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Abstract

Background/aims—The Y402H polymorphism in the complement factor H (CFH) gene is an 

important risk factor for age-related macular degeneration (AMD). Complement activation 

products and proinflammatory cytokines are associated with this polymorphism at the systemic 

level, but less is known of the associations in the outer retina of the genotyped eye. Here we 

investigate complement activation products and their role in nuclear factor (NF)-κB activation and 

gene expression of the NLRP3 inflammasome pathway.

Methods—Postmortem donor eyes were genotyped for the CFH Y402H polymorphism and 

assessed for complement C3a, C5a, interleukin (IL)-18 and tumour necrosis factor (TNF)-α. 

ARPE19 cells were stimulated basolaterally with C5a or TNF-α in polarised cultures. NF-κB 

activation was assessed with a reporter cell line. Gene expression of inflammasome-related 

(NLRP3, caspase-1, IL-1β and IL-18) and classic inflammatory (IL-6 and IL-8) genes was studied. 

The distribution of inflammasome products, IL-1β and IL-18, was studied in postmortem donor 

eyes with AMD pathologies.

Results—Eyes with the homozygous at-risk variant demonstrated higher levels of C5a, IL-18 

and TNF-α in Bruch’s membrane and choroid. C5a promoted NF-κB activation and upregulation 

of IL-18 in polarised ARPE19. TNF-α promoted NF-κB activation and gene expression of 

caspase-1, IL-1β, IL-18, IL-6 and IL-8, but downregulated NLRP3. In eyes with geographic 

atrophy, strong immunoreactivity was observed for inflammasome products IL-1β and IL-18 

compared with age-matched controls.
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Conclusion—The at-risk polymorphism of the CFH Y402H may contribute to AMD disease 

process through increased complement and NF-κB activation, and the upregulation of IL-18, a 

product of inflammasome activation.

INTRODUCTION

Age-related macular degeneration (AMD) is a common neurodegenerative disease of the eye 

that can lead to irreversible central blindness among the elderly.1 Chronic inflammation is 

thought to play a central role in AMD development and progression to late-stage disease. 

One of the most salient, supportive examples is the association between AMD and the single 

nucleotide polymorphism Y402H (rs1061170, sequence: T1277C) in the gene coding 

complement factor H (CFH). Studies suggest that individuals with the homozygous at-risk 

CC variant of this polymorphism have an increased risk of AMD incidence, and probably 

progression, compared with those with the protective TT variant.23

The mechanism by which the at-risk variant confers an increased risk of AMD is still 

unclear. Our earlier study, and those of others, reported that the at-risk variant is associated 

with the elevated levels of complement activation products and classic proinflammatory 

cytokines systemically, in the blood of patients with AMD.45 The extent to which systemic 

levels of cytokines and complement proteins may affect the local retinal tissues is important 

to understand the AMD pathologies, particularly in light of a recent finding that there is an 

increase of membrane attack complex (MAC), the terminal end product of complement 

pathway in the choroidal tissues from donors with the at-risk variant.6 To further understand 

the role of the complement cascade in AMD, we assessed the complement activation 

products and classic proinflammatory cytokines in eye tissues genotyped for CFH Y402H 

polymorphism.

Complement activation products, C3a and C5a, are anaphylatoxins and mediate the 

expression of many inflammatory cytokines, including those associated with nuclear factor 

(NF)-κB pathway, a master switch for cytokine production.78 The NF-κB pathway mediates 

the expression of classic inflammatory cytokines (interleukin (IL)-6, IL-8) and those 

associated with the activation of the NLRP3 inflammasomes (IL-1β, IL-18), which play 

important roles in AMD pathology.910 The relationship between C3a, C5a and NF-κB 

activation is unclear in the retinal pigment epithelium (RPE), a cell that is in close proximity 

to the choroidal circulation in outer retina. Thus, in order to further understand the cellular 

mechanisms associated with complement cascade and cytokine secretion, we also assessed 

whether complement activation products promoted NF-κB activation in RPE in vitro.

MATERIALS AND METHODS

Human eye tissues and CFH Y402H genotyping

This study was approved by the Clinical Ethics Research Board of the University of British 

Columbia (UBC) and strictly adhered to the Declaration of Helsinki. Twenty pairs of non-

diseased donor eyes, consented for research, were obtained from the Eye Bank of British 

Columbia (Vancouver, British Columbia, Canada). Donors with the following pathologies 

were excluded in this study: local or systemic infection, progressive brain pathologies, 
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systemic diseases of unknown origin, lymphoproliferative or myeloproliferative disorders or 

any intrinsic eye disease. The right globes were fixed and paraffin-embedded to obtain 6 μm 

sections for immunohistochemistry. The left eyes were flash-frozen, and the neuroretinal 

tissues were used for CFH Y402H genotyping, as previously published.11

Eyes with geographic atrophy (GA) or choroidal neovascularisation (CNV) were obtained 

from the Department of Pathology, UBC. Multiple sections were prepared as above, through 

the macular area were stained by H&E and then screened to determine the ocular 

pathologies. In total, seven eyes with GA and six eyes with CNV were included in this study.

Immunohistochemistry

The immunohistochemical procedures and analysis followed those previously described.12 

Briefly, sections were probed with primary antibodies against molecules of interest (see 

online supplementary appendix 1), followed by secondary antibodies and developed in 

ABC–AEC system (Vector Labs, Burlingame, California, USA). The immunoreactive RPE 

cells were counted and normalised to 1050 μm length Bruch’s membrane (BM). The 

immunoreactivity intensity in BM and choroid was scored semi-quantitatively with a score 

of 0 indicating background levels of labelling as determined by comparison with the 

negative control sections. The most intense immunoreactivity was classified as a score of 3. 

For intermediate intensity levels, a score of 1 was given to samples with the weakest 

labelling, while a score of 2 represented intermediate labelling. The immunoreactivity was 

compared among the at-risk CC, CT and the protective TT genotyped eyes.

In vitro RPE stimulation

ARPE19 and ARPE19/NF-κB-luciferase reporter cells were grown on Transwell inserts. 

ARPE19/NF-κB luciferase reporter cell line was established as previously described.12 

Briefly, approximately 1.6×105/cm2 cells were seeded in a laminin-coated Transwell insert 

(0.4 μm pore size, 12 mm diameter, Fisher Scientific, Ottawa, Ontario, Canada) in 0.5 mL 

Dulbecco’s modified Eagle Medium/F12 medium (Life Technologies, Burlington, Ontario, 

Canada) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL 

streptomycin (Fisher Scientific). After overnight incubation, medium was changed to 1% 

FBS. Cells were maintained for at least 4 weeks before stimulation.1314 The transepithelial 

resistance of ARPE19 or ARPE19/NF-κB-luciferase reporter cells was 24.4±4.03 Ω cm2 and 

demonstrated an immunofluorescence pattern of tight junctional protein, ZO-1 (see online 

supplementary appendix 2). After washing the cells, 5 μg/mL recombinant human 

complement C3a or C5a (R&D Systems, Minneapolis, Minnesota, USA), or 20 ng/mL 

recombinant human tumour necrosis factor α (TNF-α, R&D Systems) was introduced to the 

basal compartment of the Transwell inserts for 12 h. Cell lysates were then collected for 

quantitative PCR (q-PCR).

Quantitative PCR

Expression of selected genes was assessed by q-PCR, using primers listed in online 

supplementary appendix 3.12 A 7500 Fast SDS (Applied Biosystems, Carlsbad, California, 

USA) set with the following cycling conditions: 95°C for 30 s, 50°C for 30 s, 72°C for 45 s, 

45 cycles was used for q-PCR, followed by melting curve analysis. The results were 
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expressed in mRNA fold change normalised to the housekeeping gene, glyceraldehydes-3-

phosphate dehydrogenase, using the 2−ΔΔCT method. The ΔCT values from stimulation and 

control groups were subjected to statistical analysis.

Statistical analysis

The Kruskal–Wallis and post-hoc Dunn’s multiple comparison tests were used to determine 

immunoreactivity intensity differences among groups. The Student’s t test was used to 

assess gene expression changes after exposure to C5a and TNF-α in vitro. One-way analysis 

of variance (ANOVA) and post-hoc Bonferroni multiple comparison tests were used to 

assess RPE labelling among eyes with GA, CNV and age-matched controls. The 

significance was set at p<0.05 using GraphPad Prism (V.5.0; GraphPad Prism 5 Software, La 

Jolla, California, USA).

RESULTS

Complement activation products are greater in outer retina of eyes with the at-risk variant 
in CFH gene

To determine whether there is increased complement activation in the outer retina associated 

with the risk variant of the CFH Y402H polymorphism, we compared the immunoreactivity 

levels of C3a and C5a, both activation products of the complement cascade, among eyes 

with the at-risk homozygous CC, the heterozygous CT and the protective TT variants. Of the 

20 pairs of eyes used in this study, 5 pairs of eyes were CC, 9 were CT and 6 were TT. 

Totally, 9 were from female donors and 11 were from male donors. The mean age of the 

sample population was 59.1±3.7 years (mean±SEM and the time delay between death and 

eye harvest was 14.4±1.2 h. There is no significant difference in age, time delay and sex 

among eyes with various genotypes (one-way ANOVA and χ2, p>0.05).

The level of C5a was significantly different among donors with CC, CT or TT variants of the 

CFH Y402H polymorphism (Kruskal–Wallis test, p<0.05). The level of C5a in BM and 

choroid was increased in eyes with the at-risk CC variant compared with those with the 

protective TT variant (post-hoc Dunn’s test, p<0.05, figure 1). We found a similar trend for 

the C3a immunoreactivity among eyes with the CC, CT or TT variant; however, this did not 

reach significance (see online supplementary appendix 4).

Selected cytokines are highly expressed in outer retina of eyes with the at-risk variant in 
CFH gene

Previously, we reported that several cytokines were increased in the blood of patients with 

dry AMD having the at-risk CC variant compared with those with the CT or TT variant.4 In 

this study, we were interested in knowing whether the proinflammatory milieu, observed 

systemically in blood, also extended to include the local retinal tissues. Our results revealed 

a significant increase in IL-18 immunoreactivity in BM and choroid in tissues from CC 

compared with TT eyes (Kruskal–Wallis test and post-hoc Dunn’s test, p<0.05, figure 2A–

D). Additionally, TNF-α immunoreactivity was also significantly higher in the choroid of 

CC donor eyes (Kruskal–Wallis test and post-hoc Dunn’s test, p<0.05, figure 2E–H). The 
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immunoreactivity levels for IL-18 and TNF-α in CT eyes were either similar to TT or 

intermediate between CC and TT eyes.

Activation of the NF-κB pathway by proinflammatory mediators in RPE in vitro

Next, we investigated the effects of complement activation product, C5a, and cytokine TNF-

α on ARPE19/NF-κB-luciferase reporter cells in polarised cultures. Basolateral stimulation 

with C5a (5 μg/mL) induced a 1.5-fold increase in NF-κB activation in ARPE19 reporter 

cells, while TNF-α (20 ng/mL) induced a 3.7-fold increase in NF-κB activation (n=3, 

Student’s t test, p<0.05, figure 3). The response pattern from polarised ARPE19 was similar 

to that from a non-polarised culture, but the magnitude of change was less. For example, in 

the non-polarised system, C5a stimulation induced a 4.6-fold increase in NF-κB activation, 

while TNF-α induced a 30-fold increase (n=3, Student’s t test, p<0.01, see online 

supplementary appendix 5). These responses demonstrate that C5a or TNF-α activates the 

NF-κB pathway in the ARPE19 cell.

The NF-κB pathway mediates the expression of many cytokines, including classic ones such 

as IL-6, IL-8 and inflammasome genes.10 Therefore, we assessed the gene expression levels 

of NF-κB responsive genes in ARPE19 polarised cells. TNF-α stimulation caused 

upregulation of caspase-1 (~4 fold), IL-1β (~21 fold), IL-6 (~2 fold), IL-8 (~114 fold) and 

IL-18 (~3 fold), while it downregulated NLRP3 (~2 fold) at 12 h. Interestingly, C5a 

stimulation resulted in only upregulation of IL-18 (approximately threefold, n=3, Student’s t 

test, p<0.05, figure 4). The polarised cell culture did not demonstrate upregulation of IL-6 or 

IL-8 by C5a, while upregulation of these two cytokines was evident in the non-polarised 

ARPE19 cell (IL-6 ~1.5 fold; IL-8 ~5 fold, see online supplementary appendix 5).

Inflammasome products, IL-1β and IL-18, are increased in RPE of GA eyes

Our earlier work, and those of others, suggest that inflammasome activation is involved in 

the pathophysiology of AMD.101516 To further support this idea, we assessed the expression 

of inflammasome activation products IL-1β and IL-18 in AMD eyes and compared with age-

matched control eyes. The levels of both IL-1β and IL-18 were significantly higher in the 

RPE layer of GA eyes compared with controls (one-way ANOVA and post-hoc Bonferroni 

test, p<0.05, figure 5). Immunoreactivity in CNV eyes did not reach significance for either 

IL-1β or IL-18, but an increased trend compared with controls was observed (p>0.05, figure 

5). Immunoreactivity in BM and choroid of GA and CNV eyes did not differ from age-

matched control eyes (figure 5A, E).

DISCUSSION

Complement activation product, C5a, is associated with the at-risk variant in the CFH gene 
and promotes inflammasome activation product IL-18

Here we showed that an elevated level of C5a in BM and choroid of the postmortem donor 

eye is associated with the at-risk homozygous variant of the CFH gene. This finding is 

consistent with a previous report demonstrating an association with the CFH at-risk variant 

and an elevated level of MAC, the terminal product of the complement cascade, in the 

choroid of postmortem donor eyes.6 The immunoreactivity level of C5a in CT eyes was 
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intermediate between CC and TT eyes, but did not reach significance. This finding suggests 

that C5a may act synergistically with other factors to promote AMD, given that the 

heterozygous CT variant, like the homozygous CC variant also confers risk of AMD, but 

with a lower OR.2

Being juxtaposed to the choroid, the RPE cells are important gatekeepers associated with the 

exchange between the choroid and retina. With C5a receptors present on RPE,17 it is of 

importance to understand the effects of C5a on RPE function. We found that C5a stimulation 

activated the NF-κB pathway in RPE in vitro. The NF-κB pathway is known to mediate the 

translation of many proinflammatory mediators, including inflammasome products, and 

thereby contribute to the local proinflammatory status in outer retina. Thus, we further 

studied the expression patterns of several inflammatory cytokines that are relevant to AMD.
18–20 We found that IL-18 is upregulated by C5a in RPE in vitro. While previous studies 

reported the role of C5a in angiogenesis and inflammation by upregulating vascular 

endothelial growth factor and intercellular adhesion molecule-1 (ICAM-1) and suppressing 

transforming growth factor-β2,21–23 our finding that IL-18, an inflammasome product, is 

upregulated in RPE in response to C5a is novel and supports the proposed relationship 

between complement cascade and inflammasome activation. Interestingly, recent studies 

reported that IL-18 may induce RPE degeneration, thus suggesting another cellular 

mechanism whereby complement activation may promote RPE degeneration via 

inflammasome activation and IL-18 overexpression.1516

Our results demonstrated that the response to C5a may vary depending on the culture 

conditions. Stimulation of ARPE19 with C5a in non-polarised cultures yielded significant 

upregulation of IL-18, IL-6 and IL-8, but only IL-18 in the polarised cells. Other studies 

reported similar findings with the non-polarised ARPE19 culture.7 Similarly, TNF-α 
induced NF-κB activation in both culture systems, but was more robust in the non-polarised 

culture compared with the polarised culture method with basal stimulation. The polarised 

cell culture, originally proposed in 2006,1314 has the advantage that cells can be stimulated 

from the basal or apical side, and thus may represent more physiological conditions. 

However, in our study, the non-polarised system did demonstrate a consistent, and more 

robust, trend in comparison with the polarised system—a finding that may in part be due to 

the resting state of the polarised cell cultures, which require over 4 weeks to mature.24

IL-18 and TNF-α immunoreactivity in outer retina is associated with the at-risk variant in 
the CFH gene

We also observed increased immunoreactivity of TNF-α and IL-18 in the choroidal tissues 

from donors with the CFH at-risk variant. These findings in outer retina support and extend 

our earlier finding of an association between systemic (plasma) levels of cytokines and the 

at-risk variant in the CFH gene and highlight the idea that individuals with the at-risk variant 

of CFH gene may have a high proinflammatory status in the outer retina.4 Presently, we do 

not know whether C5a, TNF-α or IL-18 is derived from the blood circulation or from the 

retinal microenvironment including RPE, or both. The subsequent elevation of caspase-1, 

IL-1β and IL-18 associated with the CFH at-risk variant may predispose these eyes to 

further inflammation-induced stress. In the AMD eye, we found IL-18 levels to be greater in 
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GA compared with CNV and age-matched control eyes, supporting an involvement of IL-18 

in GA. The general expression of IL-18 in RPE cells is higher than that of IL-1β, which is 

consistent with the finding in RPE in vitro by Shi et al.25

Our results suggest that CFH Y402H polymorphism, a known genetic risk factor of AMD, 

may contribute to the disease process through increased activation of the NF-κB pathways 

and upregulation of inflammasome genes. Further work is needed to understand the exact 

role of complement and inflammasome activation in the development of chronic 

inflammatory retinal diseases such as AMD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increased C5a immunoreactivity in the Bruch’s membrane (BM)–choroid (Ch) complex is 

associated with the at-risk CC variant of the complement factor H (CFH) Y402H 

polymorphism in non-diseased postmortem eyes. (A) The level of C5a was significantly 

different among donors with CC, CT or TT variants of the CFH Y402H polymorphism 

(mean±SEM, Kruskal–Wallis test, p<0.05). The immunoreactivity was higher in the BM and 

Ch of the CC eyes compared with TT eyes (post-hoc Dunn’s test, *p<0.05). (B–D) The 

immunoreactivity for C5a was developed with AEC (red) and counterstained with Mayer’s 

haematoxylin (blue). Representative images of C5a immunoreactivity in the outer retina 

from a donor eye with the at-risk CC variant (B), the heterozygous CT variant (C) and the 

protective TT variant (D) are shown. Primary antibody omission and non-immune isotype 

antibodies were used as negative controls (E). Scale bar: 20 μm. RPE: retinal pigment 

epithelium.
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Figure 2. 
Increased interleukin (IL)-18 and tumour necrosis factor (TNF)-α in the Bruch’s membrane 

(BM)–choroid (Ch) complex is associated with the at-risk CC variant of complement factor 

H (CFH) Y402H polymorphism in non-diseased postmortem eyes. (A) The IL-18 

immunoreactivity in BM and Ch was significantly different among donors with CC, CT or 

TT variants of the CFH Y402H polymorphism (mean±SEM, Kruskal–Wallis test, p<0.05). 

The immunoreactivity was higher in the BM and Ch of the CC eyes compared with TT eyes 

(post-hoc Dunn’s test, *p<0.05). (B–D) Representative pictures of IL-18 immunoreactivity 

in the outer retina from a donor eye with the at-risk CC variant (C), the heterozygous CT 

variant (C) and the protective TT variant (D) are shown. (E) TNF-α immunoreactivity in Ch 

was significantly different among donors with CC, CT or TT variants of the CFH Y402H 

polymorphism (mean±SEM, Kruskal–Wallis test, p<0.05). The immunoreactivity was higher 

in the Ch of the CC eyes compared with CT eyes (post-hoc Dunn’s test, *p<0.05). (F–H) 

Representative pictures of TNF-α immunoreactivity in the outer retina from a donor eye 

with the at-risk CC variant (F), the heterozygous CT variant (G) and the protective TT 
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variant (H) are shown. The immunoreactivity for IL-18 and TNF-α was developed with 

AEC (red) and counterstained with Mayer’s haematoxylin (blue). Scale bar: 20 μm. RPE: 

retinal pigment epithelium.
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Figure 3. 
C5a and tumour necrosis factor (TNF)-α induced nuclear factor (NF)-κB pathway activation 

in polarised ARPE19/NF-κB luciferase reporter cells is shown. C5a stimulation at 5 μg/mL 

induced NF-κB activation in ARPE19 reporter cells, while TNF-α stimulation at 10 or 20 

ng/mL induced NF-κB activation (n=3, Student’s t test, **p<0.01, *p<0.05).
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Figure 4. 
C5a or tumour necrosis factor (TNF)-α upregulated nuclear factor (NF)-κB-responsive 

genes in polarised ARPE19 cells. TNF-α (20 ng/ml, 12 h) upregulated the inflammasome 

genes caspase-1, interleukin (IL)-1β, IL-18 as well as proinflammatory genes IL-6, IL-8, but 

downregulated NLRP3. C5a (5 μg/mL, 12 h) upregulated IL-18 (n=3, Student’s t test, 

**p<0.01, *p<0.05).
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Figure 5. 
Increased interleukin (IL)-1β and IL-18 immunoreactivity in retinal pigment epithelium 

(RPE) cells in eyes with geographic atrophy (GA). (A) Eyes with GA (n=7) demonstrated 

more IL-1β-positive RPE cells than age-matched control eyes (n=5, one-way analysis of 

variance (ANOVA) and post-hoc Bonferroni test, *p<0.05). The IL-1β immunoreactivity in 

the Bruch’s membrane (BM)–choroid (Ch) complex did not differ among the three groups 

(Kruskal–Wallis test, p>0.05). Immunoreactivity in eyes with choroidal neovascularisation 

(CNV, n=6) did not differ from age-matched control (Ctrl) eyes. (B–D) Representative 

pictures of IL-1β immunoreactivity (AEC, red) from the central retina counterstained with 

Mayer’s haematoxylin (blue; scale bar: 20 μm) are shown. (E) Eyes with GA (n=7) had 

more IL-18-positive RPE cells than age-matched control eyes (n=5, one-way ANOVA and 

post-hoc Bonferroni test, *p<0.05). The eyes with CNV (n=6), while demonstrating a 

similar trend, did not reach significance. The IL-18 immunoreactivity in the BM–Ch 

complex did not differ among the three groups (Kruskal–Wallis test, p>0.05). (F–H) 

Representative pictures of IL-18 immunoreactivity (AEC, red) from the central retina 

counterstained with Mayer’s haematoxylin (blue, scale bar: 20 μm). IL-18 reactivity was 

found in RPE (arrowhead) from the Ctrl (F), as well as GA (G) and CNV (H) eyes are 

shown.
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