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Abstract 
Age-related macular degeneration (AMD) is a leading cause of blindness among the elderly in the developed 

world. It is characterized by loss of the retinal pigment epithelial (RPE) cells followed by a subsequent decline 

in the number of photoreceptors and the choriocapillaris with the possible development of new vessels. In 

the normal eye, retinal pigment epithelium is an essential component of the outer blood-retina barrier that 

protects the eye against inflammation.  Inflammatory mechanisms during the development of disease in the 

eye are yet to be fully understood. Forkhead-Box-Protein P3 (FoxP3) was until recently believed to be solely 

expressed by regulatory T cells but has recently been identified in RPE cells. As the functional role of FoxP3 in 

the RPE is so far unknown, we investigated its function under the hypothesis that FoxP3 is a general regulator 

of RPE reactions to different stress conditions. 

To test our hypothesis, we examined FoxP3 expression, localization, and phosphorylation in murine eyes and 

ARPE-19 cell-line cultures under different stress conditions. Such stress conditions included sub-confluency, 

aging, stimulation by IL-1β (as a component of inflammation), autoimmune uveitis, exposure to cigarette 

smoke and laser, and mechanical injury. In addition, we confirmed FoxP3 expression in the RPE in human 

eyes with AMD. FoxP3 expression and localization were examined using immunofluorescence, 

immunohistochemical, and PCR or dot-blot studies. Bio-Plex bead analysis was used to measure the levels of 

cytokine secretion. Knockout FoxP3 was conducted using CRISPR/Cas9 technology to test the effect of its 

importance in the development of RPE cells’ stress response. 

The knockout of the FoxP3 gene resulted in the halting of ARPE-19 cellular growth and/or cell death under 

the Crisp/Cas9 treatment-induced stress. Under stress conditions, including non-confluency, RPE cells 

increased the expression of FoxP3 and its translocation into the nucleus. Confluent cells with a more mature 

and stable phenotype showed FoxP3 localization in the cytosol and upon mechanical injury or exposure to IL-

1β translocation into the nucleus. Moreover, inflammation promoted the phosphorylation of FoxP3. 

Those results imply a regulatory role for FoxP3 in the RPE during chronic inflammation and degeneration and 

its importance for withstanding stress conditions. 
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Zusammenfassung 
 

Die altersbedingte Makuladegeneration (AMD) ist eine der häufigsten Ursachen für Erblindung bei älteren 

Menschen in entwickelten Ländern. Sie ist durch den Verlust von Pigmentepithelzellen der Netzhaut (RPE) 

gekennzeichnet, gefolgt von einer damit verbundenen Degeneration der Photorezeptoren und 

Choriocapillaris. Das RPE ist ein wesentlicher Bestandteil der äußeren Blut-Netzhaut-Barriere, etabliert das 

Immunprivileg der Retina und schützt das Auge von entzündlichen Vorgängen. Da bei der AMD wesentliche 

Hinweise auf ein Versagen der Kontrolle entzündlicher Vorgänge durch das RPE deuten, könnten 

Entzündungsmediatoren Targets für therapeutische Ansätze sein. Allerdings ist der Entstehungsmechanismus 

der Erkrankung nicht im Detail verstanden. Das Forkhead-Box-Protein P3 (FoxP3) ist ein charakteristischer 

Marker regulatorischer T-Zellen, wurde aber in jüngster Zeit auch in RPE-Zellen identifiziert. Unter der 

Hypothese, dass FoxP3 in RPE-Zellen eine regulatorische Rolle in AMD relevanten Stressbedingungen spielt, 

haben wir die Funktion des FoxP3 im RPE untersucht. 

Somit haben wir die Expression, Lokalisation und Phosphorylierung von FoxP3 in murinen Augen und ARPE-

19 Zellkulturen unter verschiedenen Stressbedingungen untersucht. Diese Stressbedingungen umfassten den 

Verlust der epithelialen Integrität, das Alter, die Expostion von IL-1β (als Bestandteil einer Entzündung), 

autoimmune Uveitis, die Exposition gegenüber Zigarettenrauch und Laser sowie mechanische Verletzungen. 

Außerdem haben wir die Expression von FoxP3 im RPE menschlicher Augen mit AMD untersucht. Die 

Expression und Lokalisation von FoxP3 wurden mittels Immunfluoreszenz, Immunhistochemie und PCR sowie 

durch Dot-Blot-Studien untersucht. Die Zytokin-Sekretion wurde mit Hilfe von Bio-Plex-Beadsanalysen 

gemessen. Mit Hilfe der CRISPR/Cas9-Technologie wurde FoxP3 genomisch ausgeknockt, um die FoxP3 

Funktion für das RPE unter zellulären Stress zu demonstrieren. 

Das Ausschalten des FoxP3-Gens führte zum Stillstand des Wachstums der ARPE-19 Zellen, sowie Zelltod in 

Antwort auf den Zellstress durch die Crsip/Cas9 Behandlung. Die verschiedenen Stressbedingungen, 

einschließlich dem Verlust der epithelialen Integrität, führten zur erhöhten Expression von FoxP3 als auch zur 

Translokation in den Zellkern. Konfluente Zellen stellen einen besser differenzierten, stabilen Phänotyp dar, 

bei dem FoxP3 aus dem Zytosol bei mechanischer Verletzung oder Exposition gegenüber IL-1β im Nukleus 

akkumulierte. Darüber hinaus förderte der Entzündungsmediator die Phosphorylierung von FoxP3. 

Diese Ergebnisse deuten im RPE auf eine regulatorische Rolle des FoxP3 im Entzündungsprozess und bei 

retinaler Degeneration sowie auf eine Bedeutung Stressbedingungen zu widerstehen. 
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1. Introduction 

1.1 Anatomy and physiology 

1.1.1 Blood Eye barrier 

The blood-ocular barrier is composed of two barriers: anteriorly, the blood-aqueous barrier built by the tight 

junctions of the non-pigmented ciliary body, and the iris epithelium separating blood vessels from the 

aqueous humor. Posteriorly, the blood-retinal barrier is formed by the tight junctions of the endothelial cells 

in the inner retina and by the tight junctions of the retinal pigment epithelium (RPE). These barriers establish 

an immune privilege of the eye and provide selective transport of water and exchange of molecules between 

the bloodstream and the inner eye [1].  

Both anterior and posterior barriers can acutely fail under conditions such as uveitis or in the event of 

trauma. Moreover, chronic degenerative diseases develop slowly in a vicious circle of inflammation, change 

in the immunogenic phenotype of barrier cells, and loss of barrier cells due to reduced metabolic activity and 

attack by an innate immune reaction. 

1.1.2 RPE Function 

The RPE maintains the photoreceptor outer segment function [2]. Bruch’s membrane, and the tight junctions 

of the RPE, form a physical barrier against immune cells that is further enhanced by the secretory activity of 

the RPE. The profile of factors secreted by the RPE includes a variety of immune inhibitory factors and is 

regulated by receptors for pro-inflammatory cytokines. In this way, the RPE represents an active immune 

inhibitory barrier that helps to establish the immune privilege of the retina [3]. Besides such an immune 

regulatory function, RPE possesses multiple roles whereby it helps in the regulation of the microenvironment 

of the outer retina and supports the proper functioning of photoreceptors.  

 
Figure 1 Functions of the RPE.  

Adapted from Ref. No. [2]: Strauss O (2005) The retinal pigment epithelium in visual function. Physiol Rev 85:845–881. 
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Figure 2 Fundus photo in AMD patient.  

From Ref. [4]: Leung R (2006) Back of the eye glossary: Age-related macular degeneration (AMD). Community Eye Heal J 19:10 

1.2 Age-Related Macular Degeneration 

1.2.1 Epidemiology 

Age-related macular degeneration AMD is the most common cause of blindness in aging populations, 

including high-income countries. Its prevalence has been traditionally highest among European countries and 

is now rising among the upper middle-income countries as with ever higher life expectancies due to the 

improved general health of their populations (Figure 3). In total, AMD represents 8.7% of all causes of 

blindness worldwide. In addition, the burden of years lived with a disability is increasing in both developed 

and developing countries due to the untreatable nature of the disease. As aforementioned, improved general 

health has resulted in more patients living with the burden of the disease. This burden is even high in many 

European countries, also attributed to health policies that may not cover new medications. It is estimated 

that there were 196 million patients in 2020, with a predicted 288 million patients in 2040 [5]. 

1.2.2 Pathology 

Early stages of AMD are associated with increased formation of drusen (under RPE) and subretinal drusenoid 

deposits (Between RPE and photoreceptors) without RPE changes. Drusen are accumulations of extracellular 

lipid-rich material that represent a risk factor for AMD. The late stages of the disease show a disintegration of 

the RPE and scarring of the macula, which is the center of vision in the human retina. 

1.2.3 Pathogenesis; a disturbed inflammatory reaction 

Risk factors for the development of AMD include age, cardiovascular disease, atherosclerosis, smoking, 

obesity, and race [6–9]. Reactive oxygen species, lipofuscin, thickening of Bruch’s membrane, loss of 

hydraulic conductivity of Bruch’s membrane, photo-oxidation by blue light, and increased autofluorescence 

during one’s lifetime are other observed risk factors of the disease. On the other hand, Lutein and Zeaxanthin 

Vitamins C, D, and E and Zinc Oxide and other antioxidants are believed to minimize the risk of AMD [10–14]. 

Gene-wide association studies have identified multiple risk-associated genes, including, at the time of writing 

these lines, 262 variants and risk alleles reported for 159 genes on EBI GWAS Database [15]. Multiple studies 

have shown CFH, ARMS2, HTRA, and other complement pathway genes to be involved in the development of 
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the disease [16, 17]. ARMS2 acts as a surface complement regulator that activates the clearance of cellular 

debris, and its polymorphisms may be responsible for the accumulation of drusen [18].  

 

 
Figure 3 Prevalence of age-related macular degeneration.  

Source: [19] Global Burden of Disease (GBD), Institute for Health Metrics and Evaluation (IHME), https://www.healthdata.org/gbd 

 

There is recurring evidence that senescence, the buildup of gene defects, and oxidative stress lead to the 

inability of cells to clear up cellular debris with an accumulation of lipofuscin. All these factors, in addition to 

the accumulation of terminal complement complexes in the RPE/Choroid, participate in the production of a 

chronic proinflammatory change in the immunogenic phenotype of the RPE, switching it from immune 

inhibition to immune stimulation. RPE would then stimulate TNFα secretion by invading monocytes and drive 

the development of an inflammasome, as well as drive other immune-stimulatory steps. RPE cells react to 

cytokines and chemokines secreted by T cells and macrophages with the release of VGEF-A, suggesting a role 

that may result in further inflammation and, possibly, the development of the wet form of AMD [20–22]. A 

similar pro-inflammatory response from RPE has been observed in the mediators of the invading 

mononuclear phagocytes with the further secretion of MCP-1/CCL2 and complement by the RPE and the 

consequent attraction of monocytes [20–22]. When the loss of the RPE cells is too fast, a complete loss of 

immune control happens, followed by chronic loss of the RPE and, thus, photoreceptors. 

RPE can activate the pro-inflammatory phenotype M1 of Monocytes. However, some monocytes may escape 

such control and initiate an immune activity in a stressed RPE [20], accumulating inflammasomes as a 

reaction to an overactive complement system (mediated by C5a) [23–25] that would have already been 

showing genetic polymorphism in patients of age-related macular degeneration (AMD) [25–28]. The entire 
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cascade of a shift from immune-inhibitory activity to inflammation has not been fully mapped out, but is 

hopefully targetable. 

In a recent study, we showed that RPE cells, under stress conditions, express the transcription factor FoxP3 

(forkhead box P3), a factor that is known to be expressed in regulatory T cells (Treg) [26, 29, 30]. As 

mentioned, RPE was found to express FoxP3 under oxidative stress, a risk factor for AMD, or as a reaction to 

anaphylatoxins, resulting in the expression of complement factors/receptors and cytokines associated with 

increased FoxP3 phosphorylation [25, 26]. In Treg cells, FoxP3 activity transiently increases in T cells after 

activation. It determines the differentiation into regulatory cells (Tregs) associated with protein translocation 

to the nucleus and an increased ability to suppress inflammation and help tissue regeneration [31, 32]. This 

activity, however, dissipates if cells keep the effector phenotype and the FoxP3 protein remains in the cytosol 

[33–35]. Thus, we assumed a potentially comparable function of FoxP3 in the RPE, including the 

determination of the immunogenic phenotype and the switching of this phenotype towards a pro-

inflammatory type. 

The level of FoxP3 regulatory function is associated with splicing variants and several post-translational 

modifications that help govern the phenotype [31]. Besides, the epithelium of other immune-privileged 

organs expressed FoxP3 [36, 37] and particular cancer cells [38, 39]. Therefore, we assumed that FoxP3 could 

be a regulatory factor for the role of RPE as an immune barrier in diseases like AMD. 

 

3.3 Goal and hypotheses 

We hypothesized that FoxP3 plays a similar role in RPE to its function in T Regs in the regulation of the 

immunogenic phenotype. We further assumed that the FoxP3 effects on the RPE function are similar to those 

on T cells. Therefore, we planned to study the expression and intracellular distribution of FoxP3 in RPE cells in 

AMD models as well as human specimens and examine which functional status of FoxP3 correlates with 

disease progression. 

To test this hypothesis, we investigated FoxP3 functional status in models with AMD relevance with a focus 

on the effects of IL-1β, a factor secreted by monocytes that accumulate close to the RPE in the outer retina 

and that might trigger the initial steps towards a change the RPE function. In the following sections, we will 

delve into the methodologies utilized, the results obtained, and the subsequent discussions that further 

establish our hypothesis, all of which are detailed in our published work [40]. 
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2. Methods 
  

1.3 Ethical aspects  

We followed the Association for Research in Vision and Ophthalmology ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research. Mouse experiments were approved by the LaGeSo (Nr. 

G0039/19), while the IACUC approved the smoke exposure experiment at MUSC (Nr. 00399). The 

experimental autoimmune uveitis experiment in Lewis rats was approved by the government of Upper 

Bavaria (Nr. ROB-55.2–1-2532.Vet_02-15–225). The local Ethics Committee at Charité authorized the use of 

iPS-RPE cells under the registration number EA1/024/17 [40]. 

1.4 Animal Experiments 

1.4.1 Animal models: Cx3cr1GFP/GFP mice are hyperinflammatory and develop features of dry AMD in 

the retina, including monocyte accumulation, cytokine signaling, and loss of RPE cells 

manifesting with age [41]. We used C57BL/6J mice for laser-induced choroidal 

neovascularization (CNV) and as controls for the Cx3cr1GFP/GFP mice on the C57BL/6 J genetic 

background. Albino/Lewis rats were employed to test the effects of Autoimmune uveitis. 

1.4.2 Environment: The animals were maintained in regular environmental conditions with 

unrestricted access to food and water, and exposed to a 12-hour cycle of light and darkness. 

1.4.3 The laser-induction of CNV as mentioned before [42]: The mice were given anesthesia using a 

combination of 1% ketamine hydrochloride and 0.1% xylazine, after which their pupils were 

dilated with a mixture of 2.5% phenylephrine-hydrochloride and 0.5% tropicamide. Argon laser 

was used to apply four burns around the optic nerve (Power:120 mW, Time:100 ms, Size: 50 

µm). We excluded eyes that experienced retinal bleeding after the laser. The outer retina was 

fixed and prepared after 14 days as flat-mount and stained with phalloidin for cell borders, anti-

CD102 for blood vessels, and anti-FoxP3. 

1.4.4 Experimental autoimmune uveitis was performed as aforementioned [43]: Lewis rats were 

given subcutaneous immunization of retinal S-antigen peptide PDSAg in CFA. Cryosection was 

conducted on the eyes after the experiment was terminated after 30 days. 

1.5 Immunohistochemistry of RPE/choroid flatmounts 

We prepared RPE/choroid flatmounts from mouse eyes, guided by a recently published work 

[42]. After removal of the eyes, they were fixed in 4% paraformaldehyde for 12 minutes at room 

temperature and sectioned at the limbus. The retinae were separated from the 

RPE/choroid/sclera and sectioned into 6-8 radial sections. The RPE/choroid/sclera tissue was 

incubated in 5% Triton X-100 in TBS overnight at 4 °C, followed by incubation in blocking buffer 

(5% BSA in TBS) for 1 hour. Subsequently, the tissue was exposed to rabbit polyclonal anti-FoxP3 

antibody and ActiStain555-conjugated phalloidin for 48 hours. Laser scars were highlighted using 
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Rat anti-mouse CD102 (1:200). The samples were washed multiple times, then incubated for 1 h 

at room temperature with Alexa Fluor®-conjugated secondary antibodies and then fixed in DAKO 

fluorescence mounting medium (Agilent). Imaging was performed using an LSM 510 confocal 

laser-scanning microscope (Zeiss) and ZEN 3.1 Blue Edition software. 

1.6 Immunohistochemistry of sagittal sections 

1.6.1 Human AMD samples 

Minnesota Lions Eye Bank provided the eyes of donors affected by AMD and age-matched controls.  

TABLE 1 PATIENTS CHARACTERISTICS OF THE EXAMINED EYES 

Patient Characteristic Non-Geographic Atrophy (Non-GA) Geographic Atrophy (GA) 

Number (Eyes) 4  3  

Sex three males and one female two females and one male 

Mean age in years (mean ± SD) 85.75 ± 1  85 ± 2.6  

Time of death-to enucleation 193.75 ± 9 min (3:14 h) 278.5 ± 60 min (4:38 h) 

Cause of Death intracerebral hemorrhage, cardiac 

arrest, lung cancer, and dementia 

breast cancer, congestive heart 

failure, and an acute cardiac 

disease 

 Range of death-to-cooling 1 - 2:25 h 

 At the central pathology department, the posterior segment was fixed for 4 h in 4% PFA, then dissected, 

embedded in paraffin, and sectioned.  

To conduct immunohistochemistry, horse serum was added to prevent non-specific binding. Next, the 

sample was exposed to a primary antibody, rabbit polyclonal FoxP3 (Novus Biologicals; the same antibody as 

used for ARPE-19 staining below), at 4 °C overnight. After that, the sample was incubated with a secondary 

AP-coupled anti-rabbit antibody for 1 hour at room temperature. The positive staining was then visualized 

using a Fast Red substrate kit (Sigmafast Fast Red TR/Naphthol AS-MX, Sigma/Merck) and captured using a 

DM5500 microscope (Leica). A human lymph node sample was used to verify the staining. 

1.6.2 Animal Eyes 

To fix the rat eyes, Tissue Tec OCT (Paesel and Lorey) was used, and they were then rapidly frozen in methyl 

butane (Merck) at -70°C. After that, air-dried cryosections with a thickness of 8 µm were prepared using a 

CryoStat Microm HM560 Microtome from Thermo Scientific. These sections were first placed in ice-cold 

acetone and left to dry, after which they were incubated overnight at 4°C in a humid chamber with rabbit 

anti-rat FoxP3 antibody (Novus Biologicals) diluted to 1:100 in PBS/3% donkey serum. The cryosections were 

then washed and treated with Cy3-conjugated affinipure donkey anti-rabbit IgG(H + L) as a secondary 

antibody (Jackson Laboratories).  They were consequently incubated for 1 h at RT in the dark and then 

washed again. The sections were mounted with Vectashield HardSet with DAPI H-1500 (Biozol). Photos were 

captured using an Axio Observer 7 with ApoTome (Zeiss). 

1.7 Cell culture 

Inducible stem cells (iPS-RPE) obtained from an iPS cell line (CRTDi004-A) were used to differentiate human 

RPE cells. These cells were grown on filter inserts until they reached a transepithelial resistance of 600 Ωcm2 
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and were then kept in mTeSR™ plus medium (Stemcell Technologies) at 37°C and 5% CO2. ARPE-19 cells were 

grown separately in DMEM/F12 (Thermo Fisher) supplemented with Glutamax, 10% FCS, and 50 U 

penicillin/50 mg streptomycin at 37°C and 5% CO2. Cells were grown to reach two densities: confluent (single 

layer) and non-confluent (50–70% confluency). The medium was replaced with serum-free medium for 24 h 

before the experiments. Moreover, we conducted parallel experiments with no medium exchange. IL-1β 100 

ng/ml (Sigma Aldrich/Merck) was applied to cells at 6 min, 1 h, or 2 h, respectively, at 37 °C and 5% CO2, 

supernatants were collected, and cells were harvested. Confluent and non-confluent cultures reached a 

density of 30.000 and 20.000 cells/cm2, respectively. 

1.8 Generation and characterization of APRE-19 KO cells 

The CRISPR-Cas9 experiments were conducted as per published protocols [44–46]; CXCR4 and FoxP3 

sequences are described in the publication. Thereafter, cells were cultured and monitored at 1,3,6 day in 

order to edit efficiencies, and the numbers of viable cells/proliferation rates were compared to 

electroporated with Cas9 RNPs without targeting control. Cas9 RNPs can remain in the cells for 3 days; 

therefore, we continued monitoring them [47]. Analysis was conducted using the TIDE web tool [48]. 

1.9 Calcium imaging 

To perform calcium imaging on ARPE-19 cells, 15mm glass coverslips were used with a cell density of 8.5 × 

103 cells/cm2, following an overnight serum-free incubation as previously described [26]. The coverslips were 

loaded with fura-2/AM (2 µM, Invitrogen) for 40 minutes, and then placed in a custom-made recording 

chamber with the addition of IL-1β (100 ng/mL) and various agonists/blockers such as (R)-(+)-BayK 8644 (10 

µM, Tocris), Thapsigargin (1 µM, Acros), Ruthenium Red (1 µM, Alomone), Dantrolene (1 µM), and LY294002 

(50 µM; Cayman Chemical Tallinn) mentioned in the publication. The fluorescence ratio imaging system was 

utilized to capture and analyze the images using the MetaFluor software, with excitation wavelengths of 

340/380 nm and an emission wavelength of 505 nm. Changes in intracellular free Ca2+ were measured as 

changes in the ratios of the fluorescence of the two excitation wavelengths (dF/F) to the baseline (ddF/F). 

The Zeiss Axiovert 40 CFL inverted microscope, Visichrome High-Speed Polychromator System, and CoolSNAP 

EZ CCD camera were used for imaging. 

1.10 Immunofluorescence staining of ARPE-19 cells after stimulation with IL-1β 

Cells were cultured on 15-mm coverslips to either reach confluence or remain non-confluent, and then fixed 

in 4% PFA for 10 minutes or treated with ice-cold methanol for 15 minutes. To permeabilize the cells, they 

were exposed to 5% Triton X-100 in TBS for 10 minutes. Alternatively, cells were blocked in 5% BSA in TBS for 

30 minutes before being incubated overnight at 4°C with the primary antibody (rabbit polyclonal FoxP3, 

Novus Biologicals). After incubation with an appropriate secondary antibody conjugated with AF647 or Cy3 

for 1 hour at room temperature, nuclei were counterstained with DAPI (Sigma). The coverslips were then 

mounted using fluorescent mounting Medium (DAKO) or Entellan (Merck) and visualized using various 

microscopy techniques, such as an LSM 510 confocal laser-scanning microscope (Zeiss) and ZEN software 3.1 

Blue Edition (Zeiss), a Zeiss Axioskop 2plus and Axio Observer 7 with ApoTome (Zeiss), or a Zeiss Axioskop 

2plus (Carl Zeiss). Images were captured using a Sony CyberShot DSC-S70 3.3 mp digital camera (Carl Zeiss). 

The integrated density of pixels within the nucleus was measured using ImageJ software [49]. 



2. Methods 10 

 

 

1.11 Dot blotting 

ARPE-19 cells were cultured on Transwell plates for four weeks at either confluent or subconfluent density, 

with a medium change to serum-free one night before the experiment. After incubation with IL-1β (100 

ng/ml, Sigma Aldrich) or PBS for one hour, the cells were washed with ice-cold PBS and then collected in a 

sucrose isolation buffer. Following homogenization, the cytosol and nuclear fraction were separated by 

centrifugation at 700g for 5 min and collected into a predefined solution as per the protocol to perform dot 

blotting. [26]. In brief, 1.5 µg of protein was loaded into each well of 96-well plates (Bio-Dot® Microfiltration 

Apparatus; Bio-Rad Laboratories Inc.) and then vacuum transferred onto nitrocellulose membranes. The 

membranes were then incubated with primary antibodies against Phospho-FoxP3 (Ser 418, Abgent Biotech) 

or FoxP3 (Cell Signaling Technologies) overnight. Normalization was achieved using antibodies against GAPDH 

for the cytoplasm (Cell Signaling Technologies) and histone H3 for the nuclear fraction (Cell Signaling 

Technologies). Horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) were 

then applied, followed by detection using Clarity™ Western ECL Blotting Substrate (Bio-Rad Laboratories, 

Inc.) and chemiluminescent imaging. The protein dots were quantified using ImageJ software. [49]. 

1.12 RNA isolation, cDNA synthesis, and RT-PCR 

RNA isolation, cDNA synthesis, and RT-PCR were conducted on ARPE-19 cells and murine samples. Murine 

Retinae and RPE were collected and stored in liquid N2. The resulting choroid and RPE cells were mixed with 

Qiazol Lysis Reagent (Qiagen) and Precellys ceramic beads (Peqlab Biotechnology). RNeasy Mini Kit (Qiagen) 

was used to separate the RNA. A high-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was 

applied to prepare for RT-qPCR using TaqMan Fast Universal PCR Master Mix (Thermo Fisher Scientific) on 

the QuantStudio 3 Real-Time PCR System (Applied Biosystems). Primer and probes were purchased (Thermo 

Fisher) or designed using Primer Express 3.0 and synthesized (BioTez). The target mRNA expression was 

quantitatively analyzed with the standard curve method. All expression values were normalized to the 

housekeeping gene 18S rRNA. 

1.13 Cytokine/chemokine secretion 

We collected supernatants from confluent and subconfluent ARPE-19 cell cultures without exchange of 

medium (DMEM with 5% FCS and stable glutamine) for two weeks. We applied a scratch using a pipet 24 h 

before the experiment to induce mechanical stress. We measured secretion in supernatants after treatment 

with 100 ng recombinant human IL-1β/ml medium (OriGene) after 6 min, 1 h, and 2 h of incubation with IL-

1β. Cells were collected and directly frozen at -80 °C. The supernatants were thawed and examined by human 

Bio-Plex beads (Bio-Rad Laboratories Inc.) for the presence of IL-1α IL-1β, IL-1ra, IL-6, IL-8/CXCL8, IL-10, IL-12 

(p70 and p40), IL-13, IL-17, IFN-γ, MCP-1/CCL2, MCP-3/CCL7, PDGF, and VEGF. We have presented ARPE-19-

specific analytes. The median values of fluorescence of bioplex analysis for a minimum of 50 samples were 

calculated per analyte and sample. 

1.14 Data analysis 

The mean values ± SEM are presented for all data. The Mann–Whitney U test was used to determine 

statistical significance for Ca2+-Imaging and protein secretion analyses, while the Student’s t-test was used for 

immunocytochemistry, western blot, and gene expression analyses. The p values were denoted as *p < 0.05, 
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**p < 0.01, and ***p < 0.001. GraphPad Prism (Version 9.3.1), Sigma Plot 14.0 (Systat), R version 4.0, and 

Excel 2016 were used for calculations. 

 

 

Figure 4 Summary of Experiments 
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3. Results 
Mouse models: 

Dry AMD: 
Cx3cr1GFP/GFP mouse (hyperinflammatory model) lacks the fractalkine receptor Cx3cr1 resulting in 

hyperinflammation phenotype with retinal changes like in AMD in aged mice [50]. Thus, we examined the 

expression of FoxP3 in both Cx3cr1GFP/GFP mice and their wild-type littermates. The 2-month-old WT mice 

showed a regular pattern of RPE cells and an absence of FoxP3 expression. At the age of 8 months, we found 

a patchy FoxP3 expression with a FoxP3 localization exclusively in the cytosol. In the 8-month-old 

Cx3cr1GFP/GFP mice, RPE cells showed a regular cell border pattern, with more homogenous FoxP3 expression 

appearing mainly in the nucleus. In the 12-month Cx3cr1GFP/GFP mice, RPE cells were enlarged and irregular 

with up to three nuclei, with an intense, homogeneous, and exclusively nuclear FoxP3 localization. The 12-

month WT had signs of RPE degeneration, mainly the multi-nuclei. FoxP3 expression in WT was stable after 8 

months but showed a shift in the localization into the nucleus at the age of 12th months. The localization of 

FoxP3 to the nucleus was confirmed in 12-month-old Cx3cr1GFP/GFP/WT retinas using a combined DAPI/FoxP3 

staining [40].     

FoxP3 in albino (Lewis, Autoimmune Uveitis model) rats and aging mice showed an already established 

FoxP3 expression in the cytosol at the 10th week, probably due to early stress caused by lack of pigment and 

light exposure. In comparison, aging mice retinae showed increasing FoxP3 to the 11th month, where its level 

was similar to that of the autoimmune uveitis model. Moreover, cells with increased FoxP3 were found in the 

choroidal vessels (representing Treg cells), with similar cells with more nuclear FoxP3 invading the outer 

segment of the photoreceptor layer with high expression of FoxP3 in the RPE [51, 52]. The FoxP3 expression 

in RPE cells was found unchanged between 10 weeks and 6 months and significantly increased from 6 

months to 11 months (p < 0.0001). 

Wet AMD: 
The laser-induced CNV mouse model had features of the wet type of AMD: growth of choroidal blood vessels 

into the retina after a break (laser spot) in the RPE. In addition, the laser impact provoked a more robust 

regional inflammatory response than the Cx3cr1GFP/GFP model. Retinal flatmounts of the laser-induced CNV 

showed outlining FoxP3-positive RPE cells and peripherally to the laser spot. Surrounding the laser spot, RPE 

was homogenously FoxP3-positive and localized to the nuclei, similar to the Cx3cr1GFP/GFP mouse, along with 

disturbed structure as described before [53].  

The constant exposure of WT mice to cigarette smoke was correlated with FoxP3 expression in RPE. Previous 

experiments indicated changes in signature gene expression and mitochondrial alterations representing 

oxidative injury [54]. In our experiment, the dot-blots analysis of FoxP3 in the RPE of the passive smoker 

mouse showed eight folds the expression of that compared to room air-preserved animals. 

The increased expression and localization to the nucleus of the transcription factor FoxP3 that correlated 

with increasing grades of inflammation suggested upregulation of pro-inflammatory cytokine genes. We 

conducted mRNA expression of FoxP3, IL-1β, MCP-1, and Cxcl1 (corresponding to human IL-8 in mice [55]) at 

the same 8- and 12-month milestones in RPE/choroid of WT and Cx3cr1GFP/GFP mice. In 12-month-old 

Cx3cr1GFP/GFP mice, mRNA expression levels of FoxP3, IL-1β, MCP-1, and CXCL1 were significantly higher 
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compared to WT mice. A comparison of the 8th to 12th month showed that IL-1β, MCP-1, and CXCL1 were 

stable in WT mice but had significantly increased in Cx3cr1GFP/GFP mice.  

Human Eyes 
Exploiting the findings of increased Foxp3 expression and its nuclear localization combined with increased 

expression of pro-inflammatory cytokines in the mouse model of subretinal inflammation as a mode of dry 

AMD, we examined the expression of FoxP3 in the donor health human retinae and those from dry AMD 

patients. The sections showed no expression of FoxP3 utilizing immunohistochemistry in age-matched 

control retinae but an expression of it in the AMD patients’ retinae, especially in areas of RPE atrophy and 

also in intact regions distant from the damage. 

 

Cultured Cells 
Human RPE cells differentiated from induced pluripotent stem cells (iPS-RPE) from healthy donors and cells 

from the ARPE-19 cell line were utilized in our study. The ARPE-19 cell line has previously been employed as a 

model to investigate AMD-like conditions. Previous studies have demonstrated that anaphylatoxins C3a and 

C5a affect FoxP3 phosphorylation [26]. In the group of experiments described below, we investigated the 

sub-confluent RPE status as a stress condition [56, 57], representing unstable cells in contrast to confluent 

cells. 

We deleted the FOXP3 gene from ARPE-19 cells using CRISPR/Cas9 editing and compared these cells to those 

with deleted CXCR4 receptor gene as per protocol [45]. It showed no difference between non-targeting the 

cell cultures of FOXP3 KO and CXCR4 KO edited cells and no affection of the proliferation rates compared to 

non-treated cells. The percentage of FOXP3 KO cells or CXCR4 KO cells inside both treated groups was 

comparable. However, in the following days, the percentage of CXCR4 KO cells increased and remained stable 

until the sixth day. In the cultures of FOXP3 KO editing, however, the percentage of edited cells did not 

significantly change. Given the comparable proliferation rates in the two edited cell cultures, we concluded 

that the FOXP3 KO cells would show a reduced survival rate under the stress condition of genome editing. 

Chronic inhabitation of the monocytes might cause the shift of the RPE immunogenic phenotype through 

secreting monokines, e.g., IL-1β, supported by AMD models [20, 58, 59]. Therefore, we designed experiments 

to test the effect of IL-1β on ARPE-19 on FoxP3 expression and localization together with the secretory 

function of the cells in confluent and non-confluent growth status, representing stable and non-stable and 

non-stable statuses. 

I combined the evaluation of response to IL-1β (100 ng/ml) using immunofluorescence of confluent and non-

confluent ARPE-19 cells in order to examine the mobilization of FoxP3 detected using FoxP3 immunolabeling. 

Before the application in both non-confluent and confluent cells, we detected an expression of FoxP3. 

However, in the sub-confluent cell culture, FoxP3 appeared mainly in the nuclei, whereas in the confluent cell 

culture, FoxP3 appeared mainly in the cytosol. In response to exposure to IL-1β, nuclear FoxP3 localization 

did not change in non-confluent cells, but in confluent cells, nuclear FoxP3 localization increased rapidly, with 

a peak after 1 hour and a full recovery of the control situation after two hours. In parallel, Ca2+ imaging 

showed that non-confluent cells could respond to IL-1β stimulation with an increase of intracellular free Ca2+, 

indicating that the sub-confluent cells were generally able to react to IL-1β and therefore show IL-1β receptor 

expression. Thus, the FoxP3 localization determining pathways were fully active in the sub-confluent cells 
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because of IL-1β receptor stimulation, while few confluent cells showed a measured response. Confluent 

cells did not or very rarely respond with a Ca2+ increase to IL-1β stimulation. The FoxP3 expression in both cell 

culture conditions, confluent and subconfluent, indicated that these cells represented an already stressed 

situation. The IL-1β reactions showed that the sub-confluent cells represented an even higher stressed 

condition. We investigated the role of cell culture stress on FoxP3 localization by maintaining the cells for 14 

days without changing the medium. With this maneuver, we were even able to increase the amount of FoxP3 

protein in the nucleus of sub-confluent cells.  

To substantiate the IL-1β response in sub-confluent cells, being a specific endogenous pathway in these cells, 

and to generate a deeper description of the signaling pathway, I analyzed the Ca2+ transporting mechanisms 

contributing to IL-1β induced Ca2+ signal. For that task, I examined the effect of different ion channels and 

Ca2+ store blockers on the response to IL-1β. IL-1β had evoked an intracellular increase of Ca2+ that was 

affected by BayK8644 (L-type Ca2+ channel blocker), thapsigargin (the sarcoplasmic Ca2+-ATPase (SERCA) 

blocker), and/or dantrolene (ryanodine receptor blocker). These blockers reduced the peak and the kinetic 

(time-to-peak) of the IL-1β evoked Ca2+ signal. Furthermore, the blockers did not change the sustained 

phases of the signal. Thus, the rise of the IL-1β evoked Ca2+ signal depended on the release of Ca2+ from 

intracellular Ca2+ stores and the subsequent activation of ryanodine receptors that, in turn, activated L-type 

Ca2+ channels. The often in IL-1β signaling cascades participating PI3-Kinase was not involved as indicated by 

the effect of LY294002 (PI3-kinase blocker).  

Besides localization, the phosphorylation of cytosolic and nuclear FoxP3 represents a marker of its activity 

[26]. Accordingly, we measured the phosphorylation of FoxP3 (P-FoxP3) in both confluent and non-confluent 

cells in response to IL-1β exposure using dot blot densitometry analysis. IL-1β led in confluent RPE to an 

increase in the P-FoxP3 by 200%, slightly higher than that of FoxP3. The sub-confluent cells showed no 

changes in the nuclear P-FoxP3 but showed a slight increase of FoxP3 by 30%. Cytosolic P-FoxP3 and FoxP3 

remained unchanged by IL-1β stimulation. Thus, under the stress conditions, sub-confluent and confluent, 

the P-FoxP3 appeared to be differentially regulated in contrast to the total FoxP3 content in the nucleus.  

In order to correlate the activation of the transcription factor FxoP3 with RPE cell function, we analyzed the 

secretory activity under stimulation by IL-1β, an activator of FoxP3. We conducted a secretome analysis with 

targets that were used in our animal models: IL-6, IL-8, and MCP1. Both confluent and non-confluent ARPE-19 

cells reacted with an increase in IL-8 and IL-6 secretion in response to IL-1β stimulation. However, the 

reaction was much faster in the confluent cells, then reached equal states at 2h. Non-confluent cells only 

showed increased secretion of MCP-1. The profiles of secreted factors were different between confluent and 

non-confluent cells. Where non-confluent cells promptly reacted with a substantial increase in MCP1 

secretion, the confluent cells showed mainly a substantial increase in IL-8 and IL-6, for which these cells 

required more time. The reaction was more pro-inflammatory in non-confluent cells, with strong increases in 

MCP1 and IL-6 secretion and a mild increase in IL-8 secretion. In contrast, confluent cells showed a weak 

change in the MCP1 secretion by only 30% but robust increases in IL-8 and IL-6 secretion. Here, IL-8 secretion 

indicates a reaction for cell protection. 

We not only observed changes in FoxP3 localization and secretion profiles induced by IL-1β, but also found 

that tissue damage served as a stimulus for FoxP3 translocation from cytoplasm to nucleus. When we created 

a scratch through the confluent monolayer of ARPE-19 cells, we noticed that FoxP3 translocated into the 

nucleus of the injured culture 24 hours later, accompanied by an altered secretion profile induced by IL-1β. 
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Interestingly, we found an increase in IL-8 and VEGF-A levels, while MCP1 and IL-6 remained unchanged. This 

secretion profile appeared to promote the reduction of cell stress and proliferation. 
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4. Discussion 
 

Our current results showed that FoxP3 was upregulated in the aging retina and in situations of RPE 

degeneration and inflammation in both human and murine models [40]. This indicated a vital role in age-

dependent retinal diseases that are characterized by chronic low-grade inflammation.  

The current model of FoxP3’s impact on the pathology, as evident in animal models and in in vitro studies, is 

believed to be a multistep process. In the first step, stressed cells start to express FoxP3, which is mostly 

localized in the cytosol. In the following steps, activation of FoxP3 occurs via translocation into the nucleus, 

including phosphorylation. In inflammations, the translocation into the nucleus is only transient, whereas, in 

degenerative situations, cells show a permanent nuclear FoxP3 localization. In the nucleus, FoxP3 changes 

the gene expression and, subsequently, the secretory activity of the RPE in a way that fosters local 

inflammation. Thus, FoxP3 is believed to be a master regulator of the immunogenic phenotype of RPE cells in 

chronic low-grade inflammation with degenerative tissue damage. The following data from this study support 

this model.  

Upon exposure to different stress conditions, including oxidative stress, cytokine IL-1β, and the loss of 

structural integrity (e.g., by reduced density or scratch injury), FoxP3 shows different activation statuses in 

the RPE. This indicates an active gene expression transcription regulation role in such situations. The 

expression of FxoP3 itself seemed to be mandatory for the ARPE19 cells to survive the culture conditions, as 

these cells showed permanent FoxP3 expression. We believe that such cultured cells did not reach enough 

maturity (which normally takes months in cultures [56]), but it is under a stress state similar to mouse 

retinae, setting FoxP3 to low-grade activation for their active search of integrity (or for there not reached 

integrity). Therefore, the FoxP3 was crucial for those cells undergoing growth and could not grow after the 

editing with CRISPR/Cas9. The FoxP3 gene is X-linked, and knocking it from a male-originating ARPE19 

resulted in the efficient deletion of the gene, indicating that the resulting phenotype of stunted growth was 

due to the rule of FoxP3 in the cells. In human AMD-free retinae or young mice up to the age of 6 months, 

the RP showed no FoxP3 expression. In aging mice or in a mouse model with features of RPE loss under 

chronic low-grade inflammation with age, RPE cells showed de novo expression of FoxP3 in early stages of 

tissue alteration; here, however, with a prominent localization in the cytosol. In a similar pattern, we assume 

that its activation in RPE age-related alterations, inflammation, or damage is a cellular tactic to initiate repair. 

There were similar results when localization and variation of the FoxP3 expression were reviewed in relation 

to cell confluency. Most stressed cells (non-confluent) in culture and diseased ones showed primarily nuclear 

expression, while less stressed cells (confluent) and those not affected by direct injury (laser, scratch, 

degeneration) showed mainly cytoplasmic expression. The cytosolic localized FoxP3 represented a pool of 

activatable transcription factors. Stimulation of confluent ARPE-19 cells with cytosolic localized FoxP3 by IL-

1β led to a short and transient shift of FoxP3 into the nucleus for an hour before returning to its prior status. 

Along with the difference in response to IL-1β, we assume it is the leading cause of such differences. In RPE 

degeneration, subconfluent ARPE-19 cells, or in the situation of a breakdown of the blood/retina barrier in 

uveitis, FoxP3 is permanently localized to the nucleus. 

In vivo analysis confirmed the role of FoxP3 in the change of the immunogenic phenotype of RPE. The 

Cx3cr1GFP/GPF showed a with age increasing expression and shift into the nucleus after the eighth month, 

along with a parallel upregulation of the gene expression profiles of IL-1β, MCP-1 (the monocyte attracting 
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factor), and CXCL1 (the mouse homolog for IL8 rescue factor). Albino rats showed a FoxP3 expression at 

younger ages that were already prominent at 12 weeks. Similar FoxP3 expression was seen in the uveitis 

model and laser-induced CNV model. FoxP3 expression was present in the laser scar as well as in the 

peripheral retina, representing the central immune reaction and cell stress in the periphery. Retinae exposed 

to cigarette smoke, and human retinae showed FoxP3 expression in both normally looking areas and in areas 

with RPE atrophy. 

In vivo studies permitted deeper insights into cellular mechanisms underlying the observations. To study the 

different in vivo situations in vitro, we compared non-confluent (CNV and RPE loss in Cx3c1R mice) with 

confluent APRE-19 cells; both conditions under the influence of IL-1β, a cytokine that is known to be secreted 

by invading monocytes. RPE cells reacted to IL-1β by changing their secretory profiles, releasing IL-6 and IL-8 

in both confluent and non-confluent cells as well as MCP-1 in non-confluent cells. 

The parallel study of the underlying intracellular Ca2+ change as a second messenger in addition to 

phosphorylation and mobilization revealed a minimal increase of Ca2+ in the confluent cells (coinciding with 

FoxP3 mobilization to the nucleus, which had maximum phosphorylation, but a smaller total amount than in 

non-confluent-cells). Moreover, intracellular Ca2+ showed a prevalent increase in the non-confluent cells 

(which initially had high nuclear FoxP3 that could not be further increased but showed a relatively high 

increase in its phosphorylation). This release was mediated by coupling ryanodine receptor stimulation with 

the activation of L-type Ca2+ channels with release from cytosolic Ca2+ stores [60]. 

The study showed some properties of FoxP3 activity regulation. In an earlier study, Busch et al. found that 

FoxP3-mediated changes in gene expression in ARPE-19 cells correlated with a Ca2+ -dependent increase in 

FoxP3 phosphorylation. Similarly, T-Reg showed phosphorylation at Ser-418 correlated to its immune-

regulatory function [61]. On the other hand, in cells with FoxP3-rich cytosol, the FoxP3-mediated gene 

expression was based on the mobilization of the FoxP3 to the nucleus. The increase in the phosphorylation in 

confluent and non-confluent cells upon stimulation with IL-1β supports combining both mechanisms. 

However, the initial expression and phosphorylation status of FoxP3 was significant already, indicating a 

reasonable relation between them. IL-1β is a messenger secreted by active macrophages believed to cause 

AMD by inducing chronic inflammation [20]. As mentioned earlier, RPE uses IL-1β, in association with other 

cytokines, as a communication method for talking with players of the immune system to orient them about 

the ocular system structures (educational barrier)[20]. However, the function of IL-1β receptors in RPE cells 

has not yet been wholly established [62]. We used it in our experiments as one of the stress inducers and 

possible secretory phenotype provocateurs.  

Previous experiments of mice exposed to intermittent oxidative stress, like cigarette smoke, showed no cell 

death [54] but gene expression and mitochondrial alterations. In our experiments, they showed high FoxP3 

levels. Other stress conditions on ARPE-19 cells, e.g., scratching, demonstrated nuclear localization of FoxP3, 

mimicking the situation in non-confluent cells. Scarcity of nutrients (e.g., by avoiding medium change for 14 

days) mainly caused a relative cytosolic FoxP3 increase. Both scenarios indicated the need for FoxP3 under 

stress conditions in different ways. 

We believe that dysregulated innate immune systems in aging mouse Cx3cr1GFP/GFP model and already aged 

retinae are good examples of such stress in animals. In these models, we also detected FoxP3 and FoxP3 

nuclear mobilization. Laser-induced choroidal neovascularization is another extreme model where the effect 

of laser-induced necrosis and destruction of the outer BRB can extend to the other eye, dysregulating its 
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immune privilege [63]. We correlated the changes of FoxP3 with the secretory profile of ARPE-19 cells in a 

reaction to IL-1β to learn its possible impact on the local immune system. We found that both confluency 

levels showed increasing levels of IL-6 and IL-8 at different timing with higher levels in confluent levels. The 

latter can be attributed to its more stable properties. The non-confluent cells showed, in addition, an 

increased MCP-1 on the more extended observation. Such observation was similar to the response of 

degenerating RPE cells under the influence of macrophages, which could initiate positive inflammation 

feedback by employing monocytes. This appears in line with what was described previously about MCP-1-

attracted monocytes in the outer retina [64]. The accumulation of monocytes with IL-1β could induce the 

secretion of Cxcl1 (in human IL-8), which was lower in 8-month Cx3cr1GFP/GFP than Wildtype, indicating an 

underlying immune system process governed by a genetic defect. The scratch injury to the ARPE-19 confluent 

monolayer triggered the secretion of IL-6, IL-8, MCP-1, and VEGF-A mimicking the profile of geographic 

atrophy Cx3cr1GFP/GFP mouse model. The secretion of the VEGF-A is known to be provoked by cytokines, but 

IL-1β could not further increase it. The RPE may use the IL-8 as a self-protection against degeneration. The 

FoxP3 activation can be an intermediary step [43]. This picture generally resembles a FoxP3 activation and 

nuclear mobilization AMD-like pro-inflammatory state similar to that induced by monocytes [65]. In 

combination with the observed multinuclear phenotype and other structural changes of the RPE that were 

previously described as a self-regeneration and repair mechanisms [66], Additionally, our observation that 

remote areas away from the injury site in both mouse models and cell culture reacted to the injury, leading 

us to think about a state of a widespread inflammatory and self-regenerative reaction [42].  

Further studies are required to investigate the above-described FoxP3 changes in the partner eye of patients 

with degenerative changes [63]. Moreover, the effect of different factors, including lifestyle and 

environmental exposure, on the expression of FoxP3 and immune mediators present in blood and local 

ocular environment and the time they require to develop a vision-affecting state should be investigated. Such 

a study may help discover modifiable factors that decrease the degenerative state. Furthermore, increased 

knowledge about FoxP3 may also help develop feasible diagnostic imaging and laboratory methods for early 

detection of AMD and improve the modifiable factors that would help delay or prevent reaching a vision-

threatening state and/or the development of new vessels. Moreover, further investigations are required to 

profile the underlying genetic signature of RPE cells in humans and correlate it with different FoxP3 activity 

behavior and interaction between RPE and immune system members. Likewise, the cellular and secretory 

profile associated with different subtypes of AMD should be further assessed in the vitreous, aqueous, and 

tear film. This should provide insights into new predictive and prognostic markers. Targeting FoxP3 could be 

one of the RPE-reprogramming mechanisms, helping the cells restore their original function by taking care of 

the outer retinal layer and reforming the choriocapillaris [67]. The newly introduced surgical techniques of 

implanting healthy RPE cells (or pluripotent stem cells) in AMD patients [68, 69] can foster the research on 

RPE by both acquiring living samples correlated with actual disease environment and the possibility of 

introducing different bioengineered RPE cells and personalization of the treatment that withstand the 

individual risk factors present in each patient. 
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5. Conclusions  
 

In this study, FoxP3 expression appears to have increased and mobilized to the nucleus in a reaction to stress 

provokers, including oxidative stress, aging factors, inflammation, and trauma or under the effect of IL-1β. 

Through this stress, FoxP3 appears vital for the RPE cells to withstand this status. The cell-cell contact was an 

essential modifier to the reactivity where non-confluent cells could represent an immature status of the cells 

or mimic the degenerative status leading to FoxP3 nuclear mobilization and phosphorylation.  
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