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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-1B (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-
1B 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.



Zusammenfassung

Die altersbedingte Makuladegeneration (AMD) ist eine der haufigsten Ursachen fir Erblindung bei dlteren
Menschen in entwickelten Landern. 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 duReren Blut-Netzhaut-Barriere, etabliert das
Immunprivileg der Retina und schiitzt das Auge von entziindlichen Vorgangen. Da bei der AMD wesentliche
Hinweise auf ein Versagen der Kontrolle entztindlicher Vorgange durch das RPE deuten, kdnnten
Entziindungsmediatoren Targets fiir therapeutische Anséatze 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 jlingster 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 Integritat, das Alter, die Expostion von IL-1p (als Bestandteil einer Entziindung),
autoimmune Uveitis, die Exposition gegenliber Zigarettenrauch und Laser sowie mechanische Verletzungen.
Aullerdem 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 fir das RPE unter zelluldren Stress zu demonstrieren.

Das Ausschalten des FoxP3-Gens fiihrte zum Stillstand des Wachstums der ARPE-19 Zellen, sowie Zelltod in
Antwort auf den Zellstress durch die Crsip/Cas9 Behandlung. Die verschiedenen Stressbedingungen,
einschlieBlich dem Verlust der epithelialen Integritat, flihrten zur erhéhten Expression von FoxP3 als auch zur
Translokation in den Zellkern. Konfluente Zellen stellen einen besser differenzierten, stabilen Phanotyp dar,
bei dem FoxP3 aus dem Zytosol bei mechanischer Verletzung oder Exposition gegentiber IL-1B im Nukleus
akkumulierte. Daruiber hinaus forderte der Entziindungsmediator die Phosphorylierung von FoxP3.

Diese Ergebnisse deuten im RPE auf eine regulatorische Rolle des FoxP3 im Entziindungsprozess und bei
retinaler Degeneration sowie auf eine Bedeutung Stressbedingungen zu widerstehen.



1. Introduction

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.
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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].
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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 TNFa 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-1pB, 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

13

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].

14

141

1.4.2

143

144

15

Animal Experiments

Animal models: Cx3cr16”/¢f? 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 Cx3cr1%*/¢F” mice on the C57BL/6 J genetic
background. Albino/Lewis rats were employed to test the effects of Autoimmune uveitis.

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.

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
um). 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.

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.

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 breast cancer, congestive heart
arrest, lung cancer, and dementia 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 um 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 Qcm?
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and were then kept in mTeSR™ plus medium (Stemcell Technologies) at 37°C and 5% CO,. 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-13 100
ng/ml (Sigma Aldrich/Merck) was applied to cells at 6 min, 1 h, or 2 h, respectively, at 37 °C and 5% CO-,
supernatants were collected, and cells were harvested. Confluent and non-confluent cultures reached a
density of 30.000 and 20.000 cells/cm?, 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 x
103 cells/cm?, following an overnight serum-free incubation as previously described [26]. The coverslips were
loaded with fura-2/AM (2 uM, Invitrogen) for 40 minutes, and then placed in a custom-made recording
chamber with the addition of IL-1B (100 ng/mL) and various agonists/blockers such as (R)-(+)-BayK 8644 (10
UM, Tocris), Thapsigargin (1 uM, Acros), Ruthenium Red (1 uM, Alomone), Dantrolene (1 uM), and LY294002
(50 uM; 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 Ca?* 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-1

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 Image)J software [49].
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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-1B (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 pg 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 N,. 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 TagMan 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-1B/ml medium (OriGene) after 6 min, 1 h, and 2 h of incubation with IL-
1PB. 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-1a IL-1B, IL-1ra, IL-6, IL-8/CXCLS, IL-10, IL-12
(p70 and p40), IL-13, IL-17, IFN-y, 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 Ca%*-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.
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3. Results

Mouse models:

Dry AMD:

Cx3cr1%FP/GFP mouse (hyperinflammatory model) lacks the fractalkine receptor Cx3crl resulting in
hyperinflammation phenotype with retinal changes like in AMD in aged mice [50]. Thus, we examined the
expression of FoxP3 in both Cx3cr17/¢fP 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
Cx3cri1GFP/SFP mice, RPE cells showed a regular cell border pattern, with more homogenous FoxP3 expression
appearing mainly in the nucleus. In the 12-month Cx3cr1F*/6F? 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 12" months. The localization of
FoxP3 to the nucleus was confirmed in 12-month-old Cx3cr1¢*/¢FP/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 10" week, probably due to early stress caused by lack of pigment and
light exposure. In comparison, aging mice retinae showed increasing FoxP3 to the 11" 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 Cx3cr16*/¢fP 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 Cx3cr1%*/6*” 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-1B, 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 Cx3cr1 /6P mice. In 12-month-old
Cx3cr1°FP/6FP mice, mRNA expression levels of FoxP3, IL-1B, MCP-1, and CXCL1 were significantly higher
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compared to WT mice. A comparison of the 8t to 12t month showed that IL-1B, MCP-1, and CXCL1 were
stable in WT mice but had significantly increased in Cx3cr1F/6F 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-18, supported by AMD models [20, 58, 59]. Therefore, we designed experiments
to test the effect of IL-18 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.

| combined the evaluation of response to IL-1B (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-1B, 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, Ca®* imaging
showed that non-confluent cells could respond to IL-1B stimulation with an increase of intracellular free Ca?*,
indicating that the sub-confluent cells were generally able to react to IL-1B and therefore show IL-1j receptor
expression. Thus, the FoxP3 localization determining pathways were fully active in the sub-confluent cells
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because of IL-1B receptor stimulation, while few confluent cells showed a measured response. Confluent
cells did not or very rarely respond with a Ca%* increase to IL-1B stimulation. The FoxP3 expression in both cell
culture conditions, confluent and subconfluent, indicated that these cells represented an already stressed
situation. The IL-1pB 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-1B response in sub-confluent cells, being a specific endogenous pathway in these cells,
and to generate a deeper description of the signaling pathway, | analyzed the Ca?* transporting mechanisms
contributing to IL-1B induced Ca?* signal. For that task, | examined the effect of different ion channels and
Ca®* store blockers on the response to IL-1B. IL-1B had evoked an intracellular increase of Ca%* that was
affected by BayK8644 (L-type Ca?* channel blocker), thapsigargin (the sarcoplasmic Ca?*-ATPase (SERCA)
blocker), and/or dantrolene (ryanodine receptor blocker). These blockers reduced the peak and the kinetic
(time-to-peak) of the IL-1B evoked Ca?* signal. Furthermore, the blockers did not change the sustained
phases of the signal. Thus, the rise of the IL-1B evoked Ca?* signal depended on the release of Ca?* from
intracellular Ca?* stores and the subsequent activation of ryanodine receptors that, in turn, activated L-type
Ca?* channels. The often in IL-1B signaling cascades participating PI3-Kinase was not involved as indicated by
the effect of LY294002 (PI13-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-1B exposure using dot blot densitometry analysis. IL-1B 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-1B 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-1B, 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-1B 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-1, 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-1p.
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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-1B, 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-
1B 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-1B, 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
Cx3crl1CFP/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-1B, 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-1f, a cytokine that is known to be secreted
by invading monocytes. RPE cells reacted to IL-1B 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 Ca?* change as a second messenger in addition to
phosphorylation and mobilization revealed a minimal increase of Ca?* 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 Ca?* 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 Ca?* channels with release from cytosolic Ca?* 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 Ca?* -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-1p supports combining both mechanisms.
However, the initial expression and phosphorylation status of FoxP3 was significant already, indicating a
reasonable relation between them. IL-1 is a messenger secreted by active macrophages believed to cause
AMD by inducing chronic inflammation [20]. As mentioned earlier, RPE uses IL-1B, 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-1p 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 Cx3cr1/6*" 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-1B 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-13 could induce the
secretion of Cxcll (in human IL-8), which was lower in 8-month Cx3cr1S*/6FP 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 Cx3cr1°F”/¢f” mouse model. The secretion of the VEGF-A is known to be provoked by cytokines, but
IL-1B 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-1.
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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Abstract

Background: Forkhead-Box-Protein P3 (FoxP3) is a transcription factor and marker of regulatory T cells, convert-

ing naive T cells into Tregs that can downregulate the effector function of ather T cells. We previously detected the
expression of FoxP3 in retinal pigment epithelial (RPE) cells, forming the outer blood-retina barrier of the immune
privileged eye.

Methods: We investigated the expression, subcellular localization, and phosphorylation of FoxP3 in RPE cells in vivo
and in vitro after treatment with various stressors including age, retinal laser burn, autoimmune inflammation, expo-
sure to cigarette smoke, in addition of IL-1p and mechanical cell monolayer destruction. Eye tissue from humans,
mouse models of retinal degeneration and rats, and ARPE-19, a human RPE cell line for in vitro experiments, under-
went immunohistochemical, immunofluorescence staining, and PCR or immunaoblot analysis to determine the intra-
cellular localization and phosphorylation of FoxP3. Cytokine expression of stressed cultured RPE cells was investigated
by multiplex bead analysis. Depletion of the FoxP3 gene was performed with CRISPR/Cas9 editing.

Results: RPE in vivo displayed increased nuclear FoxP3-expression with increases in age and inflammation, long-
term exposure of mice to cigarette smoke, or after laser burn injury. The human RPE cell line ARPE-19 constitutively
expressed nuclear FoxP3 under non-confluent culture conditions, representing a regulatory phenotype under chronic
stress. Confluently grown cells expressed cytosolic FoxP3 that was translocated to the nucleus after treatment with
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RPE function.

Immune barrier, Immune privilege of the retina

IL-1( to imitate activated macrophages or after mechanical destruction of the monolayer. Moreover, with depletion of
FoxP3, but not of a control gene, by CRISPR/Cas9 gene editing decreased stress resistance of RPE cells.

Conclusion: Our data suggest that FoxP3 is upregulated by age and under cellular stress and might be important for

Keywords: |-13, Ca-channels, CRISPR/Cas9, Phospharylation, RPE, Age-related macular degeneration, FoxP3,

~

Background

The immune privilege of the eye, by which inflammatory
responses are limited, is maintained by different mecha-
nisms, including multiple blood—-eye barriers [1-4].
Three different blood—eye barriers exclude non-activated
immune cells from the entry of the eye or educate the
invading immune cells to switch to a tolerant/repair-
ing phenotype. Shechter et al. [4] further classified these
barriers into two types: “true blood barriers” or “blood—
aqueous barriers” The so-called “true blood barrier’, the
inner retinal barrier, is formed by the retinal blood ves-
sels equipped with tight junctions of the endothelial cells
and surrounded by pericytes and Miiller cells, which aim
at sealing the retina against invasion from the blood-
stream. The two other barriers are the blood-aqueous
barrier of the non-pigmented ciliary body epithelium
and the outer blood-retina barrier, or the retinal pig-
ment epithelium (RPE) [5-8]. These barriers are called
“educational” or “regulating gates” and consist of fenes-
trated endothelia that face the ocular epithelia with tight
junctions. Those epithelia interact with invading cells of
the immune system by secreting immunosuppressive or
immunoregulatory factors and expressing surface mol-
ecules with immunoregulatory or cytotoxic functions like
FasL and PDLI. Potentially destructive effector cells of
both the innate and the adaptive arm of the immune sys-
tem are converted to a regulatory or repairing phenotype
when they pass these barriers [4].

When activated cells of the immune system interact
with or pass through the RPE, its phenotype changes
from maintaining tolerance to immune stimulation
[9-15]. To efficiently interact with the immune system,
the RPE expresses many immune surface receptors/
ligands, including anaphylatoxin receptors [16—26], Toll-
like receptors [27-32], and receptors for cytokines like
IL-1p receptor [17, 33-35] or TNF-a receptor [12, 14,
28, 36—44]|. Furthermore, the RPE can secrete immune-
relevant cytokines and chemokines like MCP-1/CCL2
(15, 16, 45-49], IL-6 [27-29, 31, 47, 49, 50] or IL-12, IFN-
Y, IL-8/CXCL8 and IP-10/CXCL10 [49], as well as com-
plement factors such as C3, C5 and CFH [16, 19, 21, 39,
51-58]. Interestingly, cytokines and chemokines released
from macrophages or T cells can induce the secretion of
VEGF-A in RPE cells, indicating that an interaction with

the immune system might also promote an angiogenic
phenotype [12-14, 33, 35, 57]. Studies from both animal
and in vitro models provide examples of the dynamic
interplay between the RPE and immune cells. Invad-
ing mononuclear phagocytes secrete TNF-a, IL-6, and
IL-1f, which in turn provoke pro-inflammatory reactions
by the RPE [12, 14, 37-41]. The RPE secretes MCP-1/
CCL2 and complement factors that attract monocytes
and activate the monocyte pro-inflammatory phenotype
M1. The first step towards the shift to immune activa-
tion might be monocytes that escape control by the RPE
[12], activation of inflammasomes in stressed RPE, and
the RPE’s interaction with an overactive complement
system [17, 36, 59], explaining the association of the risk
for the development of age-related macular degenera-
tion (AMD) with polymorphisms in complement genes
[16, 23, 53, 59]. The detailed mechanisms that induce the
switch in the RPE-phenotype from immune inhibitory to
inflammatory and/or angiogenic are so far unknown, but
represent major targets in therapy development.

Surprisingly, we have found that the RPE can express
the transcription factor FoxP3 (forkhead box P3), which
was previously thought to be specifically expressed by
regulatory T cells [16, 60, 61]. Human and rat effector
T cells transiently express FoxP3 after activation. FoxP3
expression is maintained when those cells differentiate
into regulatory cells (Tregs) but is downregulated if the
cells keep their effector phenotype [62, 63]. While FoxP3
is localized in the cytoplasm of activated effector cells, in
Tregs it is translocated to the nucleus [64]. FoxP3-positive
Treg cells can suppress inflammation and promote regen-
eration and tissue homeostasis [65—-67]. The phenotypes
of the FoxP3-positive regulatory cells depend on the level
of FoxP3 expression: resting Tregs express lower levels,
while effector Tregs have higher levels of FoxP3. Further-
more, the impact of FoxP3 on cell function depends on
splicing variants and several post-translational modifica-
tions like methylation, acetylation, prenylation, ubiquit-
ination, glycosylation, and phosphorylation that modify
and regulate the function of FoxP3 [65].

Cell types other than Tregs that can express FoxP3
have been identified, such as epithelial cells of the pros-
tate [68], ovary [69], and mammary glands [70], as well
as a variety of cancer cells [71-73]. While prostate, ovary,
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and mammary glands are important for reproduction
and are thus immune privileged, cancer cells often take
advantage of tolerance-inducing mechanisms to protect
themselves from immune attacks. Several observations
in an earlier study indicate a role of FoxP3 expression in
the RPE that is associated with local immune reactions.
Normally, the RPE does not express FoxP3 but rather ini-
tiates its expression under conditions of stress, as occurs
in experimental uveitis [16]. Furthermore, stimulation of
RPE cells with anaphylatoxins leads to increased expres-
sion of complement factors/receptors as well as the
secretion of cytokines such as MCP-1/CCL2, VEGF-A,
and IL-6 that are associated with increased FoxP3 phos-
phorylation [16]. Oxidative stress, one of the risk fac-
tors promoting AMD, also induces FoxP3 expression in
the RPE [59]. Thus, FoxP3 could be regarded as a general
immune regulatory transcription factor in the RPE and
might therefore play an essential role in the development
of diseases such as AMD.

While the role of FoxP3 in T lymphocyte function
and regulation has been extensively investigated, its role
in the RPE function remains unexplored. By analogy to
FoxP3 + Tregs that play a critical role in immune toler-
ance and chronic stress, which promotes a pro-inflam-
matory phenotype, we propose that FoxP3 induces
regulatory functions of the RPE as a part of its role in
maintaining the outer blood-retina barrier function.
FoxP3 thus might play a major role for RPE function, as
prior evidence demonstrates that its expression in the
RPE is stress- and disease-related. The aim of this study
was to test this hypothesis by analyzing the FoxP3 expres-
sion both in vivo and in vitro AMD models, including
human and animal tissue, and in RPE cell cultures by
application of IL-1p.

Material and methods

Animals

All animal experiments were conducted in accordance
with the ARVO statement for the use of animals in oph-
thalmic and vision research. Mouse experiments were
approved by the LaGeSo under G0039/19, except for the
smoke exposure experiment which was approved by the
IACUC at MUSC under institutional approval number
00399. We used C57BL/6] mice for laser-induced cho-
roidal neovascularization (CNV) and as controls for the
Cx3cr1°"PG™P mice that are on the C57BL/6 | genetic
background. Cx3cr1“"* mice older than 10 months
are hyperinflammatory and develop age-dependent sub-
retinal inflammation, a hallmark of AMD [74]. The ani-
mals were kept under a 12-h light-dark cycle, standard
environmental conditions, and food and water were pro-
vided ad libitum.
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The laser-induction of CNV was performed as pre-
viously described [75]. In brief, four laser burns were
applied around the optic nerve using an Argon laser (120
mW, 100 ms, 50 pum), under anesthesia with 1% ketamine
hydrochloride (Actavis, Munich, Germany) and 0.1%
xylazine (Rompun; Bayer Vital GmbH, Leverkusen, Ger-
many), and dilated pupils (2.5% phenylephrine-hydro-
chloride and 0.5% tropicamide (Charité Apotheke, Berlin,
Germany). Retinal bleeding after laser burn led to exclu-
sion of the eye.

Experimental autoimmune uveitis was induced in
Lewis rats as previously described [49] and was approved
by the government of Upper Bavaria (ROB-55.2-1-2532.
Vet_02-15-225). In brief, Lewis rats were subcutane-
ously immunized with retinal S-antigen peptide PDSAg
(Polypeptide Laboratories, Strasbourg, France) in CFA
(BD Biosciences, Heidelberg, Germany), the experiment
was terminated 30 days later, and eyes were collected for
cryosections.

Immunohistochemistry of RPE/choroid flatmounts

RPE/choroid flatmounts from mouse eyes were prepared
as previously described [75]. In short, eyes were enucle-
ated, fixed in 4% paraformaldehyde for 12 min at room
temperature, and sectioned at the limbus; the retinas
were removed from the RPE/choroid/sclera and 6-8
radial sections were made. After incubation of the RPE/
choroid/sclera tissue in 5% Triton X-100 in TBS overnight
at 4 °C, the samples were incubated in blocking buffer for
1 h (5% BSA in TBS). Subsequently, an incubation with
rabbit polyclonal anti-FoxP3 (Novus, 1:200) antibody
and ActiStain555-conjugated phalloidin (Biomol, Ham-
burg, Germany, 1:500) followed for 48 h. Rat anti-mouse
CD102 (BD-Pharmingen, Heidelberg, Germany, 1:200)
was used to visualize the laser scars. After a few washes,
the samples were incubated for 1 h at room temperature
with the appropriate Alexa Fluor®-conjugated second-
ary antibodies (Thermo Fisher Scientific; 1:1000). Tis-
sues were embedded in DAKO fluorescence mounting
medium (Agilent, Ratingen, Germany) and images were
taken using a LSM 510 confocal laser-scanning micro-
scope (Zeiss, Jena, Germany) and digitalized using ZEN
3.1 Blue Edition software (Zeiss, Oberkochen, Germany).

Immunohistochemistry of sagittal sections

Human AMD samples

Eyes from donors with a known history of AMD and
age-matched controls were collected from the Minne-
sota Lions Eye Bank. We examined 4 eyes of the group
“Non-Geographic Atrophy” (Non-GA) and 3 eyes with
“Geographic Atrophy” (GA). The group of Non-GA
included three males and one female, the mean age was
85.75+1 years, and the time of death-to enucleation was
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193.754+9 min (3:14 h). The death causes in the Non-
GA were intracerebral hemorrhage, cardiac arrest, lung
cancer, and dementia. The group of GA included two
females and one male, the mean age was 85+ 2.6 years,
and the death-to-enucleation time was 278.54+60 min
(4:38 h). The death causes in the GA group were breast
cancer, congestive heart failure, and an acute cardiac
event. When reported, the death-to-cooling times in
both groups were between 1 and 2:25 h. The posterior
segment was fixed for 4 h in 4% PFA, dissected, embed-
ded in paraffin, and sectioned. Slides were generously
sent to us for further processing. Horse serum was used
to block unspecific binding. The primary antibody, rab-
bit polyclonal FoxP3 (1:200, Novus Biologicals; the same
antibody as used for ARPE-19 staining below) was incu-
bated with the sections at 4 °C overnight. A secondary
AP-coupled anti-rabbit antibody was incubated for 1 h at
RT and a Fast Red substrate kit (Sigmafast Fast Red TR/
Naphthol AS-MX, Sigma/Merck) was used to visualize
positive staining under brightfield microscopy using a
DM5500 microscope (Leica, Nanterre, France).

Rat eyes

Eyes from killed animals were embedded in Tissue Tec
OCT compound (Paesel and Lorey, Frankfurt/Main, Ger-
many) and immediately snap frozen in methyl butane
(Merck, Darmstadt Germany) at — 70 °C to avoid shrink-
ing of the tissue. Air-dried cryosections (8 um, performed
with a CryoStat Microm HMS560 Microtom, Thermo
Scientific, Dreieich, Germany) were fixed in ice-cold
acetone for 10 min and then dried, and the sections were
incubated with rabbit anti-rat FoxP3 antibody (Novus
Biologicals, Abingdon, UK) diluted 1:100 in PBS/3% don-
key serum overnight at 4 °C in a humid chamber. After
washing 3x with PBS, Cy3-conjugated affinipure donkey
anti-rabbit IgG(H+L) (Jackson Laboratories, Dianova,
Hamburg, Germany) was added as a secondary antibody
at a dilution of 1:100 in PBS and incubated for 1 h at RT
in the dark. Then the slides were washed 3 x with PBS and
mounted with Vectashield HardSet with DAPI H-1500
(Biozol, Eching, Germany). Pictures were taken with an
Axio Observer 7 with ApoTome (Zeiss, Oberkochen,
Germany).

Cell culture

The research team of Prof. Marius Ader (Center of
Regenerative Medicine, Dresden Germany) provided
human RPE cells differentiated from inducible stem
cells (iPS-RPE). iPS-RPE  cells (differentiated from
the iPS cell line CRTDi004-A; CTRD Dresden regis-
tered under https://hpscreg.eu/cell-line/CRTDi004-A)
were grown on filter inserts and reached transepithelial
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resistance at 600 Qcm? The cells were maintained in
mTeSR™ plus medium (Stemcell Technologies, Cologne
Germany) at 37 °C and 5% CO,. The local Ethics Com-
mittee approved the use of human material under the
registration number EA1/024/17.

ARPE-19 cells were cultured in DMEM/F12 (Thermo
Fisher, Darmstadt, Germany) with Glutamax (stable glu-
tamine) supplemented with 10% FCS and 50 U penicil-
lin/50 mg streptomycin at 37 °C and 5% CO,. The cell
density differed between confluent and non-confluent
(50-70% confluency), with confluent cells forming a
closed monolayer. Before any treatment, medium was
exchanged with serum-free medium for 24 h. ARPE-19
cells were then incubated with 100 ng/ml IL-1p (Sigma
Aldrich/Merck, Darmstadt, Germany) for 6 min, 1 h, and
2 h, respectively, at 37 °C and 5% CO,, supernatants were
collected, and cells immediately harvested. Confluent
cells had a density of 30.000 cells per cm?, non-confluent

cultures 20.000 cells per cm®.

Generation and characterization of APRE-19 KO cells

Electroporation of ARPE-19 cells was performed using
the SF Cell Line EP Kit (Lonza) and 4D-Nucleofector
(Lonza; nucleofection code: DN-100). Each reaction
contained 5x10° ARPE-19 cells, {(grown confluently
or non-confluently and trypsinized immediately prior
to electroporation) 4 pl of the respective Cas9 RNP and
1 pl of electroporation enhancer (IDT). Cas9 RNPs were
assembled with 100 uM crRNA (IDT) and 100 puM tracr-
RNA (IDT) mixed in a 1:1 ratio and incubated for 5 min
at 96 °C to generate 50 pM crRNA-tracrRNA duplexes.
Then, 40 uM S. pyogenes Cas9-NLS (purified using pub-
lished protocols [76]; Cas9 expression plasmid: pMJ915;
Addgene #69090, Watertown, MA, USA) was slowly
added to the crRNA-tracrRNA duplexes and incubated
for 15 min at room temperature. The ctrRNAs targeting
CXCR4 and FoxP3 have been functionally validated in
human T cells before with editing efficiencies of 60-90%
or 60—-80%, respectively (77, 78]; protospacer sequences:
FoxP3: TCATGGCTGGGCTCTCCAGG; CXCR4: GAA
GCGTGATGACAAAGAGG; non-targeting
GGTTCTTGACTACCGTAATT. After nucleofection,
80 ul pre-warmed DMEM + 10% FCS was added and cells
rested for 10 min at 37 °C. Transfected ARPE-19 cells
were seeded again to grow to either 100% or 50% conflu-
ency in 6 well plates. 1, 3 and 10 days after nucleofection
DNA was isolated from all conditions using QuickEx-
tract (Epicenter) according to the manufacturer's rec-
ommendation. The editing efficiencies were determined
by amplicon sequencing followed by Sanger sequencing.
Each PCR reaction contained 12.5 pl of 2 x iProof HF
master mix (Bio-Rad), 1.25 pl of 10 uM forward primer

control:
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(Sigma), 1.25 pl of 10 uM reverse primer (Sigma), and
9 ul of H,O (primer sequences: CXCR4 fwd: AGAGGA
GTTAGCCAAGATGTGACTTTG, CXCR4 rev: GGA
CAGGATGACAATACCAGGCAGGATAAGGCC,
FoxP3 fwd2: AGCTCTGCAACTTATTAGCTG, FoxP3
rev: GCTTAAAGACGGCCATTC). The thermocycler
setting consisted of one step at 95 °C for 3 min, followed
by 35 cycles at 94 °C for 20's, 65 °C for 20 s, and 72 °C for
1 min (wherein the annealing temperature was decreased
by 0.5 °C per cycle); followed by 25 cycles at 98 °C for
20s, 58 °C for 20 s, and 72 °C for 1 min. Sanger sequenc-
ing was performed by Microsynth AG (Balgach, Switzer-
land). Sequencing traces were analyzed with the TIDE
webtool (http://tide.nki.nl; [79]).

Calcium imaging

ARPE-19 cells grown on 15 mm glass cover slips
(8.5 % 10% cells - cm™2) were kept under serum-free con-
ditions overnight. Calcium imaging was carried out as
previously described in [16]. In short, after incubation
for 40 min with fura-2/AM (2 pM, Invitrogen), the cover
slips were placed in a custom-made recording chamber
(bath solution consisting of (in mM): 138 NaCl, 5.8 KClI,
0.41 MgSO,, 0.48 MgCl,, 0.95 CaCl,, 4.17 NaHCO,, 1.1
NaH,PO,, 25 HEPES) and imaged using a Zeiss Axiovert
40 CFL inverted microscope (Carl Zeiss AG) equipped
with a 40 x oil immersion objective, a Visichrome High
Speed Polychromator System (Visitron Systems), and a
high-resolution CCD camera (CoolSNAP EZ, Photomet-
rics). IL-1p (100 ng/ml) was added in the presence of the
following agonists/blockers: (R)-(+)-BayK 8644 (10 puM,
Tocris, Wiesbaden, Germany), Thapsigargin (1 pM,
Acros, Schwerte, Germany), Ruthenium Red (1 pM,
Alomone, Jerusalem, Israel), and Dantrolene (1 pM),
LY294002 (50 pM; Cayman Chemical Tallinn, Estonia).
Fura-2/AM signal was acquired using the MetaFluor
Fluorescence Ratio Imaging Software (Visitron Systems).
Fluorescence intensity of Fura-2 was detected at an emis-
sion wavelength of 505 nm, while the excitation wave-
lengths were set to 340/380 nm. Changes in intracellular
free Ca®t are presented as changes of the ratios of the
fluorescence of the two excitation wavelengths (dF/F) in
relation to the baseline (ddF/F).

Immunofluorescence staining of ARPE-19 cells

after stimulation with IL-1

Cells grown on 15-mm-diameter cover slips to conflu-
ence or non-confluence were fixed in 4% PFA for 10 min
and permeabilized in 5% Triton X-100 in TBS for 10 min,
or alternatively fixed for 15 min with ice-cold methanol.
After blocking in 5% BSA in TBS for 30 min, the primary
antibody (rabbit polyclonal FoxP3, Novus Biologicals,
1:200) was applied overnight at 4 °C. After incubation
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with an appropriate secondary antibody conjugated with
AF647 or Cy3 for 1 h at RT, nuclei were counterstained
with DAPI (according to supplier; Sigma, Taufkirchen,
Germany). Coverslips were mounted in fluorescent
mounting Medium (DAKO, Glastrup, Denmark) or
Entellan (Merck, Darmstadt, Germany) and visualized
using an LSM 510 confocal laser-scanning microscope
(Zeiss, Jena, Germany) and ZEN software 3.1 Blue Edi-
tion (Zeiss, Oberkochen, Germany) or a Zeiss Axi-
oskop 2plus an Axio Observer 7 with ApoTome (Zeiss,
Oberkochen, Germany) or imaged with a Zeiss Axioskop
2plus (Carl Zeiss, Jena, Germany), and photographs were
taken with a Sony CyberShot DSC-570 3.3 mp digital
camera. (Carl Zeiss, Jena, Germany). The integrated den-
sity of pixels in the nucleus was determined using Image]
software [80].

Dot blotting

ARPE-19 cells were grown on Transwell plates as
4-week-old monolayers or as subconfluent cells (80%
confluency) on regular plates. The cultures of each plate
were switched to serum-free medium overnight prior to
the experiment. Cells were stimulated with 100 ng/ml
IL-1p (Sigma Aldrich) or equal amounts of vehicle (PBS)
for 1 h, followed by careful washing with ice-cold PBS 3
times and harvesting in sucrose isolation buffer (250 mM
sucrose, 1 mM EGTA, 10 mM HEPES, and 1 mg/
ml fatty acid-free BSA; pH of 7.4). Cells were homog-
enized using a Dounce homogenizer and centrifuged at
700g for 5 min to obtain supernatant (cytosol) and pel-
let (nuclear fraction). The supernatant was collected in
phosphatase inhibitors (1:100), 1 mM sodium orthovana-
date, 1 mM sodium fluoride, Triton X-100 and 4% SDS.
The pellet was washed twice with isolation buffer and
centrifuged at 1000g for 5 min. The pellet/nuclear frac-
tion was resuspended in RIPA buffer containing 50 mM
Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxy-
cholate, and 1% Triton X-100 (pH 7.4) with phosphatase
inhibitors (1:100), 1 mM sodium orthovanadate, and
1 mM sodium fluoride. Dot blotting was performed as
described by us previously [81]. In short, equal amounts
of protein (1.5 pg) were loaded per fraction on a 96-well
plate (Bio-Dot® Microfiltration Apparatus; Bio-Rad
Laboratories Inc.) and vacuum transferred onto nitro-
cellulose membranes. Membranes were incubated with
primary antibodies (1:1000) against Phospho-FoxP3 (Ser
418; Abgent Biotech) or FoxP3 (Cell Signaling Technolo-
gies) overnight. Antibodies against GAPDH (cytoplasm;
Cell Signaling Technologies) and histone H3 (nuclear
fraction; Cell Signaling Technologies) were used for nor-
malization. Proteins were visualized with horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) followed by incubation with Clarity"™
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Western ECL Blotting Substrate (Bio-Rad Laboratories,
Inc.) and chemiluminescent detection. Protein dots were

scanned and densities quantified using Image] software
[80].

RNA isolation, cDNA synthesis and RT-PCR

For murine samples retina and RPE were harvested and
immediately stored in liquid N2. The preparation tech-
nique yields RPE and choroid. The tissue was homog-
enized with Qiazol Lysis Reagent (Qiagen) and Precellys
ceramic beads (Peqlab Biotechnology, Erlangen, Ger-
many). Total RNA was isolated using a RNeasy Mini
Kit (Qiagen). After reverse transcription with the High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Waltham, USA), RT-qPCR was performed using
the QuantStudio 3 Real-Time PCR System (Applied Bio-
systems) with TagMan Fast Universal PCR Master Mix
(Scientific, Waltham, MA, USA). Primer and probes were
purchased from Thermo Fisher (Schwerte, Germany)
or designed using Primer Express 3.0 and synthesized
by BioTez (Germany) (see Table 1). The target mRNA
expression was quantitatively analyzed with the standard
curve method. All expression values were normalized to
the housekeeping gene 185 rRNA.

Cytokine/chemokine secretion

Supernatants from confluent and subconfluent ARPE-19
cell cultures, without exchange of medium (DMEM with
5% FCS and stable glutamine) for 2 weeks were tested.
In some experiments, a pipet scratch 24 h prior to the
experiment induced further mechanical stress to cells.
Cytokine secretion after treatment with 100 ng recom-
binant human IL-1p/ml medium (OriGene, Rockville,
USA) was measured in supernatants collected and frozen
after 6 min, 1 h and 2 h of incubation with IL-1p, at which
point the cells were harvested and immediately shock
frozen at -80 °C. Immediately after thawing, the superna-
tants were tested by human Bio-Plex bead analysis (Bio-
Rad Laboratories Inc., Hercules, USA) according to the
manufacturer’s instruction. Tested analytes were IL-la

Table 1 Mouse PCR primers
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IL-1pB, IL-1ra, IL-6, IL-8/CXCLS, IL-10, IL-12 (p70 and
p40), IFN-y, MCP-1/CCL2, MCP-3/CCL7, PDGF, IL-17,
IL-13, and VEGE, but only those that were secreted by
the ARPE-19 cells are shown. The final values obtained
in the bioplex analysis were calculated from the median
value of fluorescence of at least 50 measured beads per
analyte and sample.

Data analysis

All data are presented as mean values + SEM. Statistical
significance was calculated using the Mann—Whitney
U test for Ca®*-Imaging analyses and protein secretion
analyses. For immunocytochemistry, western blot, and
gene expression analyses, Student’s t-test was used (p val-
ues *p <0.05, **p<0.01, and ***p <0.001). All calculations
were performed in Graph Pad Prism (Version 9.3.1),
Sigma Plot 14.0 (Systat, San Jose, USA), and Excel 2016.

Results

Our previously published work showed that under nor-
mal conditions in vivo the RPE does not express FoxP3,
while it does upregulate FoxP3-expression in uveitis [16],
suggesting a correlation with stress situations like ocular
inflammation. To test this hypothesis, we investigated
FoxP3-expression in the context of AMD, a retinal dis-
ease that combines the risk factors of age and polymor-
phisms in genes of the innate immune system, and which
is proposed to be caused by oxidative stress and chronic,
low-grade inflammation as major pathomechanisms.
Thus, we investigated RPE cells for FoxP3 expression
under the conditions of age and AMD-relevant patho-
logic scenarios in various species, including humans.

In the first set of experiments, we investigated the
expression of FoxP3 in the RPE of rodent models (Fig. 1).
The Cx3cri®™/6"F mouse lacks the expression of the
fractalkine receptor Cx3crl, which causes a subsequent
hyperinflammatory phenotype. These mice develop age-
dependent subretinal inflammation, a hallmark for AMD
[11, 15, 74]. The model combines aging, an inflammatory
response with invading monocytes, and loss of RPE cells.

Gene Company Assay ID Forward (5'- 3') Reverse (5'- 3') Probe

CXCL1 BioTeZ Berlin-Buch GmbH CTG CAC CCA AAC CGA AGT C AGCTTC AGG GTC AAG GCA AG

MCP-1 BioTeZ Berlin-Buch GmbH GGCTCA GCC AGATGC AGTTAA  CCTACT CATTGG GAT CATCTTGCT  CCCCACTCA
CCTGCTGCT
ACT CATTCA

IL-1B Thermo Fisher Mm00434288

185 BioTeZ Berlin-Buch GmbH ACATCC AAG GAA GGC AGC AG TTTTCGTCA CTA CCT CCCCG CGC GCA AAT
TACCCACTC

CCG AC
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(See figure on next page.)

Fig. 1 FoxP3 and cytokine expression in Cx3cri &

from 12-month Cx3cr 19777

p<00LN=5

mice. A RPE flatmount preparations from transgenic mice that display features of geographic
atrophy (C3cr1¥™5F mice and their wild-type littermates) stained with phalloidin (green) and for FoxP3 (red) at different ages: panels from left to
right: 2,8, 12 month wild type (WT) and 8 and 12 month Cx3cr! " mice. Scale bar represents 20 ym. B Same as A, but at higher magnification
to highlight the subcellular localization of FoxP3. Scale bar represents 20 pm. C Verification of FoxP3 localization in the nucleus: RPE flatmounts
mice were stained (from left to right) with phalloidin (green), with DAPI (blue) and for FoxP3 (red); the red dots

clearly indicate the presence of FoxP3 in nucleus. Scale bar represents 20 um. D Changes in gene expression of the cytokines IL-1(, MCP-1,

CXCL1 and the transcription factor FoxP3 in the RPE/choroid of Cx3cr 1% mice and their wildtypes in arbitrary units (a.u), graphs arranged to
compare the progression from the ages 8 months to 12 months (normalized to 185 RNA). (CXCL1 = chemokine (CXC-motif) ligand-1; IL-1p (or
IL1b) =interleukin-1(3; FoxP3 =forkhead box protein P3; MCP-1 =monocyte chemoattractant protein). Student's t-test was performed, p values

We stained the RPE of RPE/choroidal flatmount prepara-
tions from Cx3cr1®"°fF mice and their wild-type (WT)
littermates for FoxP3 together with phalloidin, a marker
for polymerized actin, to outline the RPE cells (Fig. 1). At
the age of 2 months, WT mice displayed a regular cob-
blestone pattern of RPE cells with no FoxP3 expression
(Fig. 1A, left panel, and 1B at higher magnification). The
pattern of the RPE morphology remained stable when
analyzed at the age of 8 months in WT mice (Fig. 1A, B,
second panel from left) but with patchy FoxP3 expres-
sion and localization restricted to the cytosol (Fig. 1B,
second panel from left). In 8-month-old Cx3cr]CHP/GEP
mice, which still possess a regular hexagonal pattern of
RPE cells, a more homogenous FoxP3 expression was
observed, with localization shifted predominantly to
the nucleus. (Fig. 1A, B, fourth panels from left show-
ing two different magnifications). At 12 months of age,
Cx3cr1®*/GFP mice showed enlarged, irregularly shaped
RPE cells containing up to three nuclei, with an intense,
homogeneous, and exclusively nuclear localization of
FoxP3 (Fig. 1A, B, right panels). The structural changes
correspond to those reported by Chen et al. [82] and
might indicate ongoing repair activities for defects that
occurred to the epithelium. The W'T mice of the same
age showed very mild signs of RPE degeneration, mainly
in isolated cells displaying two nuclei (Fig. 1A/B; second
panels from the right). While FoxP3 expression in W'T
mice does not appear to be increased beyond the levels
observed at 8 months, at 12 months FoxP3 was exclu-
sively localized in the nuclei. A combined DAPI/FoxP3
staining in Cx3cr1®F”WT retinas at the age of 12 months
confirmed the localization of FoxP3 to the nucleus
(Fig. 1C). Thus, although after 8 months of age, cytosolic
FoxP3 expression was induced in the RPE, progressive
degeneration of the RPE resulted in FoxP3 translocation
to the nucleus.

As FoxP3 is a transcription factor, we proposed that
its upregulation and localization to the nucleus pro-
mote changes in the expression of pro-inflammatory
cytokine genes in the RPE. Therefore, we investigated
mRNA expression of FoxP3, IL-1B, MCP-1 and Cxcll

at 8 and 12 months in RPE/choroid mRNA probes [the
time points when FoxP3 expression was enhanced in
both, WT and Cx3cr1%® mice (Fig. 1D)]. We com-
pared the expression levels between WT and Cx3cr1®
“FP mice at different time points (Additional file 1: Fig-
ure S1) and between the two genotypes at the differ-
ent time points (Fig. 1D). These data show that at the
stage of RPE degeneration and nuclear FoxP3 localiza-
tion in 12-month-old Cx3cr1“FC’ mice, expression of
FoxP3 and the pro-inflammatory factors IL-1f3, MCP-1
and CXCL1 (the mouse equivalent to human IL-8; [83,
84] was significantly increased compared to WT mice.
Additionally, while the expression of IL-1f, MCP-1 and
CXCL1 remained stable over time in WT mice, a signifi-
cant upregulation was observed in Cx3cr1®”/%* mice
between 8 to 12 months of age. The other factors of our
panel did not reach significance in the comparison of WT
with Cx3crI®GFP mice, as the WT mice also showed
increased FoxP3 and cytokine expression levels with
age. A comparison between the genotypes revealed an
increased expression of FoxP3 and all cytokines at the age
of 12 months (Additional file 1: Figure S1) in Cx3¢cr1%
P mice compared to wild-type controls.

Since this mouse model with subretinal inflamma-
tion, one of the hallmarks for dry AMD, demonstrated
heightened FoxP3 expression and nuclear localization in
conjunction with pro-inflammatory cytokine expression,
we analyzed retinal sagittal sections from human donors
with dry AMD and healthy, age-matched donors using
immunohistochemical staining for FoxP3 expression
(Fig. 2). In healthy aged human retinas (1 =4) we found
no FoxP3 expression in the RPE (Fig. 2A, B; examples
from four eyes). In contrast, in all human sagittal sec-
tions from AMD patients (1 =3), FoxP3 was expressed in
an area with still intact RPE (Fig. 2D, E). These observa-
tions are in conjunction with our findings in the RPE of
8-month-old wild type and Cx3cr1%/6FP mice (Fig. 1A,
B). In addition, we found FoxP3 expression in the RPE of
AMD donor eyes in an area with partial destruction of
the RPE layer (Fig. 2E, F; examples from two eyes), which
corresponds to our observations from 12-month-old
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Cx3cr1®/GtP mice (Fig. 1A, B). Our antibodies and
staining methods were verified in a tissue sample from a
human lymph node as a positive control, and the staining

with the secondary antibody only as a negative control

(Additional file 1: Fig. S2).

As the WT mice appeared to show de novo FoxP3-
expression followed by translocation into the nucleus
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human retina age-matched

Choroid

Fig. 2 FoxP3 expression in human retinal tissue. A, B Sagittal sections from age-matched human retinal samples without AMD stained for FoxP3
(red), (A) overview of an aged human retina with no retinal degeneration, photoreceptor outer segments are missing (artifact due to the fixation

of the eyeball), B higher magnification of an area of the same retina as in A. C, D Sagittal sections from human retina with geographic atrophy
stained for FoxP3 (red). Sagittal section from a human retina of a patient with geographic atrophy, at lower magnification (C) for an overview
(photoreceptor outer segments are missing, artifact due to the fixation of the eyeball), D an area at higher magnification from the same section as,
arrows indicate RPE cells with FoxP3 expression. FoxP3-positive T cells are also detectable in the blood vessels and represent a positive control for
the antibody. E, F Higher magnifications from sagittal sections of AMD patients comparing areas with RPE atrophy (E; from the same retina as in D)
and intact RPE layer (F). (GCL=ganglion cell layer; IPL=inner plexiform layer; INL=inner nuclear layer; OPL=outer plexiform layer; ONL =outer
nuclear layer; RPE =retinal pigment epithelium). N=3 (negative control with secondary antibody and FastRed staining only; positive control with T

cells in a lymph node are shown in Additional file 1: Fig. S2)

with age, we investigated FoxP3-expression in the RPE
from retinal sections of albino rats (Lewis rats) between
the ages of 10 weeks to 11 months (Fig. 3). Interestingly,
in albino rats, FoxP3 expression was already apparent
by 10 weeks. The lack of pigment might cause enhanced
stress for the RPE of these animals that had developed
retinal degeneration in the past when they were not yet
housed in transparent shaded cages (our own unpub-
lished observations). In Fig. 3C, E, and G, cells with cyto-
solic expression of FoxP3 can be detected in the choroid,
indicating the presence of effector T lymphocytes. In

addition, this model verifies the specificity of the primary
antibody used. Figure 3G shows cytosolic and nuclear
FoxP3-positive cells invading the layer of photoreceptor
outer segments, accompanied by a strong upregulation
of FoxP3 in the RPE. In previous studies, these invad-
ing cells have been identified as regulatory T cells with
nuclear FoxP3 localization and effector T cells with cyto-
solic FoxP3 [85, 86].

The quantification of FoxP3 expression by RPE cells
in rat retinas was determined as % overlay of DAPI
and FoxP3 staining of the nuclei (#=15) using Image]
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segments of photoreceptors, RPE: retinal pigment epithelium

Fig. 3 FoxP3 expression in the retina of aged rats or rat eyes with uveitis. A FoxP3 (red) expression in 10-week-old rats. Blue =DAPI. B Same as

A, but darkfield to show the retinal structure. C FoxP3 (red) expression in 6-month-old rats. Blue = DAPI. D Same as C, but darkfield to show the
retinal structure. E FoxP3 (red) expression in 11-month-old rats. Blue = DAPI. F Same as E, but darkfield to show the retinal structure. G, FoxP3
(red) expression in 12-week-old rats after induction of experimental uveitis, with T cells and leukocytes invading the photoreceptor layer from the
choroid via the RPE. N=3 animals per age group. H Same as G, but darkfield to show the retinal structure. ONL: outer nuclear layer, PR-OS: outer

software [80]. The levels of FoxP3 expression in RPE
cells were found similar in 10-week-old (32.4%, n=19)
and 6-month-old (28.4%, n=15) rat retinas and signifi-
cantly increased to the age of 11 months (63.5%, n=6),
with p=0.0011 for 10 weeks to 11 months, and p <0.0001
for 6 months to 11 months. Interestingly, in 12-week-old

eyes with experimental autoimmune uveitis FoxP3
expression in RPE cells was comparable to 11-month-old
untreated rats (62,6%, n = 10, Fig. 3G).

Another mouse model with relevance for AMD is one
with laser burn-induced choroidal neovascularization
(CNV) that shows features of wet AMD in humans. It
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Laser-induced CNV 14 days

Fig. 4 FoxP3 expression in choroidal neovascularization and after long-term smoke exposure in mice. Laser-induced choroidal neovascularization
(CNV) in a mouse eye, flatmount preparation of the RPE prepared 14 days after laser burn. A Scheme of flatmounted RPE/choroid illustrating the
arrangement of laser burns, peri-lesion area (spot) and periphery (surroundings). B Immunofluorescence staining (as indicated) of a mouse RPE
flatmount with a laser scar showing RPE cells with distorted borders (phalloidin green), FoxP3 (red) positive cells marked with white arrows and
blood vessels (CD102 blue). Scale bar represents 50 um. € RPE structure and FoxP3 expression in the peri-lesion area (three left panels) and at higher
magnification (right panel); FoxP3 in red and phalloidin in green. Scale bar represents 20 um. D Localization of FoxP3 in the nucleus in the laser

CNV model; phalloidin (green), DAPI (blue) and FoxP3 (red) verify the localization of FoxP3 in the nucleus. Scale bar represents 20 um. E, F FoxP3
levels under the influence of cigarette smoke in mice. Mice have been exposed to cigarette smoke for 6 months according to Woodell et al. [88]. E
Dot blots for FoxP3 from extracts of RPE/choroid. F Quantification of FoxP3 levels. Dot blots of RPE/choroid extracts were probing with anti-mouse
FoxP3 antibody, using GAPDH for normalization (**p <0.01; N=3 per condition)
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combines a strong inflammatory response with the for-
mation of new blood vessels from the choroid. In contrast
to the Cx3cr1“”F’ mouse model, the laser-induced
CNV model includes a stronger inflammatory reaction.
To induce neovascularization, four laser spots that break
the RPE barrier were placed around the optic nerve head
(Fig. 4A). Fourteen days later, flatmount preparations of
the outer retina were stained with phalloidin (green) to
indicate the cell borders, anti-CD102 (blue) to visual-
ize newly developed blood vessels, and anti-FoxP3 (red)
(Fig. 4A, B). An overview of the lasered area (Fig. 4B)
shows the newly developed blood vessels in white due to
the overlay of the three different fluorophores (right), and
FoxP3-positive RPE cells (red staining) at the border of

the CNV as well as in more peripheral areas. At a greater
distance to the laser spot (Fig. 4C), the RPE cells were
uniformly FoxP3-positive and, as in the Cx3cr1/<P
mouse model, FoxP3 was localized to the nuclei (Fig. 4D).
We have previously characterized this area as a peri-
lesion around the CNYV, containing cells that have lost
junctional markers and/or their normal hexagonal shape
[87]; hence, it was not surprising that FoxP3 expression
and nuclear localization was induced in these RPE cells.
Thus, in mouse models, we found that both, aging and
age-dependent degeneration of RPE cells, as well as laser
burn-induced RPE injury followed by neovasculariza-
tion, induced FoxP3 expression in RPE cells with a major
localization in the nucleus.
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As a final mouse model of AMD-like pathology, we
investigated FoxP3 expression in RPE of mice exposed
to constant cigarette smoke. In these mice, we have
reported RPE alterations, which include changes in
RPE signature gene expression as well as mitochondrial
changes indicative of oxidative damage [88]. We found
eightfold increased levels of FoxP3 in extracts of RPE/
choroid from mice that have been exposed to cigarette
smoke ("passive smokers") for 6 months when compared
to room air-maintained animals (Fig. 4E, F).

In this manuscript, we also compared confluently
grown with non-confluent ARPE-19 cells, assuming that
non-confluent RPE cells would represent a more stressed
condition. This assumption is based on data published
by others, showing that ARPE-19 cells grown as a stable
monolayer exhibit gene expression profiles more compa-
rable to those of native primary RPE cells, while the non-
confluent cells represent a destabilized condition that
leads to rapid changes of the phenotype and loss of RPE
differentiation [89, 90].

To investigate the function of FoxP3 expression in
ARPE-19 cells, we used CRISPR/Cas9 editing to abol-
ish the FoxP3 gene and, as a control, we knocked out the
CXCR4 receptor using the recently established method
[91] (Fig. 5). After genome editing, the cells were fur-
ther cultured and the editing efficiencies as well as the
numbers of viable cells were monitored at day 1, 3 and
6 after CRISPR editing and compared to cells electropo-
rated with non-targeting control Cas9 RNPs (Fig. 5A).
The total number of viable cells was comparable in non-
targeting, CXCR4 KO and FoxP3 KO cell cultures. For
comparison, the proliferation rate of untreated ARPE-
19 cells over 6 days was determined and is now shown
as Additional file 1: Figure S3. Importantly, since Cas9
RNPs remain in the cells for up to 72 h and can introduce
further mutations within this time window [92] CRISPR/
Cas9 editing of the FoxP3 gene resulted in a peak of 18%
edited cells at day 3 and then declined again. Measur-
ing the KO efficiency in percent compared to to day one,
there is no significant change in the FoxP3 KO group. In
contrast, CXCR4 KO cells reached their peak of editing
efficiency at day 3 and remained stable with subsequent
significantly increased KO efficiency normalized to day
one (Fig. 5B). The reason for the reduced frequency of
FoxP3-knockout cells over time could be that the non-
edited cells within this condition have a cell growth or
survival advantage compared to FoxP3 KO cells, thereby
outcompeting the FoxP3 KO cells. Overall, our results
suggest that FoxP3 expression is beneficial for cell growth
in RPE cells.

Taken together, thus far, we have shown that FoxP3
expression and localization to the nucleus is induced in
RPE cells in mouse models of AMD, as well as in donor

43

Page 12 of 23

A s,

© O day 1

S 4 3 day 3

* @B day 6

o 34

@

a

£ 24

S

c

il

0 T T T
non targeting CXCR4 FoxP3
B

>

S 8

e * [ day 1

3 6 3 day 3

= @8 day 6

E

s 4

<

2

3 2

°

@

g L[] L1

@ CXCR4 FoxP3

=
Fig. 5 Effect of FoxP3 deletion in ARPE-19 cells using the CRISPR/
Cas9 technolegy. A Total cell numbers of ARPE-19 cells after gene
editing; cell numbers pooled from all investigated samples over the
observation period of 6 days (note cells numbers are to be multiplied
with 10°). B Knockout efficiency calculated from the numbers of
edited cells and plotted as change in percentage from day one
(means 4 SEM; *p<0.05; N=4)

retinas from AMD patients, and that FoxP3 is required
for growth of cultured ARPE-19 cells. To further inves-
tigate the importance of FoxP3 expression for RPE cells,
we used cultured RPE cells. Human RPE cells differen-
tiated from inducible stem cells of healthy donors (iPS-
RPE), as well as cells of the established ARPE-19 cell line,
showed constitutive expression of FoxP3 with cytosolic
and/or nuclear localization (Fig. 6A—C). We selected the
ARPE-19 cell line as a model system to study the regu-
lation of FoxP3 in response to AMD-like stressors, as
we have previously shown that the anaphylatoxins C3a
and C5a modulate FoxP3 phosphorylation in these cells
[16]. In order to elucidate a possible link between FoxP3
expression/localization and AMD pathology, we investi-
gated the effects of IL-1P, a major macrophage-derived
pro-inflammatory cytokine. A recent hypothesis postu-
lates that a chronic, local presence of monocytes com-
promises the immune regulatory capacity of the RPE,
potentially shifting the phenotype of the RPE from a
regulatory type to an immune stimulating effector type
[12]. IL-1P is one of the monokines that might lead to the
loss of the immune regulatory phenotype of the RPE and
has been detected in many AMD-relevant models [38,
50, 93, 94]. Thus, we treated confluent and non-confluent
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Fig. 6 IL-13 treatment of ARPE-19 cells results in FoxP3 translocation from the cytosol to the nucleus. A Constitutive FoxP3-expression (red) in
non-confluent ARPE-19 cells (blue = DAPI staining of the nucleus) at different time points after IL-13 (100 ng/ml) application: before, 6 min,
2 h after IL-1B addition to the culture medium. Scale bar represents 10 pum. B Constitutive FoxP3-expression (red) in confluent iPS-RPE cells with
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Quantification of FoxP3 in the nucleus by determining the integrated density of the red pixels inside the nucleus (DAPI-stained area) and comparing
different time points for non-confluent and confluent ARPE-19 cells. All numbers are given as means +SEM in arbitrary unit (a.u), Student's t-test,
*p<0.05; **p<0.001, N=21-53). E IL-1B-evoked rises in intracellular free Ca®*. Ca?*-transients were measured using the Ca®*-sensitive dye fura-2
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in confluent ARPE-19 cells that have been maintained under standard conditions and those that were kept for 14 days without changing the
culture medium as stressor (quantification analogous to Fig. 6D by measuring integrated density of red pixels in the nucleus data are normalized to
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IL-1

m
..N
=

*kk
0.8
06 ° >
o 220 x %k
ﬁ 0.4 e - g 1.5 —_—
[T =]
- . 2310 /=
® 02 - TS -
%‘ EDo05
‘6 R
0.0' Ty €E 0.0 < <
& Q& ) .
) A ) O
ooo Q¥ o e o S
& & & &
¢ & &

1 hand

ARPE-19 cells, which, respectively, simulate the stages of
stable and destabilized RPE, with IL-1p and investigated
its impact on FoxP3 expression/localization and subse-
quent cytokine/chemokine secretion.

To evaluate the shift of constitutively expressed FoxP3
from the cytosol to the nucleus in response to IL-1p, we
analyzed the percentage of FoxP3 in the nucleus of ARPE-
19 cells. For that purpose, confluent and non-confluent
cells were exposed to IL-1B (100 ng/ml), and the locali-
zation of FoxP3 was investigated by immunofluorescence
staining and counting pixels of FoxP3 staining (Fig. 6D).
Even under untreated control conditions, confluent and

non-confluent cells showed differences in FoxP3 locali-
zation (Fig. 6A, C). While in both confluent and non-
confluent culture conditions, a significant amount of
FoxP3 expression was observed, confluent cells showed
predominant FoxP3 localization in the cytosol with a
minor fraction in the nuclei (Figs. 6C, 10A). In contrast,
non-confluent cells had a larger proportion of FoxP3 in
the nuclei (Figs. 6G, 10A). Stimulation with IL-1p also
had different effects on cells in these two stages. In non-
confluent cells, FoxP3 localization in the nuclei remained
unchanged after IL-1p application (Fig. 6A, D). In con-
trast, in confluent cells IL-1p application led to a transient
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Fig. 7 Analysis of IL-1R-evoked Ca’*-transients in non-confluent ARPE-19 cells. Intracellular free Ca®* was measured in non-confluent ARPE-19 cells
using the Ca’*-sensitive fluorescence dye Fura-2; changes in intracellular Ca** were plotted as changes in the fluorescence ratio of the excitation
wavelengths. A Representative raw data from single-cell experiments (solid line represents IL-1 (100 ng/ml) alone; dotted lines IL-1f3 after 5 min
preincubation with the following inhibitors of Ca’-signaling: 10 uM BayK 8644 (blocker of L-type Ca’* channels), 1 uM thapsigargin (blocker

of sarcoplasmic Ca’*-ATPase to empty intracellular Ca’*-stores); 1 uM dantrolene (blocker of ryanodine receptors); 50 uM Ly294002 (blocker of
PI3-kinase). B Comparison of IL-1p-evoked Ca®* sustained elevation. € Comparison of IL-1B-evoked Ca®*-peaks. D Comparison of time-to-peak

of IL-1B-evoked Ca’™ transients. (BayK = BayK8644; Thapsi = thapsigargin; Dantro = dantrolene; LY = Ly294002). Data are presented as mean

values = SEM. Statistical significance was calculated using Mann-Whitney U test

increase in nuclear localization of FoxP3 that returned to
baseline levels after 2 h, even though IL-1p was still pre-
sent in the culture media (Fig. 6C, D). Thus, confluent
cells seem to represent a baseline state that can become
activated after a 1 h exposure to IL-1p, whereas stressed,
non-confluent cells already appear to be maximally acti-
vated. To rule out the possibility that non-confluent cells
might fail to express IL-1p receptors and are thus unable
to respond to IL-1B, we measured changes in intracel-
lular free Ca’" as a second messenger by fluorescence
microscopy-based cell imaging with the Ca’"-sensitive
fluorescence dye fura-2 as the probe. Interestingly, while
all non-confluent cells responded to stimulation with
IL-1B with a strong increase in intracellular free Ca*,
only a very small proportion of confluently grown cells
were [L-1P-reactive and showed significantly smaller
Ca®" peaks (Fig. 6E). Taken together, this set of experi-
ments showed that IL-1B induced a transient shift of
FoxP3 from the cytosol into the nucleus in confluent
RPE cells, whereas the non-confluent cells that displayed
a permanent high FoxP3-expression in the nucleus did
not experience increased nuclear FoxP3 expression, even

though responded with a strong Ca*" signal to only 40
s contact with IL-1P. As another stressor, we kept mon-
olayers of ARPE-19 cells for 14 days without changing the
FCS-containing medium. These confluent cells without
medium exchange also had increased FoxP3 expression
in the nucleus after 14 days (Fig. 6F).

Considering that the non-confluent cells might reflect
the stage at which RPE cell loss occurs in AMD [95], we
hypothesized that IL-1B-dependent increase of intracel-
lular free Ca’" as a second messenger is essential for RPE
cells that are more close to die. Thus, we investigated
the underlying signaling mechanisms in detail. We stud-
ied Ca®* signaling in non-confluent ARPE-19 cells using
blockers for ion channels and intracellular Ca’" stores
to investigate whether RPE cells with a predominant
nuclear FoxP3 expression display the specialized molec-
ular mechanisms needed of signal transduction. IL-1p-
induced Ca** increase was dependent on the activation
of L-type Ca®t channels through release of Ca®" from
cytosolic Ca>™ stores and coupling via ryanodine recep-
tors (Fig. 7A-D). The peak of the IL-1B-evoked Ca®*-rise
was significantly reduced by either the L-type channel
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Fig. 8 Effect of IL-1/ on FoxP3 phosphorylation. A Dot blots showing P-FoxP3 in the nucleus of confluent and non-confluent ARPE-19 cells treated
for one hour with IL-13 or PBS as control. B Dot blots showing P-FoxP3 in the cytoplasm of confluent and nan-confluent cells after 1 h IL-1(3-or
PBS-treatment. € Comparison of phosphorylation under different conditions in the two cellular compartments nucleus and cytoplasm, determined
by densitometry and normalized to the respective loading controls (histone H3 and GAPDH) (means 4 SEM, Student's t test, p values *p < 0.05)

blocker BayK8644 (10 uM), after preincubation with the
blocker of sarcoplasmic Ca’"-ATPase (SERCA) thap-
sigargin (1 pM) or with dantrolene (1 pM), the blocker
of ryanodine receptors. The latter one couples release
of Ca®" from cytoplasmic Ca’'-stores with activation
of L-type channels. L-type Ca®>" channel blockade with
BayK8644 or ryanodine receptor blockade by dantrolene
also slowed down the time-to-peak, indicating that
L-Type channels coupling with ryanodine receptors are
responsible for the raising phase of the Ca®* signal. The
blocker of PI3-kinase Ly294002 (50 pM) had no effect. In
summary, both confluent and non-confluent ARPE-19
cells respond to IL-1P but do so in different ways. IL-1p
receptor activation leads to nuclear translocation of
FoxP3 in confluent cells but to a Ca®* shift in non-con-
fluent cells.

FoxP3 localization in cells is one simple marker for its
activity and has already been correlated with substantial

changes in the functional phenotype in both this study
and others. Another marker of its activity is the phos-
phorylation status of FoxP3, that we have previously
described in the context of anaphylatoxin-dependent
regulation of secretion in RPE cells [16]. Therefore, we
measured the proportion of phosphorylated FoxP3 over
total FoxP3 from the cytosol and the nuclei and com-
pared these values between confluent and non-confluent
cells stimulated with IL-1p. Protein levels were meas-
ured in dot blots stained for FoxP3 and phosphorylated
(P-)FoxP3, normalized to GAPDH (cytosolic fraction) or
Histone 3 (nuclear fraction) (Fig. 8A, B). Using densitom-
etry, we estimated the protein content of P-FoxP3 and
total FoxP3 and calculated the ratios (Fig. 8C). In con-
fluent, untreated ARPE-19 cells the amount of P-FoxP3
in the nucleus was higher than in the cytosol. Moreover,
confluent ARPE-19 cells showed a higher proportion
of P-FoxP3 in the nucleus compared to non-confluent
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cells (Fig. 8C), even though the confluent cells display
less overall FoxP3 localization in the nucleus (Fig. 6).
After application of IL-1p, we found a slight decrease
of P-FoxP3 in the nuclear fraction of confluent cells,
whereas the amount in the cytosol remained unchanged.
Again, the non-confluent cells behaved differently. In
untreated cells, the proportion of P-FoxP3 in the nucleus
was equal to that in the cytosol (Fig. 8C). However, fol-
lowing stimulation with IL-1, we found a significant
increase in the proportion of P-FoxP3 in the nucleus
(Fig. 8C), although the amount of total FoxP3 remained
unchanged (Fig. 6).

To assess whether the corresponding cellular response
might contribute to an AMD-relevant RPE cell behavior,
we investigated the secretory phenotype of ARPE-19 cells
under conditions for which we can correlate the poten-
tial impact of FoxP3 by its localization in the nucleus or
cytosol. Again, we used confluent and non-confluent
cells that were stimulated with IL-1pB, and the superna-
tants were collected at the end of the incubation time and
profiles of secreted factors generated (Fig. 9). In general,
both confluent and non-confluent showed comparable
spectra of secreted factors that were changed by IL-1p
stimulation over time (Fig. 9A, B). However, the conflu-
ent cells produced much higher amounts (2.5 times up to
20 times higher) of the identified factors at baseline and
at the early time points (6 min and 1 h) compared to the
non-confluent cells, while the maximal secretion after
2 h of IL-1B-stimulation was similar. Under both culture
conditions, IL-1f led to a selected increase in the secre-
tion of IL-8 and IL-6 among the 14 investigated cytokines
and chemokines measured as increasing concentra-
tions in the culture medium. However, MCP-1 was only
enhanced in non-confluent cells.

In addition to the IL-1B-dependent changes in FoxP3
localization and secretion profiles, we also observed
IL-1p-independent stimulation of FoxP3 activity by
translocation from cytoplasm to nucleus. After a
scratch through the confluent monolayer of ARPE-19
cells, we found a translocation of FoxP3 into the nucleus
in cells of the injured culture 24 h later, as well as a
secretion profile that compares to the one induced by
IL-1p stimulation. In contrast to IL-1f-stimulation, the
scratch disrupting the cell monolayer induced VEGF-A
secretion in addition to MCP-1, IL-8 and IL-6 in ARPE-
19 cells (Fig. 10A, B). Although the cells had been in
culture without change of their medium (containing 5%
FCS and stable glutamine) for 2 weeks, they secreted
high amounts of cytokines and responded differentially
to IL-1p-stimulation and scratch. The cytokine concen-
trations in culture medium were comparable to those
from APRE-19 cell cultures only challenged with IL-1p
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Fig. 9 Secretion of cytokines and chemokines by ARPE-19 cells
after stimulation with IL-13. Secretion of MCP-1, IL-8 and IL-6 (pg/
ml} by ARPE-19 cells stimulated with IL-1(3 for 6 min, 1 and 2 h.

A Non-confluent cells. B Confluent cells (IL.-6 = interleukin-6;

I-8 =interleukin-8; MCP-1=monocyte chemoattractant protein-1/
CCL2). Triplicate cultures of ARPE-19 were treated as described;
culture supernatants were collected at the end points of
IL-1B-treatment. Supernatants were pooled and tested for cytokine
and chemokine secretion as duplicates in a multiplex bead assay.
The final values of duplicate supernatants are calculated by the
standard curves of the assay from the median fluorescence intensity
of at least 50 beads measured for each analyte and sample and
normalized to the cell number of confluent cultures (cytokine
concentration of non-confluent cultures x 1.5). The data show the
x-fold concentrations (means 4 SEM) of cytokines compared to the

| unstimulated cultures (*p < 0.05; **p<0.01; N=4-6)

(Fig. 9), while the cytokine expression pattern was
changed.

In summary, we showed that FoxP3 activity is differ-
entially regulated under varying conditions that mimic
cellular stress of the RPE and local inflammation in
AMD (Figs. 9, 10).

Conclusions

Here we have shown that FoxP3 is expressed in the aged
retina and under circumstances of retinal degeneration
as well as in acute and chronic inflammation in various
species including humans. FoxP3 seems to be an impor-
tant transcription factor of RPE cells under stress condi-
tions. It is under regulatory control, in part, by oxidative
stress, loss of cell-cell contact, or the pro-inflammatory
cytokine IL-1p. Oxidative stress (cigarette smoke) and
IL-1B can affect the translocation of FoxP3 between the
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Fig. 10 ARPE-19 cells under severe stress conditions like the
traumatic destruction of the cell monolayer by a scratch 24 h prior
staining for FoxP3. A The cell layer of confluently grown ARPE-19 cells
was scratched (here: not treated with IL-10) 24 h prior to staining
for FoxP3. The scratched cells showed a translocation of FoxP3 from
the cytoplasm to the nucleus (left panel: FoxP3 predominantly
localized perinuclear and nuclear), while in confluent, unstressed
cells FoxP3 expression is seen in the cytoplasm (right panel:
confluent, untreated). Scale bar represents 20 um. B Secretion of
VEGF-A, MCP-1, IL-8 and IL-6 (pg/ml) by confluent ARPE-19 where
the cell monolayer was scratched 24 h prior to the additional
stimulation with IL-1( for 6 min, 1 and 2 h. (IL-6 =interleukin-6;
I8 =interleukin-8; MCP-1 =monocyte chemoattractant protein-1
(CCL2), VEGF-A = vascular endothelial growth factor-A). Triplicate
cultures of ARPE-19 were treated as described; culture supernatants
were collected at the end points of IL-13-treatment. Supernatants
were pooled and tested for cytokine and chemokine secretion
as duplicates in a multiplex bead assay (N=2). The final values of
duplicate supernatants are calculated by the standard curves of the
assay from the median flucrescence intensity of at least 50 beads
measured for each analyte and sample

cytosol and the nucleus, as well as its phosphorylation
status. As IL-1p changed the FoxP3 activation status,
resulting in changed secretory profiles of RPE cells, we
conclude that changed secretions (namely MCP-1 and
IL-8) are important target genes of that transcription fac-
tor. A correlation between cellular confluence and non-
confluence in in vivo and in vitro models indicated that
cells in intact monolayers, such as those in pre-disease
states, or cells even localized at a far distance to areas of
degeneration, express FoxP3. However, this expression is
mostly localized to the cytoplasm, with weak abundance
in the nucleus. In contrast, cells in diseased areas, which
possess disrupted monolayers, showed uniformly high
localization of FoxP3 to the nucleus. Our data suggest
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that these differences in the cellular distribution of FoxP3
influence the reactivity of RPE cells to the pro-inflamma-
tory cytokine IL-1p and might represent a basis for the
immunologic switch in RPE cells from healthy to a dis-
eased state. Qur data further suggested that in cells with
abundant nuclear FoxP3, FoxP3-mediated gene expres-
sion might be regulated by Ca”"-dependent phosphoryl-
ation of FoxP3. In cells with a major proportion of FoxP3
present in the cytosol, regulation of FoxP3-mediated
gene expression primarily depended on the translocation
from cytosol to the nucleus.

We recently reported that FoxP3 protein is not detected
in the RPE of young animals. Here we report that with
aging, murine RPE cells started to express FoxP3, which
was predominantly localized in the cytosol. However, in
disease conditions such as experimental uveitis or laser-
induced CNV, FoxP3 abundantly localized to the nucleus,
which is suggestive of an increased activity of the tran-
scription factor on gene expression in the RPE. Moreo-
ver, in the laser CNV model, we documented abundant
nuclear FoxP3 in the neovascular areas or zones with
loss of RPE cells as well as neighboring RPE peri-lesion
areas. Importantly, we also confirmed FoxP3-expres-
sion in human RPE from geographic atrophy lesions,
which was not detected in age-matched healthy reti-
nas. The time between FoxP3 expression in the RPE and
onset of clinical signs of geographic atrophy is currently
not known in humans, but is expected to be individu-
ally variable due to the differences in lifestyle and genetic
background, which could explain the lack of FoxP3 in
aged, but healthy human eyes. Thus, FoxP3 appears as a
pivotal transcription factor for the RPE associated with
aging and conditions of stress. This is further reflected
by our investigations of the ARPE-19 cell line, in which
we report constitutive FoxP3 expression. We speculate
that under culture conditions this human RPE cell line
does not reach its final differentiation state that would
permit a shut-down of FoxP3 expression, but instead
remains at a certain level of permanent cell stress (i.e.,
similar to the aged RPE in rodents). The observation that
the localization of FoxP3 varied with the status of the
cell culture supports this hypothesis. In non-confluent
(i.e., more stressed) cells, FoxP3 localized predominantly
to the nucleus, whereas in cells forming an intact mon-
olayer (i.e., healthy) for more than 2 weeks the majority of
FoxP3 was found in the cytosol. ARPE-19 cells can regain
a phenotype and transcriptome like native RPE after cul-
ture in confluence for months, while we maintained the
cells as confluent cultures for up to 3 weeks only [89, 90].
Thus, the not yet terminally differentiated cells may still
require FoxP3 expression to retain cellular integrity. The
deletion experiments targeting the FoxP3 gene in ARPE-
19 support the importance of FoxP3 expression for the
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resistance of these cells to the stress of CRISPR/Cas9
gene editing by electroporation. Since ARPE-19 cells are
of male origin they are hemizygous for the FoxP3 gene
encoded on the X-chromosome, resulting in a complete
knockout of FoxP3 by CRISPR/Cas9-gene editing in an
efficiently targeted cell and reduced recovery of FoxP3-
deficient cells. Based on these observations, we propose
that FoxP3 expression and its translocation to the nucleus
in situations of enhanced stress is essential for the resist-
ance against age-dependent changes or RPE damage, or
acute or chronic inflammation like in uveitis.

Co-culturing of RPE cells and lymphocytes results in
the induction of regulatory, FoxP3-expressing T cells that
support the maintenance of the ocular immune privi-
lege, which requires TGF-p-production by the RPE and
helps for the induction of peripheral Tregs [96, 97]. Since
TGE-P plays major roles in the immune privilege of the
eye and is also produced by RPE cells, FoxP3 expression
in the RPE might be induced by autocrine activation with
TGE-p [98]. FoxP3 expression of the RPE cells them-
selves was not yet known when these RPE-lymphocyte
co-culture experiments were originally performed. Inter-
estingly, in human and rat T cells, FoxP3 is transiently
localized to the cytoplasm of activated effector T cells,
and only when they have differentiated to regulatory cells
is FoxP3 is found in the nucleus [63, 99-103].

The shift to nuclear localization of FoxP3 in RPE cells
under stress conditions might reflect the gain of a regu-
latory, immunosuppressive phenotype of the RPE, nec-
essary to maintain the ocular immune privilege once the
outer blood-retina barrier is endangered. We do not yet
know whether we can immediately transfer the knowl-
edge of FoxP3 in regulatory T lymphocytes to the RPE,
but so far, our findings support this hypothesis. In Tregs,
phosphorylation of FoxP3 at Ser-418 supports their regu-
latory/suppressive function. Here we have shown that
in RPE cells the nuclear FoxP3 is also phosphorylated at
Ser-418, likely indicating a highly immune-suppressive
RPE-phenotype [104, 105]. In general, we observed a shift
of intracellular FoxP3 localization upon IL-1p stimula-
tion. On one hand, we found an increase of FoxP3 in the
nucleus in confluent cultures that seemed to be accompa-
nied by a decrease of nuclear phosphorylated FoxP3. On
the other hand, in subconfluent cultures we observed no
changes of cellular FoxP3 localization but an increase of
phosphorylated FoxP3 in the nucleus.

Here, these differences might be related to the differ-
ent cell culture conditions of ARPE-19 cells grown in
transwells (confluent) versus glass cover slips (non-con-
fluent). However, it is worthwhile to mention that under
both conditions we see a robust expression of FoxP3.
The analysis of the dot blots from transwell-grown cells
showed a significant amount of phosphorylated FoxP3
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under baseline conditions already. Thus, the strongly
increased FoxP3 expression goes along with a large pro-
portion of already phosphorylated FoxP3.

To imitate stress, we further investigated factors that
lead to FoxP3 activation and the resulting changes in the
secretory activity of RPE cells. Since the RPE forms the
border between the immune system and the inner eye as
an "educational barrier”, RPE cells need to communicate
with the cells of the immune system using a common
set of cytokines and receptors [4, 49]. Activated mac-
rophages release IL-1p and are thought to be drivers of
chronic inflammation leading to AMD [12, 27, 38]; and
although expression of the IL-1p receptor on RPE cells
was postulated, it was never proven at a functional level
(106, 107].

IL-1p-mediated signaling in the RPE was examined in
confluent and non-confluent ARPE-19 cells by investi-
gating the intracellular Ca’* increase along with FoxP3
translocation to the nucleus. Confluent cells reacted to
IL-1p stimulation with very small Ca®>* peaks in only
a small subset of cells. In contrast, in response to IL-1p
stimulation, non-confluent cells showed a widespread
increase in free cytosolic Ca>" as a second messenger
that was driven by the release of Ca*" from cytosolic
Ca’* stores as well as ryanodine receptor-dependent
activation of L-type Ca®" channels [108]. When analyz-
ing FoxP3 localization, confluent ARPE-19 displayed a
transient increase of FoxP3 translocation to the nucleus,
whereas non-confluent cells with already "constitutive"
nuclear FoxP3 did not respond with altered FoxP3 locali-
zation. Phosphorylation of FoxP3 at Ser-418 was found to
be increased in non-confluent cells and IL-1p stimulation
resulted in an increase of phosphorylated nuclear FoxP3,
whereas confluent cells already showed maximal levels
of nuclear P-FoxP3 that could not be further elevated
although the total Foxp3 is lower than in non-confluent
cells. Finally, we investigated the effect of risk factors of
AMD that induce oxidative stress, like cigarette smoke,
on FoxP3 expression/localization in animal models. Mice
exposed to intermittent cigarette smoke for 6 months
[88], exhibit changes in gene expression in the RPE as
well as mitochondrial alteration, but no apparent cell
death [88]. In smoke exposed mice, levels of FoxP3 in the
RPE were significantly elevated when compared to room
air-maintained mice. In an in vitro assay with scratched
confluent cell monolayers of ARPE-19 cells, FoxP3 locali-
zation was predominantly in the nucleus compared to the
non-injured, confluent monolayer cultures. These collec-
tive data indicate that damage of the RPE cell monolayer
leads to a phenotype of FoxP3 expression that is resem-
bling non-confluent cells. Furthermore, culturing ARPE-
19 cells for 14 days without medium change increased
the FoxP3 expression, however, with expression in the
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cytosol. Thus, this pattern of stress-induced FoxP3 acti-
vation indicates that RPE cells might need FoxP3 expres-
sion in situations of oxidative stress, inflammation and
trauma for their function and probably also for their
survival.

We hypothesize that these events are also represented
by the animal models with AMD relevance, where we
could identify FoxP3 expression and translocation into
the nucleus. The aged retina with increased oxidative
stress and the Cx3crI™ S mouse are both models
with a decreased innate immune regulation and function,
which leads to a loss of RPE cells with increasing age.
The laser-induced choroidal neovascularization model
is driven by a strong local inflammatory response caused
by cell necrosis and the break of the outer blood-retina
barrier. Moreover, retinal laser burn causes a breakdown
of the ocular immune privilege even in the non-treated
partner eye [109]. In each of these models, the stressor
leads to loss in RPE integrity, which is accompanied by
translocation of FoxP3 into the nucleus.

To answer the question of whether FoxP3-dependent
regulation of gene expression is required for the RPE to
control local immune responses, we investigated changes
in the secretory profile of ARPE-19 cells under condi-
tions correlated with FoxP3 activation. First, we found
that confluent APRE-19 cells showed much stronger
reactions of secretory activity compared to non-conflu-
ent cells, which is suggestive of a more stable phenotype
when cells have reached confluence. Under stimula-
tion with IL-1B, both confluent and non-confluent cells
increased the secretion of IL-6 and IL-8, while non-con-
fluent cells only showed increased MCP-1 after 2 h of
IL-1p exposure. In physiologically relevant conditions,
the secretion of MCP-1 by already damaged/stressed RPE
cells in response to IL-1p released from macrophages
could in turn further attract and stimulate monocytes
and thus create a feedback loop perpetuating inflamma-
tion. The changes of mRNA expression in RPE/choroid
samples with age in Cx3cr1%7/6P mice support this con-
clusion. Here, increased levels of FoxP3 coincide with
increased levels of IL-1p. Indeed, Sennlaub et al. [15] had
previously demonstrated that increased levels of MCP-1
lead to increased numbers of monocytes in the outer
retina. Increased numbers of monocytes, along with
increased IL-1P expression, might in turn enhance Cxcll
expression, the mouse analogue of human IL-8, in con-
cordance with our data shown here. Interestingly, when
compared with wild-type mice, the Cxcll expression is
lower in the Cx3cr1™CF mice at 8 months of age. We
interpret this effect as an early onset of interaction of
the RPE with immune cells in the Cx3cr17STF mouse
model, where both, monocytes and T cells, are dysregu-
lated by the gene deficiency.
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Another way to stress ARPE-19 cells is the destruc-
tion of the confluent monolayer of cells by a scratch,
which disrupts the contact between the cells, creating an
injury comparable to laser burn in animal models. The
damage induced the secretion of high levels of MCP-1,
IL-8, IL-6 and especially VEGF-A that could not be fur-
ther increased by addition of IL-1B. VEGF-A was only
induced by the scratch-mediated cell destruction, and not
solely by IL-1P application. The expression of this panel
of genes also occurred in the retina of the Cx3cr1%/F
mouse model with relevance for geographic atrophy. In
the degenerative state of the retina, the cytokines MCP-
1, IL-8 (the mouse homologue is Cxcl1), and IL-1p, were
significantly increased. As IL-8 is known to play a role in
autocrine self-protection of the RPE against degenerative
impacts, the FoxP3-driven reaction likely represents a
rescue mechanism [49, 110].

The secretion profile indicates a pro-inflammatory
phenotype of the RPE when FoxP3 is active. As IL-1p
is a driver towards that phenotype and is secreted by
monocytes that invade the outer retina in AMD-like
inflammatory scenarios [27, 107], it is likely that the
secretion activity of monocytes drives FoxP3 transloca-
tion into the nucleus. The cell morphology of the aged
RPE implies regenerating activities in response to defects
in the monolayer [82]. Thus, IL-1p secreted by mono-
cytes establishes a combined self-regenerating and pro-
inflammatory phenotype in the RPE. This would explain
why RPE cells in the aged, but healthy retina showed only
weak FoxP3 expression in the nucleus since monocytes
are lacking in the healthy situation. However, we found
that also RPE cells that are in a far distance to laser inju-
ries showed FoxP3 expression, suggesting a spread of
information about a dangerous situation over the RPE.
This was also observed in cultured ARPE-19 cells after
scratching the monolayer, where the information of the
injury and the nuclear FoxP3 translocation was spread-
ing over the entire culture. This might be in correlation
with a previously published observation of our group that
not only the laser site contains activated monocytes and
likely microglia cells [75], but there is a pan-retinal acti-
vation of microglia that might induce the FoxP3 translo-
cation to the nucleus.

In summary, we found that RPE cells induce FoxP3
expression and nuclear localization under both stress
conditions and in pre-degenerative states. FoxP3 expres-
sion during RPE cell stress seems essential for cell sur-
vival, as suggested by the reduced resistance of ARPE-19
cells to stress after FoxP3-knockout. Cell degeneration
or strong local inflammation enhanced FoxP3 phospho-
rylation and/or translocation into the nucleus, which was
also dependent on the cellular status (confluent or not).
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The consequences of FoxP3 expression and its subcellular
localization in RPE cells require further investigation.
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