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Abstract
Aim: To model a complex retinal disease such as age-related macular degeneration (AMD) in vitro, we aimed to 
combine genetic and environmental risk factors in a retinal pigment epithelium (RPE) cell culture model generated 
via induced pluripotent stem cells (iPSCs) from subjects with an extremely high and an extremely low genetic 
disease risk. As an external stimulus, we chose defined oxidative stress conditions.

Methods: Patients were genotyped for known AMD-associated genetic variants and their individual genetic risk 
score (GRS) was calculated defining individual iPSC-RPE cell lines which reflect the extreme ends of the genetic 
risk for AMD. Sodium iodate (NaIO3, SI) was used to induce oxidative stress and cellular responses were followed 
by analyzing nuclear factor erythroid 2-related factor 2 (NRF2) pathway activation by mRNA and protein 
expression.

Results: We present a collection of eight iPSC-RPE cell lines, with four each harboring an extreme low or an 
extreme high GRS for AMD. RPE identity was verified structurally and functionally. We found that 24 and 72 h of SI 
treatment induced a significant upregulation of NRF2 response genes HMOX1 and NQO1, without showing cytotoxic 
effects or negatively influencing RPE cell integrity. High- vs. low-risk cell lines revealed similar first line defenses in 
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oxidative stress response mediated through the NRF2 pathway.

Conclusion: Delineating the NRF2-mediated oxidative stress response was sought in iPSC-RPE cell lines with 
maximally divergent genetic AMD risk profiles. Under the specific stress conditions chosen, our data indicate that 
genetic predisposition to AMD may not exert a major influence on the NRF2 signaling pathway.

Keywords: Age-related macular degeneration, induced pluripotent stem cells, retinal pigment epithelium, genetic 
risk score, oxidative stress, NRF2 pathway

INTRODUCTION
Age-related macular degeneration (AMD) is a degenerative disease of the central retina and is the leading 
cause of vision loss in developed countries[1], with prevalence rates in European individuals ≥ 70 years of age 
as high as 13.2% for early AMD and 3.0% for the late forms[2]. The molecular mechanisms underlying AMD 
pathology are not fully understood, in part due to its nature as a complex disease entity where an individual 
risk to develop AMD is determined by a unique combination of genetic as well as environmental risk 
factors[3,4]. Our understanding of AMD genetics has greatly benefitted from large genome wide association 
studies, the latest of which identified 52 single nucleotide polymorphisms (SNPs) at 34 independent loci to 
be significantly associated with the late-stage form of AMD[5]. Environmental risk factors for AMD include 
aging, cigarette smoking, sunlight exposure, hypertension, cardiovascular disease, and diet, although some 
of these data are still controversial[6].

Almost all of the environmental risk factors for AMD considered so far have an underlying theme in 
common that points to increased oxidative stress as an important trigger of disease pathology (reviewed 
in[7-9]). A particularly high oxidative stress burden can be observed in the retinal pigment epithelium (RPE), 
the retinal cell layer between the choriocapillaris and the layer of cone and rod photoreceptor cells, thought 
to represent the primary site of AMD pathology[10]. Specifically, oxidative stress in the RPE results from an 
exceptionally high metabolic rate of this tissue, an oxygen tension between the retina and the oxygen-rich 
choriocapillaris, photooxidative stress caused by intense light exposure, and a continuous phagocytosis of 
shed photoreceptor outer segments (POS)[9,11-13].

To cope with an unfavorable oxidative stress condition, RPE cells use an efficient machinery to neutralize 
reactive oxygen species (ROS). One pathway playing a crucial role in the defense system is the route via 
nuclear factor erythroid 2-related factor 2 (NRF2). In its function as a transcription factor, activated NRF2 
binds to antioxidant response elements (ARE) to initiate transcription of target genes such as heme 
oxygenase 1 (HMOX1) and NAD(P)H dehydrogenase (quinone) 1 (NQO1)[9,14-17]. In healthy RPE cells, the 
NRF2 signaling pathway is responsible for neutralizing oxidative stress and preserving cellular redox 
homeostasis[9,18]. For example, in ARPE-19, a widely used cell line with a number of features characteristic of 
RPE cells, cigarette smoke extracts increase the NRF2 signaling response and lead to complement 
activation[16]. Further, Nrf2 deficiency increases the complement response, which suggests that Nrf2 is not 
only involved in oxidative damage but, in absentia, also promotes a pro-inflammatory environment[16]. Of 
note, Nrf2-deficient mice develop age-related retinal pathology similar to an AMD-like degeneration of the 
RPE, thickening of Bruch’s membrane, development of drusen, lipofuscin accumulation, and inflammatory 
protein deposition in the sub-RPE area[19].

To gain a better understanding of the molecular pathology of AMD and the contribution of oxidative stress 
responses to disease-associated changes, we aimed to generate a cellular model which allows us to combine 
genetic and environmental risk factors in an in vitro cell culture system. To reflect the individual genetic risk 
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for developing AMD, we applied a genetic risk score (GRS) based on a minimal set of selected risk variants 
from eight gene loci associated with AMD at genome-wide significance[20]. This allowed us to discriminate 
iPSC-RPE cell lines in those with very high and those with very low genetic risk for AMD. Oxidative stress 
was induced by treating the cell lines with sodium iodate (SI), a potent stressor of RPE cells[21,22]. By 
comparing cell lines of the two extreme ends of the genetic risk spectrum in defined experimental settings, 
we aimed to sort out the genetic influence of NRF2-mediated stress response in AMD pathogenesis.

METHODS
Genotyping and GRS calculation
Patients were recruited at the Eye Clinic of the University Hospital Regensburg and clinically examined by 
an experienced ophthalmologist (Brandl C). AMD phenotyping was performed in a clinical routine setting 
via gold standard multimodal imaging. This included funduscopy and color fundus imaging (FF450 plus 
fundus camera, Zeiss, Oberkochen, Germany), macular optical coherence tomography, fundus 
autofluorescence, and fluorescein angiography (all Spectralis, Heidelberg Engineering, Heidelberg, 
Germany). Patients were assessed for the presence or absence of features of early AMD, such as drusen 
and/or hyper/hypopigmentation, or signs of late-stage disease such as geographic atrophy or neovascular 
manifestations, the latter characterized by sub/intra-retinal fluid, leakage of choroidal neovascularization, 
and bleeding. Using Sanger sequencing or restriction fragment length polymorphisms, all probands were 
genotyped for 13 selected AMD-associated SNPs at eight different loci known to be highly correlated with 
AMD risk. Individual GRSs were calculated using the model reported by Grassmann et al.[20], 2012.

Generation of iPSCs and differentiation into RPE
Based on the established GRS, blood samples or skin biopsies were again collected from high-risk (HR) and 
low-risk (LR) probands, fibroblast cultures or peripheral blood mononuclear cells (PBMCs) were 
established, reprogrammed to induced pluripotent stem cells (iPSCs), and subsequently differentiated into 
iPSC-RPE as described[23-25]. Pigmented cell clusters were picked from six-well plates and sub-cultured 
followed by cryopreservation in liquid nitrogen. Prior to experimental analysis, iPSC-RPE cells were 
thawed, seeded on six-well plates coated with Matrigel® GFR (Corning Inc., Corning, NY, USA), passaged 
once after two weeks, and cultivated for another two weeks before seeding the cells onto Transwell filters 
(ThinCert® Cell Culture Inserts by Greiner Bio-One, Kremsmünster, Austria) in a 6- or 12-well format. 
Unless stated otherwise, cells were matured on Transwell inserts for sux weeks and used in experiments 
during weeks 6-8. The culture medium was replaced every 72 h.

Verification of RPE cell characteristics
Immunocytochemistry
For immunocytochemistry, a section of the Transwell filter was excised and transferred into 1× PBS. After 
fixation of the cells with 2% PFA for 10 min followed by three washing steps for 5 min with 1× PBS, the 
filters were blocked in 10% normal goat serum, 0.3% Triton X-100 in PBS. After 30 min of incubation at 
room temperature (RT), the blocking solution was replaced by the primary antibody solution and incubated 
at 4 °C overnight (ON). After three washing steps with PBS, cells were incubated in secondary antibody for 
1 h at RT, washed again, and mounted onto microscope slides using Dako Fluorescence Mounting Medium 
(Agilent Technologies, Santa Clara, USA). Antibodies used for immunochemistry were rabbit polyclonal 
anti-hBEST1-334 (targeting amino acids 572-585 of the human BEST1 protein) (diluted 1:250)[26] and rabbit 
polyclonal anti-ZO-1 (Thermo Fisher Scientific, Waltham, USA) (diluted 1:500). Secondary antibodies for 
immunofluorescence were goat Alexa 594-conjugated anti-rabbit and Alexa 488-conjugated anti-mouse 
(dilution 1:1000, Thermo Fisher Scientific). All filters were counterstained with DAPI for visualization of 
cell nuclei.
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Microscopy images of BEST1 and ZO-1 stainings were taken on an Olympus FV3000 confocal microscope 
and processed with the FV31S-SWPMS software set. The 40× magnification images of SI treated cells were 
visualized using a Fluorescence Microscope Axioskop 2 (Carl Zeiss GmbH, Jena, Germany). Image editing 
was done in ImageJ 1.52n.

Photoreceptor outer segment phagocytosis assay
In short, POS were isolated from porcine retinae by sucrose density gradient centrifugation as described[23] 
and their concentration was determined applying the Roti®-Quant Bradford reagent (Carl Roth, Karlsruhe, 
Germany). A POS concentration of 4 μg/cm2 for analysis of POS phagocytosis in RPE cells served as point of 
reference[12,27], which is in accordance with the typical number of 20 POS per hiPSC-RPE cell[4,23,24]. POS were 
diluted in Opti-MEM® (Thermo Fisher Scientific) with 1% Pen/Strep and fed to iPSC-RPE cultured in a 12-
well format for 2 h. Subsequently, excess POS were removed with PBS and the cells were covered with fresh 
maintenance medium. Samples for subsequent Western blot analyses were taken after the 2 h feeding time 
point (0 h of degradation, confirming successful internalization of POS) and after 4 and 6 h in total 
(revealing POS degradation 2 and 4 h after the feeding was stopped). Samples for Western blots were 
harvested in 1× PBS + complete™ protease inhibitor (Sigma Aldrich, St. Louis, MO, USA), sonicated at 30% 
intensity for 10 s, mixed with Laemmli buffer, and heated to 95 °C for 5 min.

Western blotting
Proteins were separated by sodium dodecyl sulfate - polyacrylamide gel electrophoresis in 12.5% gels and 
then transferred to polyvinylidene difluoride membranes (Immobilon, Millipore, Schwalbach, Germany) by 
semidry blotting (24 V, 40 min). Membranes were blocked in TBST (Tris-buffered saline: 20 mM Tris, 
150 mM NaCl, pH 7.4 with 0.1% Tween-20) containing 5% non-fat dry milk for 1 h at RT. Subsequently, 
membranes were incubated with primary antibodies in TBST containing 5% non-fat dry milk at 4 °C ON. 
Antibodies used for Western blot were rabbit polyclonal anti-hBEST1-334 (diluted 1:2500), mouse 
monoclonal anti-RPE65 (diluted 1:5000, Abcam, Cambridge, UK), and anti-ACTB (dilution 1:10,000, 
Sigma-Aldrich). The Rhodopsin primary antibody was kindly provided by Prof. Robert Molday, University 
of British Columbia, Vancouver, Canada and was diluted 1:10,000. Primary antibodies were detected with 
anti-rabbit or anti-mouse IgG horseradish peroxidase-linked antibodies (1:10,000, Calbiochem, Merck 
Chemicals GmbH, Schwalbach, Germany). All antibodies were diluted in TBS-T containing 5% non-fat dry 
milk. Clarity™ Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA) and an Odyssey FC 
imager (LI-COR, Lincoln, NE, USA) were utilized for visualization of protein bands. Densitometric 
evaluation was carried out with ImageStudio Software LI-COR.

Quantitative reverse transcriptase polymerase chain reaction
RNA isolation was done applying the PureLink® RNA Mini Kit (Thermo Fisher Scientific) according to the 
manufacturer’s protocol with only minor changes. In brief, for homogenization, samples were transferred 
onto QIAshredder homogenizers (Qiagen, Hilden, Germany) and centrifuged for 3 min at 12,000 g. Lysed 
samples were subjected to Steps 1-5 of the manufacturer’s protocol. In Step 6, 350 µL Wash Buffer I was 
added to the spin cartridges and centrifuged at 12,000 g for 30 s, followed by a 15 min DNAse digestion with 
80 µL DNAse diluted 1:8 in Buffer RDD, before columns were washed with 350 µL of Wash Buffer I. RNA 
was eluted in 30 µL of RNAse-free water and concentrations were measured on the NanoDrop® ND1000 
Spectrophotometer. Then, 500 ng of RNA were transcribed into cDNA with RevertAid M-MuLV Reverse 
Transcriptase (Thermo Fisher Scientific) and poly(dT) primers according to the manufacturer’s 
instructions. Reaction mixtures for quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 
amplifications contained Takyon™ ROX Probe 2X MasterMix dTTP (Eurogentec, Seraing, Belgium), 
200 nM primers, 0.25 µL dual-labeled probe (Roche ProbeLibrary, Roche Applied Science, Mannheim, 
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Germany) and 25 ng of cDNA. The amplification program consisted of 2 min hold at 58 °C, 30 min hold at 
60 °C, and 5 min hold at 95 °C, followed by 45 cycles of 20 s, 94 °C melt, and 1 min anneal/extension at 
60 °C. All amplifications were done in technical triplicates, and the obtained data were analyzed by the ΔΔcT 
method[28]. HPRT1 was used as a housekeeping gene for normalization. If the standard deviation within 
technical triplicates was greater than 0.3, the value deviating most from the mean value was excluded from 
the analysis.

Measurement of transepithelial electrical resistance
After six weeks of cultivation on Transwell inserts, transepithelial electrical resistance (TEER) of iPSC-RPE 
was measured with an epithelial Volt/Ohm Meter (World Precision Instruments, Sarasota, FL, USA) 
according to the manufacturer’s instructions. In preparation for the measurements, the electrodes were 
sterilized in 70% ethanol for 15 min and then immersed in a 150 mM NaCI solution for 15 min to allow 
equilibration. Blank measurements were taken from Matrigel® coated Transwell filters which did not 
contain any cells. After deducting the mean of the blank values from the resistance measurements, cell 
specific resistance values were multiplied with the surface area of the Transwell filter to obtain values in 
Ω*cm2.

Enzyme-linked immunosorbent assay
Secreted VEGFA protein in apical and basal supernatants of iPSC-RPE cells cultured on Transwell inserts 
for six weeks was analyzed applying the Human vascular endothelial growth factor (VEGF) Quantikine 
Enzyme-linked immunosorbent assay Kit (R&D System, Minneapolis, MI, USA) according to the 
manufacturer’s instructions. Supernatants were diluted 1:10 in PBS prior to analysis.

Oxidative stress induction
SI-mediated oxidative stress treatment
SI was dissolved in iPSC-RPE maintenance medium without KOSR (KnockOut™ Serum Replacement, 
Thermo Fisher Scientific) and diluted to the desired concentration. After evaluating cytotoxicity of SI on 
iPSC-RPE, a concentration of 0.5 mM SI was chosen for the 24 h stress experiments. For an extended 
duration stress model, cells were exposed to concentrations of 0.125 and 0.25 mM SI over a period of 72 h 
and the media was replaced daily. In both experimental settings, cells cultivated in iPSC-RPE maintenance 
medium without KOSR served as controls.

Cytotoxicity assay (LDH Release Assay)
To determine if SI treatment was cytotoxic to iPSC-RPE, cells were seeded on 96-well plates, matured for 
four weeks, and then subjected to oxidative stress treatment. SI-induced cytotoxicity was measured applying 
the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) according to the 
manufacturer’s instructions. Absorbance measurements were performed with a TECAN SPARK® 
Multimode Microplate Reader (TECAN, Männedorf, Switzerland) at 490 nm with a reference wavelength of 
620 nm.

Statistical evaluation
Statistical analysis was performed with R (version 3.6.0)[29]. Gaussian distribution was determined by a 
Shapiro-Wilk normality test. These data were analyzed with the Student’s t-test (2 experimental groups) or 
the ANOVA test with Tukey’s multiple comparison test (> 2 experimental groups). Data not following a 
Gaussian distribution were analyzed with the Mann-Whitney U-test (2 experimental groups) or Kruskal-
Wallis test with post hoc Dunn’s multiple comparison test following the Benjamini-Hochberg method 
implemented in the Fisheries Stock Analysis package[30] (> 2 experimental groups).
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Recruitment of probands and generation of an iPSC-RPE repository
To investigate the molecular mechanisms contributing to AMD disease, our aim was to generate iPSC-RPE 
cell lines from donors with both a very low and a very high genetic risk for the disease. We included 161 
patients recruited at the Eye Clinic of the University Hospital Regensburg, Germany. Of these, 77 were 
categorized as having early (AREDS grades 1-4; n = 16) or late stage [mostly neovascular (NV); n = 61] 
AMD. Seventy-four individuals were free of any signs of early or late AMD pathology and served as 
controls. The probands were genotyped for 13 SNPs at 8 chromosomal loci known to be sufficient to 
calculate an individual AMD-associated GRS[5,31] [Table 1].

The genetic AMD risk profiles were calculated applying the model reported by Grassmann et al.[20] (2012). 
According to this model, a risk score in Category 1 represents a very low genetic risk for AMD, whereas a 
risk score in Category 5 confers a very high genetic AMD risk. Study participants were normally distributed 
over the five risk categories, with the majority classifying as Categories 2-4. Only 10% of the participants 
were assigned to the extreme GRS Categories 1 and 5 [Figure 1A]. When participants were categorized in 
AMD patients and asymptomatic controls a shift in the distribution over the risk categories becomes 
evident [Figure 1B].

As we wanted to generate an iPSC-RPE repository that would allow us to perform experiments in cell lines 
with maximally different genetic risks for AMD, four probands from Category 1 (LR) who showed no AMD 
phenotype and four persons from Category 5, all with late stage NV-AMD (HR) [Table 2], were selected as 
donors for the subsequent generation of iPSC-RPE cells. PBMCs or fibroblasts were used to reprogram the 
cells to iPSCs and subsequently differentiate them into iPSC-RPE. We did not observe any differences in 
iPSC-RPE originating from fibroblasts or PBMCs with regard to their cell characteristics. Information on 
the donors of the biomaterials is given in Table 2. Male and female individuals were included in both risk 
groups and the mean age of HR donors was 64.8 years (± 1.8 years), whereas the LR donors were slightly 
older with a mean age of 80 years (± 8.3 years). GRS of all donors are given in Table 2 traceable via SNP IDs 
shown in Table 1. While the HR donors are assigned to GRS Category 5 and the LR donors to GRS 
Category 1, there are still some differences in individual genotypes within the HR and LR cell lines. For 
example, donor HR3 is homozygous for 11 out of 13 AMD-risk altering alleles, whereas donor LR3 is 
homozygous for only three of the AMD-associated SNPs, clearly showing the genetic differences between 
the HR and LR cell lines. Specifically, all high-risk individuals were homozygous for CHF p.Y402H and 
ARMS2 p.A69S, while the low-risk individuals harbored no risk altering variant at these two loci.

Prior to analysis, iPSC-RPE from HR and LR donors were matured on Transwell inserts for a duration of 
six weeks and the discrete TEER was measured at weekly intervals. TEER values increased until week 2 and 
then remained constant over the course of time, with a mean value including all cell lines reaching 
230 Ω*cm2 [Figure 2A]. Measurements for individual cell lines are shown in Supplementary Figure 1A. After 
maturation, RPE-specific proteins BEST1 (bestrophin 1) and RPE65 (retinoid isomerohydrolase 65) were 
robustly expressed, as shown by Western blot analysis [Figure 2B]. Immunocytochemistry revealed a 
characteristic cobblestone-like RPE morphology and typical BEST1 and ZO-1 staining patterns [Figure 2C 
and Supplementary Figure 1B]. iPSC-RPE polarity was further confirmed by directed secretion of VEGF, 
which was significantly higher towards the basal Transwell compartment (P < 0.05, Mann-Whitney U-test) 
[Figure 2D]. A POS phagocytosis assay was conducted to confirm RPE characteristics on a functional level 
[Figure 2E and Supplementary Figure 1C]. All cell lines efficiently internalized porcine POS, which were 
subsequently degraded with time, as indicated by a decreasing rhodopsin signal in Western blots after 2 and 
4 h of incubation. Quantification of the rhodopsin signals a clearly showed a decrease of the signal 
intensities in both HR and LR cell lines, but there was no difference to be observed in POS degradation 
efficiency with regard to the AMD GRS [Figure 2D]. Together, these results demonstrate the integrity and 
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Table 1. Characteristics of chromosomal loci used for genotyping and AMD-associated GRS calculations

ID Locus SNP Impact/effect of variant Odds ratio Non risk allele Risk allele

1 CFH rs1061170 p.Y402H 2.74 T C

2 rs800292 p.I62V 2.43 A G

3 rs6677604 Proxy for �CFHR3/CFHR1 2.19 A G

4 ARMS2/HTRA1 rs10490924 p.A69S 3.13 G T

5 CFB rs4151667 p.L9H 2.82 A T

6 rs438999 proxy for rs641153 (p.R32Q) 2.31 C T

7 C3 rs2230199 p.R102G 1.52 G C

8 APOE rs7412 p.R158C 1.41 C T

9 rs429358 p.C112R 1.35 C T

10 PLA2G12A rs2285714 Synonymous exonic, unknown 1.14 C T

11 LIPC rs493258 Intergenic (36 kb upstream) 1.18 T C

12 rs10468017 Intergenic (46 kb upstream) 1.26 T C

13 TIMP3 rs9621532 Intronic, unknown 1.58 C A

AMD: Age-related macular degeneration; GRS: genetic risk score.

Table 2. Characteristics of iPSC-RPE lines generated

Cell line Source Gender YOB AMD status Affected eye Homozygosity for risk  
allele of SNP ID# Heterozygosity for risk allele SNP ID#

HR1 Fibroblast M 1947 CNV L 1, 2, 3, 4, 5, 6, 9, 10, 12, 13 11

HR2 PBMC F 1950 CNV L/R 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13 11, 12

HR3 PBMC F 1950 CNV L/R 1, 2, 3, 4, 5, 6, 9, 10, 11, 12, 13

HR4 Fibroblast F 1946 CNV L/R 1, 2, 3, 4, 5, 6, 9, 10, 12, 13 11

LR1 PBMC M 1924 Control - 5, 6, 9, 13 2, 3, 11, 12

LR2 PBMC M 1946 Control - 3, 6, 9, 10, 13 2, 5, 8, 12

LR3 PBMC F 1933 Control - 2, 9, 13 3, 5, 6, 10, 12

LR4 Fibroblast F 1928 Control - 3, 5, 9, 10, 13 2, 6, 12

Numbers 1-13 were assigned to the AMD-associated SNPs listed in Table 1. SNP: Single nucleotide polymorphism; iPSC: induced pluripotent stem 
cell; RPE: retinal pigment epithelium; HR: High risk; LR: low risk; PBMC: peripheral blood mononuclear cells; M: male; F: female; CNV: choroidal 
neovascularization; YOB: year of birth; L: left; R: right.

high quality of the established iPSC-RPE cell lines with a defined genetic AMD risk profile. Regarding RPE 
properties, cell lines from different genetic backgrounds display no major differences providing a solid 
model for addressing the molecular pathobiology of AMD.

Establishing an oxidative stress model to mimic environmental risk factors in vitro
One of our aims is to delineate molecular processes differentiating between HR and LR iPSC-RPE lines. In a 
first step, we tested expression of complement genes CFH and C3 as well as NRF2 signaling response genes 
HMOX1 and NQO1. Data from four individual batches of cells cultured independently (with three technical 
replicates per batch) were included. Data from qRT-PCR were normalized against HPRT1 expression and 
calibrated against the mean of all low-risk cell lines. The results reveal no significant differences, which in 
part could be due to a high variability in baseline expression between the individual cell lines [Figure 3A].
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Figure 1. GRS distribution in the AMD study cohort. (A) GRS of the 161 study probands showed a normal Gauss distribution when 
summarized for all individuals regardless of AMD phenotype. (B) Categorizing the participants in AMD cases and asymptomatic 
controls revealed only one individual with AMD in Category 1, whereas no asymptomatic controls were found in high-risk GRS Category 
5. AMD: Age-related macular degeneration; GRS: genetic risk score.

Figure 2. Characterization of iPSC-RPE cells. *Indicates statistically significant differences < 0.05, Mann-Whitney U-test. (A) TEER was 
measured once a week while iPSC-RPE cells were matured on Transwell inserts and reached a stable plateau after week 2. Data were 
pooled from all cell lines. (B) Protein expression of RPE-specific markers BEST1 and RPE65 was assessed by Western blot and was 
uniform in all cell lines. ACTB served as a loading control. (C) iPSC-RPE morphology was assessed by immunocytochemistry with anti-
BEST1 and anti-ZO-1 antibodies (scale bar: 20 µm). (D) VEGF secretion into the apical and basal compartment of the Transwell inserts 
was measured by ELISA and pooled data from all cell lines show a polar secretion of VEGF with higher protein amounts found in the 
basal compartment. (E) POS phagocytosis was followed by an uptake and degradation assay. Successful uptake of POS by iPSC-RPE 
cells is indicated by prominent rhodopsin (RHO) staining (37 kDa) at 0 h of degradation while efficient protein degradation can be seen 
after 2 and 4 h. ACTB served as a loading control. iPSC: Induced pluripotent stem cell; TEER: transepithelial electrical resistance; RPE: 
retinal pigment epithelium; VEGF: vascular endothelial growth factor; POS: photoreceptor outer segments; ELISA: enzyme-linked 
immunosorbent assay.

To establish an oxidative stress model, we next used SI as a chemical stressor and determined a 
concentration of 0.5 mM and a treatment duration of 24 h suitable for stressing the cells without inducing 
significant changes in cell viability (data not shown). A cytotoxicity assay demonstrated that 24 h treatment 
with 0.5 mM SI did not induce cytotoxicity in HR or LR cell lines, while at a concentration of 3 mM 
treatment an increased relative cytotoxicity was observed in all cell lines tested [Figure 3B]. To further 
confirm that SI treatment did not affect RPE integrity, SI treated cells were stained for ZO-1. iPSC-RPE 
morphology and tight junction cell-cell contacts remained unaffected at 24 h of oxidative stress in any of the 
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Figure 3. Establishing an SI-induced oxidative stress model. (A) Baseline mRNA expression of complement genes CFH and C3 as well as 
NRF2 response genes HMOX1 and NQO1 were analyzed by quantitative reverse transcriptase polymerase chain reaction and data from 
four independent batches of cells (with three technical replicates per batch) were pooled. Data were normalized against HPRT1 
expression and calibrated against the mean of all LR cell lines (n = 4). (B) iPSC-RPE cultured in 96-well plates for four weeks were 
subjected to 24 h treatment with 0.5 or 3 mM SI. Relative cytotoxicity in relation to untreated cells was determined using an LDH 
release assay and was not increased upon treatment with 0.5 mM SI while increased upon treatment with 3 mM SI, which served as a 
positive control. Data are presented as mean + standard deviation (SD) (n = 4). (C) ZO-1 stainings visualize iPSC-RPE monolayer 
integrity after treatment with 0.5 mM SI for 24 h and show no impact of the treatment on monolayer integrity and cell morphology 
(scale bar: 20 µm). (D) TEER measurements were performed to confirm monolayer integrity and showed no 24 h SI treatment-
dependent changes on HR or LR cell lines (n = 4). Statistical significance was tested using a Mann-Whitney U-test. SI: Sodium iodate; 
iPSC: induced pluripotent stem cell; TEER: transepithelial electrical resistance; RPE: retinal pigment epithelium; HR: high-risk; LR: low-
risk.

cell lines [Figure 3C]. In addition, we measured TEER revealing no unwanted effects of SI on the overall 
integrity of the cells. TEER values were slightly lower in SI treated cells, but the difference to untreated cells 
did not reach statistical significance and there was no difference between HR and LR cell lines (Mann-
Whitney U-test, P > 0.05) [Figure 3D]. In summary, an acute oxidative stress model was established where 
iPSC-RPE cells are only mildly stressed without triggering measurable effects on cellular integrity.

NRF2-mediated oxidative stress response upon acute SI treatment for 24 h
Next, we analyzed the influence of acute oxidative stress on NRF2-mediated stress response by qRT-PCR 
analysis of downstream target genes HMOX1 and NQO1. Upon SI treatment, transcription of both genes 
was significantly upregulated in all cell lines when compared to controls (cells incubated for 24 h 
maintenance medium without KOSR). HMOX1 expression was upregulated about two-fold, whereas NQO1 
expression increased up to 10-16-fold (Mann-Whitney U-test, P < 0.005) [Figure 4A and B, left].

There was no significant difference in HMOX1 and NQO1 expression between HR and LR iPSC-RPE cells 
(Mann-Whitney U-test, P > 0.05) [Figure 4A and B, right]. Changes in mRNA expression were verified by 
Western blot analysis with antibodies against HMOX1 and NQO1. As visualized in HMOX1 (28 kDa) and 
NQO1 (29 kDa) immunostainings, cells incubated with 0.5 mM SI exhibited more intense staining than 
controls. Densitometric quantification of signals from six replicates showed that HMOX1 as well as NQO1 
protein expression was significantly increased in SI-treated cells compared to untreated controls. It is also 
evident that HMOX1 protein expression is less prominent (2-5-fold) when compared to NQO1 protein 
expression (5-14-fold) (Mann-Whitney U-test, P < 0.05) [Figure 4C and D, left], supporting the mRNA 
results [Figure 4A and B]. Again, quantification of HMOX1 and NOQ1 protein expression revealed no 
differences between HR and LR iPSC-RPE cells (Mann-Whitney U-test, P > 0.05) [Figure 4C and D, right].
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Figure 4. SI-mediated oxidative stress in iPSC-RPE cells after 24 h treatment. iPSC-RPE cells were treated with 0.5 mM SI for 24 h, 
while controls were maintained without SI. mRNA expression of HMOX1 (A) and NQO1 (B) was normalized to HPRT1 and calibrated 
against the control (ctrl). While SI treatment significantly upregulated NQO1 and HMOX1 expression in all cell lines, no differences in 
the NRF2-mediated stress response was observed between HR and LR lines. Western blot analysis confirmed the mRNA results. Signal 
intensities were normalized to ACTB expression and calibrated against the untreated control. Data are presented as mean + SD [n = 3 
for (A, B) and n = 6 for (C, D)]. The left panels show individual cell lines, while comparisons between HR and LR (n = 4; *P < 0.05, 
Mann-Whitney U-test) are presented in the graphs to the right. SI: Sodium iodate; iPSC: induced pluripotent stem cell; RPE: retinal 
pigment epithelium; HR: high-risk; LR: low-risk.

NRF2-mediated oxidative stress response upon extended SI treatment for 72 h
We finally extended the oxidative stress model to reflect a more long-term stress situation. HR and LR 
iPSC-RPE were treated with SI for a duration of 72 h, with the culture medium being renewed daily to keep 
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the SI concentrations consistent over time. Concentrations of 0.125 and 0.25 mM were chosen for these 
experiments based on findings in preliminary tests (data not shown). Initially, we confirmed that both SI 
concentrations had no negative effect on iPSC-RPE cytotoxicity [Supplementary Figure 2A], stable TEER 
values [Supplementary Figure 2B], and monolayer integrity and intact cobblestone morphology, as 
indicated by uniform ZO-1 staining [Supplementary Figure 2C]. Relative cytotoxicity of the SI treatments 
was not increased in comparison to control, but it was increased when cells were treated with 1.5 mM SI for 
72 h [Supplementary Figure 2A]. Treatment with SI resulted in a dose-dependent upregulation of HMOX1 
expression, with statistical significance being reached for the 0.25 mM treatment in all cell lines (Kruskal-
Wallis test with post hoc Dunn’s multiple comparison test using Benjamini-Hochberg method, P < 0.01) 
[Figure 5A].

When data were analyzed with regard to differences between HR and LR cell lines, the dose-dependent 
effect was clearly visible in both groups, although cell lines with differing AMD-associated GRS failed to 
show differences in HMOX1 expression after treatment with either of the concentrations (Mann-Whitney U
-test, P > 0.05) [Figure 5A]. In line with the results from the 24 h treatment, NQO1 expression was impacted 
more strongly by 72 h SI treatment than HMOX1 expression. NQO1 expression also increased dose 
dependently and reached values of 3-10-fold upregulation, showing statistically significant differences 
between control and SI treatment for both concentrations in all cell lines (Kruskal-Wallis test with post hoc 
Dunn’s multiple comparison test using Benjamini-Hochberg method, P < 0.05 for comparison control vs. 
0.125 mM SI, P < 5 × 10-5 for comparison control vs. 0.25 mM SI). Concordant with data on HMOX1 
expression, NOQ1 expression upon oxidative stress treatment was not differentially expressed in HR and LR 
cell lines (Mann-Whitney U-test, P > 0.05) [Figure 5B]. The qRT-PCR results were confirmed by Western 
blot analysis and a SI dose-dependent increase in HMOX1 and NOQ1 expression was observed at 72 h of SI 
treatment compared to control. After densitometric evaluation of Western blot signal intensities, the 
observed differences failed to reach statistical significance in all cell lines (Kruskal-Wallis test with post hoc 
Dunn’s multiple comparison test using Benjamini-Hochberg method, P < 0.05), even though a clear SI dose-
dependent trend in increased HMOX1 and NQO1 protein was notable in the Western blot images as well as 
the quantifications. No differences were found when comparing oxidative stress induced protein amounts 
of HMOX1 and NQO1 between HR and LR cell lines (Mann-Whitney U-test, P > 0.05) [Figure 5C and D].

Taken together, oxidative stress was robustly induced in an acute 24 h setting and an extended duration 
situation using lower SI concentrations for 72 h. NRF2 downstream response genes HMOX1 and NQO1 
were upregulated under the two conditions chosen, although in no situation a genetic influence in HR and 
LR AMD iPSC-RPE lines was apparent. This led us to conclude that the genetic risk to develop AMD has no 
measurable effect on influencing the NRF2-associated first-line oxidative stress defense.

DISCUSSION
Our aim was to establish a cellular model system which allows us to combine both genetic and 
environmental risk factors in vitro crucial to elucidate the individual contributions to AMD pathogenesis. 
Consequently, we selected our study participants based on their genetic risk profile for AMD rather than on 
their AMD phenotype alone, resulting in four CNV patients with a very high GRS for AMD and four 
individuals with a very low GRS who had no AMD phenotype. Patient-derived iPSC-RPE cells were 
generated from these individuals and characterized for RPE integrity before they were subjected to analysis 
on NRF2-mediated oxidative stress response mechanisms. We established a short term, acute stress model 
in which cells were treated with SI for 24 h as well as an intermediate stress duration model of 72 h SI 
treatment. While significant upregulation of NRF2 pathway response genes was established under all 
experimental conditions, there was no difference in stress reaction between HR and LR cell lines. This led us 

http://
http://
http://
http://
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Figure 5. SI-mediated oxidative stress in iPSC-RPE after 72 h treatment. iPSC-RPE cell lines were treated daily with fresh 0.125 or 
0.25 mM SI for a total of 72 h, cells incubated in medium without SI served as a control. mRNA expression of HMOX1 (A) and NQO1 (B) 
was determined via quantitative reverse transcriptase polymerase chain reaction after normalization to HPRT1 and calibration against 
the control (ctrl). While SI treatment significantly upregulated both NQO1 and HMOX1 expression, no differences in the NRF2 mediated 
stress response could be observed between HR and LR lines. Western blot analyses using antibodies against HMOX1 and NQO1 (C, D). 
Signal intensities were normalized against ACTB as a loading control and calibrated against the untreated control. Data are presented 
as means + SD [n = 3 for (A, B) and n = 4 for (C, D)] for left panels showing individual cell lines, while n = 4 for comparison between HR 
and LR; *P < 0.05, Mann-Whitney U-test. SI: Sodium iodate; iPSC: induced pluripotent stem cell; RPE: retinal pigment epithelium; HR: 
high-risk; LR: low-risk.

to suggest that NRF2-dependent oxidative stress response following artificial stress induction by application 
of SI in RPE cells is not dependent to a measurable extent on genetic AMD susceptibility.

Monogenetic disorders are commonly caused by variants in a few genes while the causal variants usually 
display strong effects on the phenotypic expression. This makes it rather straightforward to model 
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phenotypic effects in vitro. In contrast, complex diseases, such as AMD, are defined by a multifaceted 
genetic repertoire composed of several genetic variants that individually only display weak effects on a trait 
or phenotype. Additionally, it is mostly unknown how and to what extent environmental factors interact 
with the given genetic predisposition. Not surprisingly, such a situation is inherently difficult to model. 
Various animal models and cell model systems have been implemented to study AMD pathogenesis, 
although they all have limitations and none of them fully mimics the complexity of AMD, specifically 
regarding the elaborate genetic profile of susceptibility to disease[32-34]. Since the RPE is central to AMD 
pathogenesis (reviewed in[35]), numerous human RPE cell culture models, including the ARPE-19 cell 
line[36,37] and primary (fetal) RPE[38], have been used to investigate the molecular pathology of AMD. In 
recent years, iPSC-RPE cells have emerged as a state-of-the-art model system[39-42]. Several studies have 
compared hiPSC-RPE cell lines derived from AMD patients to those derived from healthy controls. Those 
studies reported patient-derived cells to display disease phenotypes associated with AMD such as increased 
susceptibility to oxidative stress, higher ROS levels upon oxidative stress induction, upregulation of 
complement genes, and mitochondrial dysfunction[39,41-45]. However, the majority of these studies did not 
consider the complexity of AMD genetics and regularly focused on a single genetic variant, e.g., the risk-
increasing variant CFH Y402H[46], or refrained from genotyping their donors at all[41]. To our knowledge, the 
iPSC-RPE repository established in this study is a first collection of iPSC-RPE lines in which donors have 
been selected solely on the basis of their genetic risk profile summarized by a GRS considering risk-
increasing as well as protective genetic variants rather than their phenotype. By choosing our donors from 
the two extreme ends of the genetic AMD risk spectrum, the differences in their genetic risk to develop 
AMD are comparable with the differences usually seen in monogenic disorders (i.e., the odds ratio between 
HR and LR can reach values as high as 20)[47].

A distinctive condition believed to play an important role in AMD pathobiology is oxidative stress or, more 
precisely, an impaired oxidative stress defense in the RPE (reviewed in[48]). With increasing age, a reduced 
antioxidative capacity of the postmitotic RPE becomes less efficient in neutralizing accumulation of ROS, 
subsequently resulting in cell degeneration and the initiation of programmed cell death[15,49-51]. NRF2 is a 
master antioxidant transcription factor in many cell types and NRF2-mediated stress response is known to 
play a protective role in diseases such as cancer, cardiovascular disease, and Alzheimer’s disease (reviewed 
in[14,52,53]). Further, Nrf2 deficiency in mice has been shown to lead to an AMD-like phenotype[19]. We 
therefore chose to examine the response of iPSC-RPE cells with distinct genetic AMD risk profiles to 
oxidative stress induced by SI via the NRF2 pathway. Of note, in our system, there was no measurable 
difference in oxidative stress response between HR and LR cell lines. This was also true in experiments after 
a prolonged SI treatment for 72 h. In unstressed aging mouse RPE, Nrf2-downstream genes Hmox1, Nqo1, 
and Gclm (glutamate-cysteine ligase regulatory subunit) were found to be upregulated compared to RPE of 
young mice. This observation was suggested to be caused by an increase in basal oxidative stress with age 
counteracted by adaptive upregulation of the antioxidant transcripts. Additionally, aged mouse RPE showed 
impaired induction of the Nrf2 pathway upon oxidative stress with SI[15]. Translating these findings to our 
iPSC-RPE cell model, differences in the handling of oxidative stress in LR or HR cell lines may only emerge 
if the cells are cultivated for a longer period of time, as other AMD-associated changes such as drusen 
formation are known to take several weeks to develop[54]. Additionally, as reviewed in[48], there are many 
ways to induce oxidative stress in vitro, and, depending on the stressor chosen, cells exhibit different 
response mechanisms. For example, the chemical stressor paraquat (PQ) was applied to induce a prolonged 
oxidative stress in iPSC-RPE, ESC-RPE (RPE derived from embryonic stem cells), and ARPE-19 cells. In 
this study, the expression of NRF2 response genes showed clear dynamics, with HMOX1 and NQO1 being 
the main NRF2 effectors in the early stress phases and NQO1 and GCLC being significantly increased at 
week 3[49]. PQ reacts with oxygen to generate superoxide radicals as well as hydrogen peroxide and hydroxyl 
radicals. It also promotes superoxide radical production in mitochondria, which represents a major source 
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of intracellular ROS more recently leading to a growing interest in the context of AMD pathogenesis[55-57]. 
Interestingly, NRF2 signaling has been shown to also be involved in mitochondrial homeostasis and 
metabolism (reviewed in[58]). Even though it is widely appreciated that SI is cytotoxic and causes RPE cell 
death, the exact mechanism of cellular damage induced by SI remains elusive. A recent study performed in 
ARPE-19 cells suggests that SI triggers cell death via ferroptosis rather than apoptosis or necrosis[59]. In 
contrast, another study also using ARPE-19 cells (48 h treatment with SI) showed an increase of NLRP3, 
Caspase-1, and IL1β, which points more towards pyroptosis as the mechanism of cell death induced by SI 
treatment[60]. Given the plethora of oxidative stress response mechanisms and the complex interplay of 
distinct processes suspected to play a role in AMD pathology, drawing finite conclusions from in vitro data 
to the in vivo situation in AMD patients is a major challenge and needs careful consideration in future 
research. Additionally, the variety of stressors and treatment durations used in different studies makes it 
rather difficult to compare in vitro data from different research groups. Several of the studies[39,41-45] that used 
iPSC-RPE disagree with our results, as those studies did indeed observe differences between AMD patient-
derived iPSC-RPE cells and control cells. It should be noted, however, that in the present study a major 
selection criterion focused on the AMD-related genotypes rather than on phenotypes. Additionally, baseline 
culture conditions of iPSC-RPE cells are frequently different between different laboratories, making it 
inherently difficult to compare data from different research groups.

Based on the data presented, we suggest that an extreme GRS for AMD development (high or low) does not 
correlate with impaired NRF2-mediated oxidative stress response, at least for the short-term treatment 
conditions chosen, and that HR RPE cells are not more prone to oxidative damage than LR cells or vice 
versa. The fact that the present study only used rather short stress induction times of 24 and 72 h as well as a 
single chemical stressor only allows drawing conclusions for this particular in vitro setting. Extending 
treatment periods towards a more chronic treatment regimen as performed in[49] or using aged RPE cells 
would reflect a more natural situation and needs to be considered for future studies. Nevertheless, as 
oxidative stress is regarded as a major risk factor for AMD, a key response mechanism such as the NRF2 
pathway may still represent a promising target for therapeutic approaches. Consequently, several NRF2 
activators/stabilizers promoting antioxidant gene expression have been proposed as potential therapeutic 
agents in AMD therapy[49,51,61-63]. Our data fail to reveal differences in NRF2-mediated oxidative stress 
defense in HR vs. LR cell lines, suggesting that individuals independent of their genetic profile could equally 
benefit from boosting the oxidative stress response machinery even before first signs of AMD emerge.
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