (Perkin Elmer Corp, Inc. Hopkinton, MA) to modify melanin pigmentation.

To exclude unintentional, confounding influences in immunostaining across donors, Nrf2

labeling was assessed for tissue distribution and relative intensity within cells of each

section, differences between macula and periphery from the same sections, but not across

different sections from different donors.

Cell Culture

The established human RPE cell line, ARPE-19,[23] was maintained in Dulbecco’s

modified essential medium (DMEM)/Ham’s F12 50/50 mix (Invitrogen Corp, Carlsbad,

CA) supplemented with 10% fetal bovine serum (Invitrogen) and 2mM L-glutamine solution

(Invitrogen) at 37°C in 5% CO2–95% air.

Cigarette smoke extract (CSE) was obtained from Murty Pharmaceuticals, Inc., Lexington,

KY, and is 40mg/ml condensate, and 6% nicotine. According to the manufacturer, CSE was

prepared by smoking University of Kentucky’s 3R4F Standard Research Cigarettes on an

FTC Smoke Machine. The smoke on the filter is calculated by the weight gain of the filter

after smoking. The amount of DMSO is calculated that will dissolve a 4% (40mg/mL)

solution.
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Measurement of Cell Viability

Cell viability was evaluated with the LIVE/DEAD® Assay (Invitrogen) according to the

manufacturer’s protocol. Cells were grown to visual confluence in 96-well plates, serum-

starved for 24h, and treated with 0–500μg/ml CSE in DMSO for 24h. The number of live

and dead cells was counted using the Cellomics ArrayScan VTI HCS Reader (Thermo

Fisher Scientific, Waltham, MA). Hoechst staining was used to identify the total number of

the cells.

Measurement of Cellular Reactive Oxygen Species

Cells were grown to confluence in 96-well plates and treated with CSE for 24h. To measure

O2
−, cells were labeled with 10μM dihydroethidium (DHE; Invitrogen) for 30min in the

dark. Ethidium-DNA fluorescence was measured using a microplate reader (excitation 485

nm, emission 590 nm.)

Cellular Glutathione Assay

Glutathione was measured using a glutathione assay kit (Cayman Chemicals, Ann Arbor,

MI), according to the manufacturer’s instructions. Cellular proteins (20–30μg) were

deproteinized by phosphoric acid, and the amount of 5-thio-2-nitrobenzoic acid produced

was measured in the supernatant. The absorbance was measured with a Synergy HT

microplate reader (Synergy HT Biotek Laboratories, Winooski, VT).

Mitochondrial NADPH-dependent Oxidoreductase Activity

Mitochondrial function was evaluated by the CellTiter 96 Aqueous Cell Proliferation Assay

Kit (Promega, Madison, WI), following the manufacturer’s instructions. Cells were grown to

confluence in 96-well plates, serum-starved for 24h, and treated with 0–500μg/ml CSE for

24h.

Quantitative Real-time RT-PCR

Cells were grown to confluence in 6-well plates, serum-starved for 24h, and treated with 50–

250μg/ml CSE or DMSO for 8–24h. Total RNA was isolated using an RNeasy Mini Kit

(Qiagen, Valencia, CA), with on-column DNA digestion by RNase-free DNase (Qiagen),

following the manufacturer’s instructions. cDNA was synthesized using a High Capacity

cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). Quantitative real-

time PCR were performed using TaqMan Gene Expression Assays (Applied Biosystems) on

a StepOnePlus Real-Time PCR System (Applied Biosystems). Primer/probe catalogue

numbers (Applied Biosystems) appear in Table S1. Data were analyzed by the comparative

threshold cycle method with PPIA (peptidylprolyl isomerase A) as an internal control.

Immunoblotting

Whole cell lysates were prepared using RIPA buffer (Sigma, Inc., St. Louis, MO). Proteins

were resolved on 4–12% Bis-Tris gels (NuPAGE precast gels, Invitrogen), transferred to a

nitrocellulose membrane, and then probed with sheep polyclonal anti-CFH mouse (1:500;

Abcam, Cambridge, MA), monoclonal rat anti-mouse C3a (1:500; BD Bioscience Inc., San

Jose, CA), monoclonal anti-C3b (1:500; Abcam), goat anti-human C3 for iC3b
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(Complement Technology, Inc. Tyler, TX), mouse monoclonal anti-CD46 (1:500; Abcam),

mouse monoclonal anti-CD55 (1:1000; Abcam), and goat polyclonal anti-CD59 (1:500;

R&D, Minneapolis, MN), and rabbit monoclonal anti-GAPDH (1:5000; Abcam).

Membranes were then incubated with HRP conjugated secondary antibody. Signal was

visualized with ECL Plus WB Reagents (GE Healthcare, Buckinghamshire, UK).

Nuclear extracts were prepared using NE-PER Nuclear and Cytoplasmic Extraction

Reagents (Pierce, Rockford, IL) according to the manufacturer’s instructions. Nuclear

proteins were resolved by SDS-PAGE, transferred onto nitrocellulose membranes, and

incubated with polyclonal rabbit anti-Nrf2 (1:300 dilution, Santa Cruz Biotechnology, Santa

Cruz, CA) or polyclonal goat anti-lamin B (1:200 dilution, Santa Cruz Biotechnology)

followed by incubation with horseradish peroxidase-conjugated secondary antibody.

Immune complexes were visualized with SuperSignal West Pico chemiluminescent substrate

(Pierce).

Enzyme Immunoassay (ELISA)

Human C3a, iC3b, C5a, IL-1b, and SC5b-9 level in the medium was determined with a

commercial ELISA kit (Quidel, Inc., San Diego, CA), according to the manufacturer’s

instructions. Protein carbonyls were measured in the cell supernatant using an OxiSelect

Protein Carbonyl ELISA kit following the manufacturer’s protocol (Cell Biolabs, San

Diego, CA).

Transfection of Small Interfering RNA (siRNA)

siRNA targeting human Nrf2 and non-targeting control siRNA used in this study was

previously described[24]. Cells were transfected when cultures were 70% confluent with

either 15nM Nrf2 siRNA or control siRNA using 2.5μl/ml Lipofectamine 2000 (Invitrogen,

Carlsbad, CA) for 24 h. Cells were serum starved for 24h, and treated with 50–125μg/ml

CSE or DMSO. After 24h, cells were processed for RNA isolation and real-time PCR

analysis or protein isolation for immunoblotting or ELISA.

Statistical Analysis

The difference between groups was statistically compared by Student’s t-test or analysis of

variance (one-way ANOVA) for groups of more than two with post hoc testing using

Tukey-Kramer HSD test. All data are expressed as the mean ± SEM. All statistical analyses

were performed using JMP version 6.0.3 software (SAS, Cary, NC). A P-value of <0.05 was

considered statistically significant. Experiments were conducted in duplicate or triplicate

and performed at least 3 times.

Results

Nrf2 Immunolabeling Corresponds with AMD Histopathology

To demonstrate relevance of Nrf2 signaling in AMD, we assessed the distribution of Nrf2

immunolabeling in the RPE of unaffected controls from a wide age range (n=8; mean, 56yrs;

range, 8 mo-84yrs) and in early AMD (n=12; mean, 80yrs, range, 60–96yrs; Table 1). In the

absence of oxidative stress, Nrf2 is tethered to Kelch-like ECH-associating protein 1
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(Keap1) in the cytoplasm and is degraded by the proteasome. With oxidative stress, Nrf2

expression is induced and importantly, Nrf2 translocates to the nucleus where it binds to

ARE sequences of antioxidant genes to initiate transcription. Cytoplasmic Nrf2 staining of

macular RPE was absent (n=6) or mild (n=2), and absent in all peripheral RPE of unaffected

control eyes, suggesting absence of an Nrf2 inducing signal (Fig. S1). In contrast, all 12

AMD specimens displayed a mosaic distribution of Nrf2 staining in the RPE that inversely

correlated with AMD histopathology (Fig. 1; Table 1). To demonstrate the specificity of the

anti-Nrf2 immunostaining, the anti-Nrf2 antibody was preincubated with Nrf2 protein,

which competed out the staining (Fig. S2). Cytoplasmic Nrf2 staining was consistently seen

in morphologically preserved RPE, but was less intense in adjacent, dysmorphic RPE

overlying drusen in all AMD specimens. Nuclear Nrf2 staining in the RPE, a sign of Nrf2

translocation to the nucleus, was seen in 83% of macular AMD samples at an average

frequency of 5.3/200 RPE nuclei. When present, nuclear Nrf2 staining was more common in

RPE with preserved morphology than in degenerated RPE overlying drusen. Cytoplasmic or

nuclear Nrf2 labeling was not seen in peripheral RPE of any AMD specimen. These

observations suggest that Nrf2 signaling is minimal in an unstimulated environment,

increased in morphologically unaffected RPE in early AMD because of inciting oxidative

stress, but Nrf2 is decreased and insufficient to provide adequate cytoprotection against

oxidative stress in degenerating RPE overlying drusen.

CSE Induces Oxidative Stress, Nrf2 Signaling, and Oxidative Damage and Nrf2 Knockdown
Magnifies Oxidative Damage

To examine how CS and Nrf2 deficiency influence complement, we first tested the response

of Nrf2 competent RPE cells exposed to viable doses of cigarette smoke extract (CSE).

Treatment with 0–250μg/ml CSE did not influence ARPE-19 cell viability (Fig. S3), but

generated reactive oxygen species (ROS), as indicated by superoxide anion formation, in a

dose dependent manner compared to controls (p<0.05; Fig. 2A). This increased oxidative

stress by CSE induced Nrf2 signaling, as suggested by nuclear Nrf2 protein accumulation

(Fig. 2B), and the expression of GCLM, HO1, and NQO1, three known Nrf2-responsive

antioxidant genes, compared to vehicle treated cells (Fig. 2C). This Nrf2 signaling response

provided incomplete protection because CSE reduced cellular glutathione (Fig. 2D) and

increased protein carbonylation, a marker of protein oxidation (Fig. 2E), in a dose dependent

fashion, compared to vehicle controls.

We next rendered RPE cells Nrf2 deficient using an siRNA strategy and tested their

response to viable doses of CSE. Nrf2-knockdown (Nrf2-KD) decreased Nrf2 mRNA by

70% and downregulated NQO1 in the absence or presence of a viable dose of (125μg/ml;

Fig. 3A). Nrf2-KD further increased CSE induced cellular superoxide anion (Fig. 3B),

magnified the decrease in cellular glutathione (Fig. 3C) and the increase in protein

carbonylation (Fig. 3D) beyond CSE alone. Because superoxide anion is produced

predominantly in the mitochondria, we also tested mitochondrial function and found a

magnified reduction in NADPH-dependent oxidoreductase activity, an indicator of

mitochondrial injury with Nrf2-KD and 125μg/ml CSE (Fig. 3E), over that caused by

125μg/ml CSE alone with or without siRNA control. These changes induced by Nrf2-KD

and 125μg/ml CSE however, were not sufficient to decrease cell viability (Fig S4).
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CSE Triggers Complement Activation, and Nrf2 knockdown magnified C3a and C3b
generation in ARPE-19 Cells

While complement components in general, are produced in the liver, CS can influence

complement expression in local tissues[25]. We therefore, surveyed the transcription of

selected genes encoding complement components (C3 and C5) and an alternative pathway

activator (CFB) in ARPE-19 cells, and found that all were upregulated in cells treated with

50–125μg/ml CSE for 24h (Fig. 4). While C5 was upregulated by CSE, its expression level

was substantially lower than C3. These results prompted us to evaluate the extent of

complement activation by measuring the generation of anaphylatoxins (C3a, C5a), opsonins

(C3b, iC3b), and C5b-9 complexes. With preserved Nrf2 signaling, C3a is generated starting

at 50μg/ml CSE in a dose dependent fashion, compared to vehicle controls (Fig. 5) while

C5a was not detected using ELISA under our experimental conditions (data not shown).

CSE (125μg/ml) increased the opsonin C3b 1.5 fold (p<0.05; n=3 ind exp) compared to

vehicle controls by Western blot, but not iC3b in the supernatant by ELISA or in whole cell

lysates by Western blot (data not shown). Using ELISA, C5b-9 was formed at very low

levels after 125μg/ml CSE unless 20% normal human serum (NHS) was added to CSE

treated cells, at which a 2.1 fold increase in C5b-9 was observed relative to vehicle controls

that were supplemented with NHS (p<0.05; n=3 ind exp).

The generation of C3a and C3b after CSE was magnified by Nrf2-KD. Nrf2-KD magnified

the CSE-induced expression of C3, C5, and CFB mRNAs, compared with control siRNA-

transfected cells (Fig. 6). Since Nrf2-KD enhances CSE-induced complement activation, we

examined whether pharmacological activation of Nrf2 attenuates the effects of CSE using

the triterpenoid CDDO-Im. ARPE-19 cells pretreated with 100nM CDDO-Im for 24h

exhibited higher expression of GCLM, HO-1, and NQO1 compared with vehicle-pretreated

cells either with or without 125μg/ml CSE (Fig. 7A). CDDO-Im attenuated the CSE-induced

expression of C3, C5, and CFB mRNA when compared with CSE alone (Fig. 7B). These

data underscore a crucial role of Nrf2 in modulating the transcription of complement factors.

While 25μg/ml CSE alone did not generate C3a, Nrf2-KD cells treated with 25μg/ml CSE

generated C3a above that of siRNA controls treated with CSE (Fig. 8A). With 125μg/ml

CSE, Nrf2 competent cells generated C3a, an effect that was magnified by Nrf2-KD

compared to siRNA controls treated with CSE (Fig 8B). Likewise, the degree of Nrf2-KD

influenced C3a generation. With more complete Nrf2-KD (93%), cells generated more C3a

compared to cells transfected with non-targeting siRNA, in the absence of CSE treatment

(Fig. S5). This is in contrast to cells with 70% Nrf2-KD that did not produce detectable C3a.

Nrf2-KD also increased the opsonin C3b, another product of C3 convertase above that

induced by 125μg/ml CSE with siRNA control (Fig. 8C,D). iC3b, a downstream product of

C3b and an opsonin, was not detected in the supernatant by ELISA or in whole cell lysates

by Western blot after CSE with or without Nrf2-KD (Fig 8E). C5a remained undetectable by

ELISA in the supernatant of Nrf2-KD cells treated with 125μg/ml CSE (data not shown),

and the degree of C5b-9 formation by CSE in the presence of NHS was not increased by

Nrf2-KD (Fig. 9). This degree of C5b-9 formation was not sufficient to decrease cell

viability (Fig S4).
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Complement activity is influenced by its regulators. Thurman et al showed that oxidative

stress reduces complement regulator abundance[26]. We therefore quantified complement

regulators that might influence complement activation, and evaluated the impact of Nrf2

KD. While CFH protein was unchanged by Western analysis (data not shown), CD46,

CD55, and CD59 were decreased by 125μg/ml CSE, an effect that was not altered by Nrf2-

KD (Fig. 10). These results indicate that CSE activates complement in part, by

transcriptional activation and in part, by reducing complement regulator protein abundance.

Under our experimental conditions, CSE primarily targets C3, with the generation of C3a

and C3b, and Nrf2 KD magnifies this response without influencing C5, C5b-9, and

complement regulators.

C3a induces IL-1b through the C3aR

C3a promotes a local proinflammatory environment by inducing potent cytokines such as

IL-1b, through its receptor C3aR. CSE (125μg/ml) increased IL-1b mRNA (Fig. 11A) and

protein (Fig. 11B), an effect that was magnified by Nrf2-KD. IL-1b expression was

decreased after treatment with 1μM SB290157, an established C3aR blocker, with or

without Nrf2-KD in CSE treated cells (Fig. 11C), which suggests that IL-1b production by

CSE and Nrf2-KD is at least partially mediated through C3a-C3aR interaction.

Discussion

Cigarette smoking is a powerful risk factor for AMD, and Nrf2 signaling has been

hypothesized to play a protective role against this complex chemical oxidant. Evidence

linking impaired Nrf2 signaling with human AMD has been lacking. Our study addresses

this deficiency by observing Nrf2 immunolabeling in human maculas that correlated with

AMD histopathology. Our work starts to unravel the complex protective effect of Nrf2

signaling in RPE cells against the potential toxicity of a complex chemical oxidant like

cigarette smoke. We demonstrate that RPE cells exposed to CSE can activate complement

by both transcriptionally upregulating complement components and reducing complement

regulator protein abundance, which activates complement especially at C3, generating the

anaphylatoxin C3a and the pro-inflammatory opsonin C3b without inducing the anti-

inflammatory opsonin iC3b. We find that Nrf2 deficiency magnifies this C3 specific

response without augmenting late activated complement components (C5a, C5b-9).

Importantly, C3a generation was linked with induction of IL-1b, a powerful pro-

inflammatory cytokine, through interaction with its receptor C3aR. Collectively, these

results indicate that in RPE cells, CSE activates complement specifically at C3, and Nrf2

deficiency magnifies this effect to promote a pro-inflammatory microenvironment.

The Nrf2 immunolabeling pattern in the RPE of human eyes correlated with AMD

histopathology. In early AMD maculas, Nrf2 labeling was stronger in the cytoplasm and had

some nuclear Nrf2 labeling, which is suggestive of nuclear translocation during Nrf2

signaling, in morphologically normal RPE compared to dysmorphic RPE overlying drusen

within the same tissue sections where cytoplasmic labeling was weak, and nuclear Nrf2

labeling was absent. These findings suggest that in early AMD, the RPE is stressed and

elicits a protective response to preserve cellular function that includes Nrf2 induction and
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nuclear translocation. In pathologic areas such as overlying drusen, Nrf2 labeling was

relatively decreased and nuclear staining was absent, which suggests an inadequate Nrf2

signaling response. Both aging and oxidative stress mediated diseases are associated with

decreased Nrf2 signaling[16, 27]. AMD joins these chronic, oxidative stress diseases

influenced by Nrf2 signaling.

In our experiments, sublethal oxidative stress activated complement. Several factors likely

contribute to this activation. First, oxidative stress can trigger NF-κB, as reviewed in[28],

which in turn, can activate innate immunity by degrading iκB-α through MyD88 dependent

and independent signaling[15]. We found that CSE caused a dose dependent decrease in

glutathione of up to 60%, exceeding the 40% depletion level that render cells vulnerable to

oxidative injury[29], and was sufficient to induce transcriptional upregulation of

complement factors. Since Thimmulappa et al showed that glutathione reduces NF-κB

activation[15], we suggest that the decrease in glutathione by CSE contributed to the

transcriptional activation of complement components by altering the cell’s redox status.

Secondly, we found that CSE reduced the protein abundance of complement regulators

CD46, CD55, and CD59, which would promote complement activation. This decrease may

be a general response to oxidative stress since Thurman et al found that H2O2 depleted

CD46, CD55, and CD59[26]. Likewise, we previously reported that CD46 and CD59 were

decreased due to their release in exosomes and apoptotic blebs after RPE cells were exposed

to oxidized lipids[30]. We suggest that the release of these regulators in exosomes and blebs

could explain their decline after cells are exposed to oxidative stress. Lastly, cigarette smoke

can directly activate the alternative pathway by cleaving an internal thiolester bond in C3,

[31] which both diminishes C3’s ability to bind to Factor H[32] and increases Factor B

cleavage[31].

We simulated a heightened oxidative stress environment by Nrf2 knockdown, which had a

very targeted impact on complement by specifically magnifying the generation of C3a and

C3b over CSE alone, without influencing other biologic consequences of complement such

as iC3b, C5a, and C5b-9 formation. While the transcription of C3, C5, and CFB was

magnified over CSE alone, Nrf2 deficiency did not augment the reduction of complement

regulator proteins by CSE. Together, these results indicate that Nrf2 deficiency magnifies

the complement response by augmenting the transcription of complement components, but

that complement regulator abundance was sufficient to control C5b-9 generation at sublytic

levels.

The impact at C3 induced by CSE and magnified by Nrf2 deficiency, has significant

relevance to AMD because C3 activation products promote a pro-inflammatory

microenvironment. While the anaphylatoxin C3a has been identified in drusen of AMD

specimens[33], it has not been a focus of many studies. C3a promotes inflammation by

transcriptionally inducing a number of cytokines including the powerful IL-1b[34]. Our

results suggest that C3a could provide directional cues for innate immunity by inducing

IL-1b through interaction with C3aR on either dendritic cells, or as in our experiments,

through an autocrine pathway since the RPE expresses C3aR[33]. This finding is

strengthened by Wu et al, who showed that IL-1b production is linked to interaction of C3a

with C3aR in a rodent intestinal ischemia-reperfusion model[35]. IL-1b also increases
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Factor B in RPE cells[36], a key alternative cascade activator, as was found in our

experiments, which could additionally promote a positive feedback loop, leading to

unwanted chronic complement activation. Doyle et al demonstrated that drusen can activate

NLRP3 inflammasomes, which through caspase-1, cleaved and secreted IL-18 as protection

against AMD[37]. In their study, IL-1b, which is also activated by the inflammasome, was

not transcriptionally induced. Since IL-18, which is constitutively expressed and activated

by the inflammasome, restrains the effects of IL-1b, a shift in the abundance of either

cytokine could initiate disease[38]. If the RPE is exposed to a trigger like CSE that

transcriptionally activates IL-1b, the protective effect of IL-18 might be compromised due to

an imbalance between IL-1b and IL-18.

The increase in the opsonin C3b, but not iC3b, likewise, promotes inflammation by inducing

pro-inflammatory cytokines such as IL-8 and TNF-α during the removal of apoptotic

debris[39]. In contrast, iC3b opsonins foster an anti-inflammatory environment by

stimulating TGF-b and IL-10[39]. RPE apoptosis is a documented event in AMD[40]. In

late-onset diseases such as AMD, local alternative pathway regulation may gradually be

overwhelmed by cellular injury or the accumulation of debris[41]. Chronic or excessive

inflammation triggered by C3b rather than iC3b opsonins, during the removal of apoptotic

debris could produce unintended tissue injury.

Sublytic C5b-9 generated by CSE exposure can lead to two consequences that can promote

AMD. First, Thurman et al reported that C5b-9 mediated upregulation of VEGF, the central

pro-angiogenic cytokine involved in neovascular AMD[26]. Secondly, Laudisi et al recently

reported that C5b-9 activates the NLRP3 inflammasome[42]. Thus, the inflammasome,

which also has been causally linked with geographic atrophy[43], is now known to

intimately interact with complement. These innate immunity components must be kept in

delicate balance in order to maintain a protective response. We raise the possibility that a

trigger such as CSE could induce IL-1b via C3a, which could imbalance this protective

response and instead, mediate pathologic changes during AMD, an effect that can be

magnified by Nrf2 deficiency.

Joseph et al recently found that H2O2 activated the lectin pathway through natural IgM

antibodies (IgM-C2) that recognize phospholipid cell surface modifications on oxidatively

stressed RPE cells[44]. Together with our findings, we propose that oxidative stress, through

cigarette smoking for example, will activate both early (C3a and C3b) and late (C5b-9)

components that can contribute to cell damage, especially since complement regulator

abundance is reduced, or activate the lectin pathway. The augmented oxidative stress

generated by Nrf2 deficiency will magnify C3a and C3b generation, or amplify oxidized

phospholipid modifications on the RPE that could ultimately heighten lectin pathway

activation, and subsequent RPE injury. The mechanism by which oxidative stress activates

complement appears to be complex, and due to our incomplete understanding, further study

is warranted.

In conclusion, we provide the first evidence that Nrf2 is altered in human AMD specimens,

and that Nrf2 deficiency promotes cellular oxidative damage and a pro-inflammatory

environment by selectively and unambiguously targeting the generation of the anaphylatoxin
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C3a, which led to increased IL-1b secretion, and the pro-inflammatory opsonin C3b. While

the RPE cell has significant cytoprotective capability due in part to Nrf2 signaling[44],

aging and/or chronic exposure to a complex and powerful oxidant like CS could impair Nrf2

signaling and promote inflammation sufficient to permit AMD lesion formation. Given the

delicate balance of the complement system, a logical treatment strategy would be to

neutralize oxidative stress, as suggested by CDDO-Im in our studies, so that complement

remains controlled and protective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CSE specifically induces C3a and C3b, and reduces complement regulators in RPE

cells.

C3a induces IL-1b through its C3a receptor.

Nrf2 deficiency magnifies this specific pro-inflammatory C3a and C3b generation.

Nrf2 labeling is decreased in diseased RPE overlying drusen in human AMD
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Figure 1.
Nrf2 immunolabeling in a 60-year-old Caucasian female with early AMD. A) Macular RPE with normal, cuboidal morphology

have prominent cytoplasmic Nrf2 labeling (blue). B) IgG control. C) Normal macular RPE with both cytoplasmic and nuclear

Nrf2 labeling (arrowheads). D) Dysmorphic macular RPE overlying drusen have lighter cytoplasmic labeling than cuboidal RPE

from the same section. Nuclei (arrowheads) do not stain for Nrf2. E) Peripheral RPE with minimal Nrf2 labeling in the

cytoplasm and no nuclear labeling (arrowheads). F–H) Same images as C–E, respectively, after Nuance software has converted

melanin to maroon to improve visualization of Nrf2 labeling in the RPE. The arrow points to the inset of an enlarged image

showing nuclear Nrf2 staining in a normal macular RPE cell (F), lack of nuclear Nrf2 staining in a dysmorphic macular RPE

cell overlying a druse (*) (G), and lack of Nrf2 staining in a peripheral RPE cell (H). CH, choroid, RPE, retinal pigment

epithelium, Black arrows point to Bruch’s membrane. Bar=25μm.
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Figure 2.
CSE induces ROS and an Nrf2 signaling response. A) DHE assay showing dose dependent superoxide anion production by

ARPE-19 cells after 0–250μg/ml CSE for 24h. B) Representative immunoblot of Nrf2 protein in nuclear extracts from ARPE-19

cells. Lamin B1 served as a loading control. Below, graph quantifying nuclear Nrf2 protein abundance. Data are presented as

fold change over control. C) Gene expression of Nrf2-dependent antioxidant genes, GCLM, HO-1, and NQO1, as determined by

RT-qPCR. D) Graph showing decreased cellular total glutathione after CSE compared to controls. E) Graph showing increased

protein carbonylation after CSE compared to controls. *p<0.05, ** p< 0.01, ***, p<0.001 compared to control. For all assays,

n=3 ind exp.
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Figure 3.
Nrf2-knockdown impairs the antioxidant response following CSE, with increased cellular superoxide anion. Cells transfected

with 15nM non-targeting siRNA control (CTLR) or Nrf2 siRNA were treated with DMSO vehicle (control) or 125μg/ml CSE

for 24h. A) Gene expression of Nrf2 and NQO-1. Changes are presented as fold change over vehicle control. B) Superoxide

anion, measured by DHE assay, in ARPE-19 cells after 125μg/ml CSE. C) Graph showing decreased cellular total glutathione

by 125μg/ml CSE is magnified by Nrf2-KD. D) Graph showing increased protein carbonylation by125μg/ml CSE is magnified

by Nrf2-KD. E) Graph showing decreased NAPDH oxidoreductase activity by 125μg/ml CSE is magnified by Nrf2-KD

compared to siRNA control with CSE. Note: B–E, since values for vehicle control and siRNA CTRL were similar, the vehicle

control bars were omitted. For all assays, n=3 ind exp. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.
CSE triggers the expression of complement-related genes in ARPE-19 cells. Cells were treated with DMSO vehicle (CTLR) or

50–125μg/ml CSE for 24h. Transcript levels were determined by RT-qPCR. Data are presented as fold change over vehicle

control. n=3 ind exp. *p<0.05.
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Figure 5.
C3a is increased in a dose dependent manner by CSE. ARPE-19 cells were treated with DMSO vehicle or 10–500μg/ml CSE for

24h. C3a protein in the supernatant was measured by ELISA. Data are presented as fold change over vehicle control. n=3 ind

exp. **p<0.01.
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Figure 6.
Nrf2-KD magnifies the increase of complement-related gene expression by CSE. Cells transfected with 15nM non-targeting

control siRNA (CTRL) or siRNA Nrf2 were treated with DMSO vehicle control or 125μg/ml CSE for 24h. Transcript levels

were determined by RT-qPCR. Data are presented as fold change over vehicle control n=3 ind exp. Since values for vehicle

control and siRNA CTRL were similar, the vehicle control bars were omitted. *p<0.05; **p<0.01.
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Figure 7.
CDDO-Im potentiates the antioxidant response and reduces complement gene expression. ARPE-19 cells were pretreated with

DMSO vehicle control or 100nM CDDO-Im for 24h, and then with DMSO vehicle control or 125μg/ml CSE for an additional

24h. Gene expression was assessed by RT-qPCR. Data are presented as fold change over vehicle control. n=3 ind exp. A) Nrf2-

dependent antioxidant gene expression. B) Complement factor gene expression. *p<0.05.
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Figure 8.
Nrf2-knockdown magnifies the increase in C3a and C3b activation products after CSE. Cells transfected with 15nM non-

targeting siRNA control (CTRL) or siRNA Nrf2 were treated with DMSO vehicle control or CSE. A) Graph showing no C3a

generation after 25μg/ml CSE alone, but an increase in C3a, as measured by ELISA, when combined with Nrf2-KD. B) Graph

showing C3a generation after 125μg/ml CSE alone, which is magnified when combined with Nrf2-KD. C. Representative

immunoblot of C3b after treatment with 125μg/ml CSE or vehicle control with siRNA CTRL or siRNA Nrf2. GAPDH was used

as a loading control. D. Graph of increased C3b after 125μg/ml CSE and Nrf2-KD over CSE alone. E. Representative

immunoblot of iC3b after treatment with either siRNA CTLR or Nrf2 siRNA, and then DMSO vehicle control or 125μg/ml CSE

for 24h. Recombinant iC3b (2ng) served as a positive control. GAPDH was used as a loading control. *p<0.05. For all assays,

n=3 ind exp.
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Figure 9.
C5b-9 is induced by CSE in the presence of human serum supplementation, but it is not further increased by Nrf2-KD.

ARPE-19 cells transfected with 15nM non-targeting siRNA control (CTRL) or Nrf2 siRNA were treated with DMSO vehicle

control or 125μg/ml CSE with NHS for 24h. C5b-9 complexes are increased by CSE, as measured by ELISA, but the increase is

not magnified by Nrf2-KD. n=3 ind exp. *p<0.05.
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Figure 10.
CSE decreases RPE cell membrane complement regulators. A) Representative immunoblots of CD46, CD55, and CD59 after

treatment with non-targeting siRNA control (CTLR) or Nrf2 siRNA, and then DMSO vehicle control or 125μg/ml CSE for 24 h.

GAPDH was used as a loading control. Graphs of B) CD46, C) CD55, and D) CD59 after and siRNA Nrf2 and CSE treatment

showing a decrease by CSE, but no further reduction by Nrf2-KD. n=3 ind exp. *p<0.05.
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Figure 11.
IL-1b is induced by CSE through C3a interacting with the receptor C3aR, and this induction is magnified by Nrf2-KD. A)

Graph showing increased IL-1b mRNA, as measured by RT-qPCR, after 125μg/ml CSE, with magnified expression when

combined with Nrf2-KD. B) Graph showing increased secreted IL-1b protein, as measured by ELISA, after 125μg/ml CSE, with

magnified expression when combined with Nrf2-KD. C) Graph showing IL-1b mRNA induction is mediated by C3aR.

ARPE-19 cells were transfected with siRNA control siRNA or siRNA Nrf2 and then DMSO vehicle control or 125μg/ml CSE

for 24h. Some cells were treated with the C3aR antagonist SB290157 (1μM; C3aRA). n=3 ind exp for all assays. *p<0.05,

**p<0.01, ***p<0.001.
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