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Introduction

1 Introduction

1.1 Age-related macular degeneration (AMD)

Age-related macular degeneration (AMD) is one of the primary causes of vision loss in
the elderly population and is projected to affect nearly 80 million individuals in the
European Union by 2050 (J. Q. Li et al.,, 2020). The disease is characterised by
progressive damage to the macula, resulting in loss of central vision. In its early and
intermediate forms, AMD is distinguished by the accumulation of drusen, which are lipid
and waste deposits in the outer retina (Crabb et al., 2002; van der Schatft et al., 1993).
As the disease advances, it develops into the late forms of exudative (neovascular) or
non-exudative (atrophic) AMD (Ferris et al., 2013). While anti-vascular endothelial
growth factor therapies have been established for the treatment of exudative AMD,
therapeutic options for the non-exudative form remain limited, particularly in advanced
stages involving geographic atrophy (GA) (Rosenfeld et al., 2006; Spaide et al., 2006).
GA is defined by the progressive degeneration of the retinal pigment epithelium (RPE)
and photoreceptors, ultimately causing vision loss (Ferris et al., 2013).

The pathogenesis of AMD is highly complex and remains incompletely understood. Its
development is influenced by a combination of genetic and environmental risk factors,
including ageing, smoking, and photo-oxidative stress. These factors induce cellular
stress responses in the RPE, leading to inflammasome activation and increased
secretion of inflammatory mediators (Nagineni et al., 2015; Oh et al., 1999). Disease
progression is associated with impaired RPE functionality, recruitment of immune cells
to the retina, and the establishment of a chronic state of inflammation, which further
exacerbates degeneration (Ambati et al., 2013; Tan et al., 2020). Given the limited
treatment options available for non-exudative AMD, the identification of novel therapeutic
target proteins is of particular interest. One approach to investigating inflammatory
processes in AMD pathogenesis is the analysis of biomarkers in the aqueous humour
(AH) of the anterior chamber of the eye. Previous studies have identified a wide range
of inflammatory mediators in the AH, offering insights into AMD pathomechanisms and
highlighting potential therapeutic targets (Altay et al., 2019; Kramer et al., 2012; Sitnilska
et al., 2021; Spindler et al., 2018; ten Berge et al., 2019).

1.2 The role of the retinal pigment epithelium (RPE) in AMD
pathogenesis

A key cell type affected during retinal degeneration in AMD is the RPE, a monolayer of
specialised epithelial cells located at the interface between the neural retina and the
1
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choroid. RPE cells are characterised by their hexagonal morphology and polarised cell
organisation (Lakkaraju et al., 2020; Strauss, 2005). The primary cilium of RPE cells
plays a crucial role in regulating signalling pathways that are critical for RPE maturation
and function (Kretschmer et al., 2023; May-Simera et al., 2018). The specific architecture
and location of the RPE contribute to its humerous essential functions in maintaining
retinal health. These include light absorption, regulation of fluid and nutrient exchange
between the choroid and the retina, and secretion of immunomodulatory factors that
contribute to the immune privilege of the eye (Lakkaraju et al., 2020; Strauss, 2005). A
key function of the RPE is the continuous renewal of photoreceptor outer segments
through phagocytosis, degradation, and recycling (Kevany & Palczewski, 2010).
Additionally, the RPE plays a crucial role in the visual cycle by converting all-trans-retinal
to 11-cis-retinal, thereby ensuring photoreceptor excitability, while also contributing to
ion homeostasis through apical voltage-dependent ion conductance (Lakkaraju et al.,
2020; Strauss, 2005). *LYH Q W K Hriical(rpe in retinal homeostasis, its dysfunction
or degeneration can severely impair visual function, ultimately contributing to the onset

and progression of AMD.

Hyperreflective foci (HRF) are small, well-defined hyperreflective lesions in the retina,
detectable by optical coherence tomography imaging, and have been identified as
potential indicators of AMD progression. Histological and imaging studies suggest that
HRFs represent morphologically distinct RPE cells in and near atrophic retinal areas,
which exhibit pathological alterations such as loss of epithelial phenotype, structural
abnormalities, transdifferentiation, and increased migratory capacity (Balaratnasingam
et al., 2017; Bonilha et al., 2020; Cao et al., 2021; Gambril et al., 2019; Zanzottera,
Messinger, Ach, Smith, & Curcio, 2015; Zanzottera, Messinger, Ach, Smith, Freund, et
al., 2015; Zanzottera et al., 2016). Epithelial to mesenchymal transition (EMT) has been
proposed as a key mechanism underlying these pathological RPE changes and HRF
formation. EMT can be triggered by chronic inflammatory processes, influenced by
ageing, smoking, and other AMD-associated risk factors. During EMT, RPE cells lose
their epithelial characteristics and acquire a mesenchymal-like morphology, leading to
compromised functionality (Bonilha et al., 2020; Ghosh et al., 2018). A central regulator
of EMT is the transforming growth factor-beta (TGF- V L JiggDp@hway, which has
been implicated in AMD pathogenesis (Little, Llorian-Salvador, Tang, Du, Marry, et al.,
2020; Newman et al., 2012; Radeke et al., 2015). In vitro, TGF- WUHDWPHQW
is widely used as a model to induce EMT, driving RPE dysfunction (S. J. J. Kim et al.,
2020; Lee et al., 2013; Ma et al., 2023; Su et al., 2021; Wei et al., 2018). This loss of
RPE specificity and functionality plays an important role in the development and
progression of AMD, contributing to disease-associated changes in the retina

2
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(Balaratnasingam et al., 2017; Bonilha et al., 2020; Cao et al., 2021; Gambril et al., 2019;
Zanzottera et al., 2016; Zanzottera, Messinger, Ach, Smith, & Curcio, 2015; Zanzottera,
Messinger, Ach, Smith, Freund, et al., 2015).

1.3 The role of the complement system in AMD pathogenesis

Beyond cellular stressors, the complement system, a crucial part of the innate immune
response, has been increasingly recognised as a major contributor to AMD
pathogenesis. The systemic complement system serves as a first line of defence against
foreign and altered host cells, facilitating opsonisation, lysis, and immune response
amplification (Pouw & Ricklin, 2021; Ricklin & Lambris, 2013). Additionally, it acts as a
bridge between the innate and adaptive immune system by modulating the activity of
immune cells, including B and T lymphocytes (West et al., 2018). In addition to these
canonical functions, the cellular complement system is involved in non-canonical
processes, such as the regulation of metabolism, differentiation, regeneration, and

cellular homeostasis (Arbore et al., 2017; Wenzel et al., 2021).

The complement system can be activated via multiple pathways, with the classical and
lectin pathways being initiated through the cleavage of complement component 4 (C4),
which is encoded by two gene isoforms, complement 4A (C4A) and complement 4B
(C4B). Despite differing by only four amino acids within the complement 4d (C4d)
IUDJPHQW &ainMI4A and C4B exhibit distinct functional properties (Blanchong
etal., 2001; Isenman & Young, 1984; Law et al., 1984; Merle, Church, et al., 2015; Merle,
Noe, et al., 2015; Tilley et al., 1978). Upon activation, C4 is cleaved into complement 4a
(C4a) and complement 4b (C4b), with C4b subsequently contributing to the formation of
complement 3 (C3) convertases, which promote further C3 activation. The central
FRPSOHPHQW FRPSRQHQW & H[LVWV LQ LWV LQDFWLYH IRUP I
chains. Spontaneous hydrolysis of C3 leads to its non-proteolytic activation into the
active form hydrolysed C3 (C3(H20)). Additionally, proteolytic cleavage of C3 by its
convertases generates the active forms complement 3a (C3a) and 3b (C3b). C3a acts
as a pro-inflammatory anaphylatoxin, while C3b covalently binds to target surfaces,
facilitating opsonisation and further complement activation. The subsequent processing
of C3b by complement factor | (FI) and its cofactors, including complement factor H (FH),
generates inactivated complement 3b (iC3b). Further degradation of iC3b produces
complement 3c (C3c) and 3dg (C3dg), before being further cleaved into complement 3d
(C3d) and 3g (C3g). The cascade progresses to the terminal complement pathway and
the formation of the membrane attack complex (MAC), which mediates cell lysis and
contributes to tissue damage (Merle, Church, et al., 2015; Merle, Noe, et al., 2015;

Ricklin et al., 2016). Given its inflammatory potential, the activation of the complement
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cascade is tightly regulated by several inhibitory factors, including FI and FH, playing a
crucial role in attenuating the inflammatory effects of active C3 forms by promoting their

degradation and preventing excessive complement activation (Cho, 2015).

Genome-wide association studies linked variants in complement-related genes,
including C3, complement factor B (CFB), complement factor H (CFH), and complement
factor | (CFl), as risk factors for AMD susceptibility (Despriet et al., 2009; Edwards et al.,
2005; Fritsche et al., 2013, 2016; Hageman et al., 2005; Klein et al., 2005; Maller et al.,
2007; Park et al., 2009; Yates et al., 2007). In addition, several components, including
C3, C3b, iC3b, C3dg, FH, and FI, have been detected in drusen, further implicating
complement involvement and activation in AMD pathogenesis (Anderson et al., 2002,
2010; Crabb et al., 2002; P. T. Johnson et al., 2006; L. V. Johnson et al., 2001; Laine et
al., 2007). Although the blood-retina barrier KHOSYV PDLQWDLQ WKH H\HYV LPPXQ
by limiting the influence of the systemic complement system produced in the liver, recent
studies have demonstrated that key complement components, including C3, C3a, C3b,
C3d, complement factor B (FB), FH, and FI, are also locally produced within the human
RPE/choroid complex and in vitro in RPE cell models (Anderson et al., 2010; Enzbrenner
etal., 2021; Y. H. Kim et al., 2009; Luo et al., 2011; Pauly et al., 2019; Rutar et al., 2012;
Schafer et al., 2017, 2020, 2021; Sugita et al., 2018; Trakkides et al., 2019; Zauhar et
al., 2022).

The recognition of complement activation as a central driver of AMD pathogenesis has
led to the development of complement-targeted therapies for GA. Pegcetacoplan
(Syfovre @B, a C3 inhibitor that blocks the cleavage of C3 into its active fragments C3a
and C3b, thereby mitigating excessive complement activation, has been approved by the
U.S. Food and Drug Administration (Liao et al., 2020). Clinical trials, including the FILLY
phase 2 and OAKS phase 3 studies, have demonstrated that monthly or bimonthly
intravitreal administration of Pegcetacoplan significantly reduces GA lesion growth over
at least twelve months, though this effect did not achieve statistical significance in the
DERBY phase 3 trial (Dascalu et al., 2024; Heier et al., 2023; Liao et al., 2020; Pfau et
al., 2022; Steinle et al., 2021). While these findings highlight the therapeutic potential of
complement inhibition, Pegcetacoplan does not halt AMD progression entirely but

instead slows disease advancement.

1.4 Aim of this thesis

AMD is increasingly recognised as a disease with a strong inflammatory component, with
particular emphasis on the role of the complement system in its pathogenesis. This thesis
aimed to investigate the local production and processing of complement component C3

in dysfunctional RPE cells, which may resemble those associated with HRF, a hallmark
4
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of AMD progression. To address this, an in vitro model was established, incorporating
mesenchymal to epithelial transition (MET), the reverse process of EMT. MET occurs
during RPE maturation, where immature RPE cells transition from a mesenchymal
phenotype to a fully differentiated, epithelial, and RPE-specific state (Chtcheglova et al.,
2020; Tian et al., 2018). The model comprised immature and mature ARPE-19 cells, an
adult retinal pigment epithelial cell line, as well as induced pluripotent stem cell-derived
RPE (iPSC-RPE) cells, representing dysfunctional and healthy RPE, respectively. RPE
characteristics were analysed at the transcript expression, protein, and secretion levels,
followed by an investigation of local complement production, with a specific focus on C3
and its intracellular activation products. Additionally, to assess how EMT-inducing stress
affects complement regulation, mature ARPE-19 and iPSC-RPE cells were exposed to
TGF- WUHDWPHQW DQG DOWHUDWLRQV LQ 53( FHOO SURSHU

evaluated.

Beyond in vitro studies, this thesis aimed to establish the clinical relevance of
experimental findings by investigating complement components and inflammatory
mediators in AMD patients. In collaboration with the Department of Ophthalmology of the
University Medical Centre Goéttingen, a case-control study was conducted to collect AH
samples from patients with non-exudative AMD and control probands. A comprehensive
multiplex analysis was performed to quantify 78 inflammatory mediators and
complement components in the AH, enabling a comparative assessment between
patient and control groups. Furthermore, potential associations between biomarker

levels and demographic factors such as age, smoking status, and sex were examined.
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2 Summary of publications

2.1 Complement C3 activation in the human retinal pigment

epithelium

Juliane Schikora , Antonia Nickel, Jasmin Bergert, Rike Hahnel, Aaron Dort, Ben King,
Stella Y. Schayan-Araghi, Pratiti Banerjee, Hannah N. Wolf, Helen May-Simera, Diana
Pauly

Investigative Ophthalmology & Vision Science

2.1.1 Scientific summary
2.1.1.1 Analysis of cellular complement production in a model of healthy and
dysfunctional RPE cells
RPE dysfunction plays a central role in AMD pathogenesis, with HRF identified as
potential indicators of disease progression. These morphologically altered RPE cells
undergo EMT-related changes, leading to the loss of their epithelial phenotype and
characteristic RPE structure (Balaratnasingam et al., 2017; Bonilha et al., 2020; Cao et
al., 2021; Gambril et al., 2019; Zanzottera, Messinger, Ach, Smith, & Curcio, 2015;
Zanzottera, Messinger, Ach, Smith, Freund, et al., 2015). In addition to cellular
degeneration, dysregulation of the complement system is a key factor contributing to
AMD development (Despriet et al., 2009; Edwards et al., 2005; Fritsche et al., 2013,
2016; Hageman et al., 2005; Klein et al., 2005; Maller et al., 2007; Park et al., 2009;
Yates et al., 2007). RPE cells have been shown to produce complement components
locally, independent of systemic complement sources (Anderson et al., 2010;
Enzbrenner et al., 2021; Y. H. Kim et al., 2009; Luo et al., 2011; Pauly et al., 2019;
Schéafer et al., 2017, 2020, 2021; Sugita et al., 2018; Trakkides et al., 2019; Zauhar et
al., 2022).

To investigate complement regulation in dysfunctional RPE cells resembling HRF, we
developed an in vitro model based on MET, the reverse process of EMT. This model
included both ARPE-19 and iPSC-RPE cells in an immature and mature state to
represent the dysfunctional and healthy RPE, respectively. Immature and mature ARPE-
19 cells were obtained through distinct culture media, whereas iPSC-RPE cells were
cultivated for either one or six weeks. RPE characteristics, including phenotype,
specificity, and functionality, were assessed at the transcript expression, protein, and
secretion levels. Complement regulation was examined with a particular focus on C3 and

its cleavage products. Furthermore, to evaluate the effects of EMT-inducing stress,



Summary of publications

mature ARPE-19 and iPSC-RPE cells were treated with TGF- D @kanges in both
RPE specificity and complement production were analysed.

2.1.1.2 Establishment of m ature induced pluripotent stem cell -derived (iPSC)
RPE cells as the most comparable model to healthy RPE

Immature ARPE-19 cells exhibited a mesenchymal cytoskeleton with stress fibre-like
filamentous actin (F-actin), while mature ARPE-19 cells showed an epithelial-type
organisation (Figure 1A). In contrast, iPSC-RPE cells displayed an epithelial F-actin
distribution at both stages, though immature cells displayed more stress fibres, and
mature iPSC-RPE cells exhibited pronounced apical localisation (Figure 1A). No
differences in vimentin (VIM) transcript expression were observed, but immature cells
displayed a mesenchymal-like perinuclear VIM distribution (Figure 1B-C). Tight junction
protein zonula occludens 1 (TJP1) expression was significantly upregulated in mature
ARPE-19 cells (P =.013) but remained unchanged in iPSC-RPE cells (Figure 1D). At
the protein level, TJIP1 was organised and circumferentially distributed in mature cells,
with a pronounced apical distribution in mature iPSC-RPE (Figure 1E). Bestrophin 1
(BEST1) transcript expression was significantly increased in mature ARPE-19 and iPSC-
RPE cells (P = 7e-08, P = 9e-05), and protein expression was detected exclusively in

mature iPSC-RPE cells at the characteristic central and basal regions (Figure 1F-G).

Barrier function assessment via transepithelial resistance (TER) revealed no significant
differences in ARPE-19 cells, while mature iPSC-RPE cells exhibited significantly
elevated TER (P = 2e-04) (Figure 1H). Cell capacitance, a negatively correlated
indicator of presence of apical processes, was significantly reduced upon maturation
(P =.011, P =9e-05) (Figure 1lI). General cell characteristics showed a significant
increase in cell density (P = 9e-14) and a reduction in cross-sectional cell area (P = 2e-
16) in mature ARPE-19 cells, with no differences in iPSC-RPE cells (Figure 1J-K).
Analysis of neighbouring cells indicated a median of six neighbours per cell, with a range
of three to ten in both immature and mature conditions (Figure 1L). Nuclear cross-
sectional area was significantly reduced in mature ARPE-19 and iPSC-RPE cells
(P =2e-16, P =2e-16) (Figure 1M-N). Analysis of several RPE markers revealed
increased premelanosome protein (PMEL) and lysosome-associated membrane
protein 2 (LAMP2) transcript expression in mature ARPE-19 cells, as well as significantly
upregulated transcript expression of cadherin 1 (CDH1), retinaldehyde binding protein 1
(RLBP1), retinoid isomerohydrolase (RPE65), and MER proto-oncogene, tyrosine kinase
(MERTK) in both mature ARPE-19 and iPSC-RPE cells (Figure 10).

Ciliation as a hallmark of RPE maturation was observed in nearly all cells with

maturation-dependent characteristics (Figure 2). In mature IiPSC-RPE cells,
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polyglutamylated tubulin (GT335) signals were significantly shorter in the Z axis and less
intense compared to immature cells (P = 2e-16, P =.010), a trend confirmed by ADP-
ribosylation factor-like protein 13B (ARL13B) staining, which also showed reduced signal
length and intensity (P =.037, P =.013). In contrast, mature ARPE-19 cells exhibited no
changes in GT335 signal length but showed reduced intensity (P = .003), while ARL13B
signals appeared elongated but less intense (P =.004, P = .019), indicating differences

in cilia regulation during maturation.

Overall, immature cells displayed a mesenchymal cytoskeleton and reduced RPE
marker expression, while mature cells, especially iPSC-RPE, demonstrated RPE-
specific characteristics. Cilia retraction was observed in mature iPSC-RPE cells,
whereas ARPE-19 cells retained elongated cilia, suggesting incomplete maturation.
These findings indicated that mature iPSC-RPE cells most closely resemble functional
RPE in vivo.

2.1.1.3 Revealing m aturation -dependent patterns of ¢ omplement transcript
expression, secretion, localisation, and  C3 processing

Mature ARPE-19 and iPSC-RPE cells exhibited significantly increased C3 transcript
expression (P =.001, P = 1e-07) and elevated apical and basal C3 secretion compared
to immature cells (P =.008, P =.004; P =7e-06, P=3e-06) (Figure 3B-C). CFB
transcript levels were significantly increased in mature iPSC-RPE cells (P = .026), with
elevated apical and basal FB secretion (P =.008, P =.021), whereas ARPE-19 cells
showed no significant CFB expression changes and low FB secretion (Figure 3E-F).
CFH transcript expression was significantly elevated in mature ARPE-19 cells (P = le-
05), with no difference in iPSC-RPE cells, yet apical and basal FH/factor H like protein 1
(FHL-1) secretion was increased in both mature ARPE-19 and iPSC-RPE cells (P = le-
06, P =.001; P =.008, P =9e-04) (Figure 3G-H). Protein signals from the FH family
were detected in all groups, but specific FH sighals were only observed in immature
ARPE-19 cells (Figure 3I-J). CFI transcript expression was significantly increased in
mature ARPE-19 cells (P = 3e-08), with elevated apical and basal FI secretion (P = .008,
P =.008) (Figure 3K-L). In iPSC-RPE cells, CFI transcript expression showed no
differences and apical FI secretion increased upon maturation (P = 3e-05), while basal
secretion decreased (P =.001) (Figure 3K-L). FI staining revealed no clear trend,
except for a pronounced apical localisation in mature iPSC-RPE cells (Figure 3M). In
summary, both ARPE-19 and iPSC-RPE cells exhibited autonomous transcript
expression and secretion of complement components, including C3, FB, FH/FHL-1, and
Fl in the absence of external complement sources, with distinct secretion patterns that

varied according to the maturation state.
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Additionally, mature ARPE-19 and iPSC-RPE cells exhibited distinct secretion patterns
of active C3 forms. In mature iPSC-RPE cells, increased apical and basal secretion of
C3(H20), C3a, and iC3b were detected (P = .011, P =.008; P =.008, P = .012; P = .010,
P = 3e-04), whereas these forms were absent or significantly reduced in ARPE-19 cells
(Figure 4). The secretion pattern in iPSC-RPE cells was consistent with inactive C3
secretion, a pattern not observed in ARPE-19 cells. To further assess intracellular C3
processing, we analysed RPE cell lysates using two antibodies: a monoclonal antibody
against the C3c/C3d/C3 . HSLWRSH 1)DaQdNd |pdly@adnal C3 antibody
(antibody 2) (Figure 5A, D). Western blots with antibody 1 detected C3d (~34 kDa) and
the C3 . chain (~115 kDa), which was more pronounced in mature ARPE-19 and iPSC-
RPE cells (Figure 5B). Immunostaining with antibody 1 showed intracellular C3
accumulation in both cell types, with mature iPSC-RPE cells exhibiting distinct apical and
circumferential punctate patterns, whereas other RPE cells showed perinuclear staining
(Figure 5C). Antibody 2 confirmed the recognition of the C3 . (~115 kDa) .(~101 kDa)
D Q Gchains (~75 kDa), revealing strong C3 . D Q Ghain bands in mature iPSC-RPE
cells (Figure 5D-E). Immature iPSC-RPE cells displayed additional bands at ~45 kDa
and ~55 kDa, which were absent in mature iPSC-RPE cells, suggesting differential C3
processing during maturation, while ARPE-19 cells showed a persistent ~45 kDa band
(Figure 5E). Immunostaining with antibody 2 indicated a diffuse C3 distribution in
immature cells, while mature cells exhibited more localised signals, particularly apically
and circumferentially in mature iPSC-RPE cells (Figure 5F). Immunoprecipitation with a
C3 chain-specific antibody confirmed the presence of the full C3 chain (~75 kDa)
exclusively in mature iPSC-RPE cells, whereas it was absent in other groups
(Supplementary Datafile S13 ). In summary, mature ARPE-19 and iPSC-RPE cells
exhibited different patterns in the secretion of active C3 forms. Intracellular C3
processing and localisation FKDQJHG GXULQJ PDWXUDudirRdgtecled WK WKH 1)
exclusively in mature iPSC-RPE cells and the presence of C3 fragments distinct from

known cleavage products in ARPE-19 and immature iPSC-RPE cells.

2.1.1.4 Differential transforming growth factor -beta 1 (TGF- ) susceptibility and
its impact on stress responses in RPE cells

TGF- V LJIpduas analysed to assess treatment susceptibility in immature and
mature ARPE-19 and iPSC-RPE cells. TGFB1 transcript expression was comparable
across all groups, while apical and basal TGF- VHFUHWLRQ ZDV VLJQLILFDQWO\
mature ARPE-19 and iPSC-RPE cells (P =3e-07, P =2e-05; P=.012, P=.011)
(Figure 6A-B). In mature IPSC-RPE cells, TGF- O R &eD0 Q@rimarily apically and
circumferentially, whereas in other groups, it was more evenly distributed (Figure 6C).

Transforming growth factor-beta receptor 1 (TGFBR1) transcript expression was similar
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across cell types, but transforming growth factor-beta receptorl (7 5) protein

distribution varied, with strong signals in ARPE-19 cells and punctate apical staining in

mature iPSC-RPE cells (Figure 6D-F) 2YHUDOO KLJK 7 5, H[S19dal&/ LRQ LQ $5
suggested increased susceptibility to TGF- WUHDWPHQW ZKLOH ZHDN 7 5, VI
mature iPSC-RPE cells indicated greater resistance.

Mature ARPE-19 and iPSC-RPE cells were treated with or without 10 ng/mL TGF-

under serum-free conditions. ARPE-19 cells exhibited basal stress fibres in both control

and treated groups, while iPSC-RPE cells remained unaffected, except for the loss of

apical F-actin in treated cells (Figure 7A). TGF- -treated ARPE-19 cells showed
thickened TJP1 filaments, whereas iPSC-RPE cells displayed no major structural
changes, aside from reduced apical TJP1 localisation (Figure 7B ). TGF- LQFUHDVHG
CDH1 (P =.001) and decreased BEST1 (P =.020) transcript levels in ARPE-19 cells,

while iPSC-RPE cells remained unchanged (Figure 7C).

Complement analysis revealed a significant reduction in C3 transcripts in TGF- -
treated ARPE-19 cells (P = 1e-05), with no effect in iPSC-RPE cells (Figure 7D). Apical
C3 secretion was reduced in both treated cell types (P =.029, P = .003), while basal C3
secretion remained unchanged (Figure 7E). C3(H20) secretion decreased apically and
basally in ARPE-19 cells (P =.029, P =.029), while only apical secretion was reduced
in iPSC-RPE cells (P =.002) (Figure 7F). C3a secretion was unaffected in both cell
types (Figure 7G). TGF- reduced apical and basal iC3b secretion in iPSC-RPE cells
(P = 2e-04, P = .019), while in ARPE-19 cells, apical secretion was very low, and basal
levels remained stable (Figure 7H). C3 antibody 1 detected C3d (~34 kDa) and the
C3 . chain (~115 kDa) in both control and treated cells with no notable differences, and
perinuclear C3 accumulation in treated ARPE-19 cells, while iPSC-RPE cells lost their
distinct apical C3 localisation after treatment (Figure 71-J). C3 antibody 2 showed strong
~45 and ~55 kDa bands in ARPE-19 cells, whereas iPSC-RPE cells exhibited visible
C3 . (~115kDa) D Q Gchains (~75 kDa) with no notable differences (Figure 7K).
Overall, mature iPSC-RPE cells were more resistant to TGF- -induced stress than
ARPE-19 cells. However, TGF- VLPLODUO\ UHGXFHG Wikt othe-FUHWLRQ |
components in both cell types, while C3a release and intracellular C3 cleavage patterns

remained unchanged.

2.1.2 Description of own contribution

The personal contribution to this publication includes participation in project
conceptualisation, study design, experimental setup, execution of experiments, data
analysis for all figures and supplementary files, data discussion, generation of all figures,

writing of the original manuscript, manuscript editing process and peer-review process.
10
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2.2 Decreased complement 4 and interleukin -10 as biomarkers in
agqueous humour for non -exudative age -related macular

degeneration: a case control study

Juliane Schikora , Aaron Dort, Hannah N. Wolf, Mihaly Jézsi, Richard Pouw, Thomas
Bertelmann, Dirk Bahlmann, Christian van Oterendorp, Nicolas Feltgen, Hans Hoerauf,

Jannis Klemming, Diana Pauly
Journal of Translational Medicine

2.2.1 Scientific summary

In the search for novel therapeutic approaches for AMD, research has increasingly
focused on identifying biomarkers in the AH of the anterior chamber of the eye.
Numerous inflammatory mediators have been detected in AH, supporting the
involvement of immune system dysregulation in AMD pathogenesis (Altay et al., 2019;
Kramer et al., 2012; Sitnilska et al., 2021; Spindler et al., 2018; ten Berge et al., 2019).
However, whereas numerous studies have investigated AH biomarkers in exudative
AMD, research focusing specifically on non-exudative AMD remains limited. This
discrepancy underscores the need for further AH studies to explore biomarker profiles in

non-exudative AMD and better understand immune-related pathomechanisms.

This case-control study comprehensively assessed the presence of 78 immunological
mediators in AH and compared their levels between non-exudative AMD patients and
control subjects (Table 1). AH samples were collected from non-exudative AMD patients
and control subjects undergoing cataract surgery in collaboration with the Department of
Ophthalmology, University Medical Centre Goéttingen. Biomarker analysis was performed
using Luminex xXMAP technology and potential associations to demographic factors such
as age, smoking status, and sex were examined. To further validate key complement

proteins, additional Western blot analyses were conducted.

The study comprised 33 subjects, including 12 non-exudative AMD patients and
21 controls, with non-exudative AMD patients including early AMD (n = 5), intermediate
AMD (n=6), or GA (nh=1) patients (Table 2). AH samples were analysed for
78 immunological biomarkers and categorised into high-, medium-, and low-
concentration groups. High levels of iC3b, FH/FHL-1, C4B, and Fl were detected, while
nine proteins were present at medium levels (FB, complement factor D (FD), C3, C4,

tumour necrosis factor-like weak inducer of apoptosis (TWEAK), complement 5 (C5),
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complement 1q (C1q), CC-chemokine ligand 2 (CCL2), complement 2 (C2)) (Figure 1).
The remaining 65 biomarkers showed comparably low concentrations in the AH.

The comparison between AMD and control groups identified three proteins with P < .100
(Figure 2A). C4 (P =.020) and interleukin-10 (IL-10) (P = .033) levels were significantly
reduced in AMD patients compared to controls, while FI showed the trend toward
decreased levels in AMD patients (P = .082). Drusen were detected exclusively in AMD
patients with a mean volume of 0.38 + 0.03 mm3. Correlation analysis showed a
significant positive association between drusen volume and CC-chemokine ligand 4
(CCL4) (rs = .78, P = .013) (Figure 2B). Interleukin-16 (IL-16) also correlated positively

with drusen volume, but did not reach statistical significance (rs = .59, P =.096).

Biomarker levels were analysed in relation to demographic characteristics, including age,
smoking status, and sex. A significant positive correlation was observed between age
and matrix metalloproteinase-1 (MMP-1) (rs = .44, P =.010), while CC-chemokine
ligand 20 (CCL20) exhibited a negative correlation that did not reach statistical
significance (rs =-.30, P =.089). Smoking influenced biomarker levels, with smokers
showing significantly elevated CC-chemokine ligand 7 (CCL7) (P = .027) and interleukin-
7 (IL-7) (P =.030) levels compared to non-smokers (Figure 2D). Additionally, four
proteins exhibited differences with a P <.100. Specifically, interleukin-6 (IL-6) levels
were increased (P = .052), while interleukin-9 (IL-9) (P = .082), fibroblast growth factor-
2 (FGF-2) (P =.087) and nerve growth factor beta (NGF- P =.091) levels were
decreased in smokers compared to non-smokers. Sex-based analysis revealed
significantly reduced levels of FB (P = .027) and C4B (P = .036) in females compared to
males (Figure 2E). Furthermore, FH/FHL-1 (P =.062), tumour necrosis factor alpha
(TNF-.) (P =.092), and FI (P = .094) showed a trend toward decreased levels in females
compared to males, while MMP-1 tended to be increased in females (P = .050). Among
the six proteins with sex-associated differences, four (C4B, FB, FH/FHL-1, FI) were

complement components.

The presence of complement components in AH, including C4, C4b, FB, FI, and FH, was
confirmed, all of which showed relevant differences with P <.100 in relation to AMD
status or sex (Additional file 12A, B, E-I, L-M). All proteins were detectable in an AH
pool comprising samples from both AMD patients and controls, as well as in human
serum and purified proteins, whereas no signals were observed in depleted sera,
confirming the specificity of the complement multiplex assays used in this study. Immune
precipitation using C4B beads demonstrated higher sensitivity compared to C4 beads,
as C4 . (~95 kDa) D Q &hains (=75 kDa) were only detected in C4B bead-precipitated
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AH (Additional file 12C, D). Multiplex immunoassay validation with purified proteins
revealed that both C4 and C4B beads detected inactive C4 and active C4b, with
C4B beads favouring the C4B isoform, while C4 beads were not isoform-specific
(Additional file 12J, K). Further multiplex immunoassay validation revealed that
FH beads included in the multiplex assay could not distinguish between FH and FHL-1
(Additional file 12N), indicating that the observed sex differences in FH/FHL-1 levels

reflected both FH family members combined rather than one specific protein.

In summary, our study demonstrates disease-associated alterations in inflammatory
mediators and complement components within the AH, highlighting the critical role of

inflammation and complement dysregulation in the pathogenesis of non-exudative AMD.

2.2.2 Description of own contribution

The personal contribution to this publication includes participation in project
conceptualisation, experimental setup, execution of laboratory experiments, data
analysis for all figures and supplementary files, data discussion, figure generation
(excluding Additional file 1), writing of the original manuscript, manuscript editing process

and peer-review process.
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3 Discussion

3.1 Cellular complement production and activation link RPE

pathology to the pathomechanisms of non  -exudative AMD

The urgent need for effective treatments for non-exudative AMD is highlighted by the
complexity of its underlying pathomechanisms, which remain only partially understood.
HRF have been studied as indicators of disease progression, with research identifying
morphologically altered RPE cells that lost their specificity and contribute to AMD
development and progression (Balaratnasingam et al., 2017; Cao et al., 2021; Gambiril
et al., 2019; Zanzottera, Messinger, Ach, Smith, & Curcio, 2015; Zanzottera, Messinger,
Ach, Smith, Freund, et al., 2015). EMT, induced by AMD-associated risk factors, has
been suggested as a key driver of RPE pathology and HRF formation, as it induces a
shift toward an unspecific, mesenchymal-like state (Bonilha et al., 2020; Ghosh et al.,
2018). We established a model based on MET, which occurs during RPE maturation in
vitro, incorporating both immature and mature ARPE-19 and iPSC-RPE cells to

represent the dysfunctional and healthy RPE, respectively.

Mature iIPSC-RPE cells exhibited hallmark RPE characteristics, including increased
transcript expression of RPE markers, enhanced barrier function, and epithelial
morphology with hexagonal TJP1 distribution, apical processes, and a circumferential F-
actin belt. In contrast, immature cells displayed a stressed phenotype, with actin stress
fibres, increased VIM expression, and differences in cell density, size, and nuclear area.
These findings align with previous studies demonstrating that optimal culture conditions
support the development of mature RPE with strong barrier integrity and proper polarity
(Al-Ani et al., 2020; Miyatani et al., 2024; Samuel et al., 2017; Tian et al., 2018).
Conversely, suboptimal culture conditions, such as high serum concentrations, shorter
differentiation periods, or frequent passaging, have been associated with stressed,
fibroblast-like RPE, characterised by inadequate junction formation, actin stress fibres,
and reduced RPE marker expression (Al-Ani et al., 2020; Boles et al., 2020; Chtcheglova
et al., 2020; Miyatani et al., 2024; Radeke et al., 2015; Samuel et al., 2017; Sripathi et
al., 2021; Tian et al., 2018). Notably, confocal imaging revealed that only mature iPSC-
RPE cells, not mature ARPE-19 cells, exhibited the expected RPE-specific apical F-actin
belt and TJP1 distribution, along with the basal localisation of BEST1 and nuclei (Lindell
et al., 2023; Marmorstein et al., 2000). Furthermore, ciliation was analysed in our model
as a marker of RPE maturation, given its role in intracellular transport and signalling
pathways, as well as its association with RPE dysmorphia, dysfunction, EMT-like

transitions, and retinal degeneration (Kretschmer et al., 2023; May-Simera et al., 2018;
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Ning et al., 2023; Schneider et al., 2021). In murine RPE, cilia formation occurs during
maturation, followed by disassembly upon reaching full maturation (Patnaik et al., 2019).
However, post-maturation deciliation has not been reported yet in human iPSC-RPE
cells. In our model, mature iIPSC-RPE cells displayed a significant reduction in ciliary
protein length and intensity compared to immature cells, suggesting ciliary retraction
upon maturation. This effect was not observed in ARPE-19 cells, where ciliary protein
lengths remained stable or increased. In summary, mature iPSC-RPE cells exhibited the
highest resemblance to healthy in vivo RPE in terms of specificity and functionality, while

also showing indications of ciliary retraction as part of their final maturation.

Given the previously reported local complement production in the murine and human
RPE/choroid complex, as well as in vitro RPE models, we investigated the cellular
complement system in our model of dysfunctional, immature RPE and specific, mature
RPE cells (Anderson et al., 2010; Enzbrenner et al., 2021; Y. H. Kim et al., 2009; Luo et
al., 2011; Pauly et al., 2019; Rutar et al., 2012; Schafer et al., 2017, 2020, 2021; Sugita
et al., 2018; Trakkides et al., 2019; Zauhar et al., 2022). We observed cell-autonomous
transcript expression, protein production, secretion, and cellular localisation of several
complement components (C3, FH/FHL-1, FI) in ARPE-19 and iPSC-RPE cells, with
distinct maturation-dependent patterns. Notably, mature iPSC-RPE cells exhibited
increased apical and basal secretion of C3, FB, FH/FHL-1, and FI, alongside a
predominantly apical localisation of C3, FH/FHL-1, and FI. These findings are consistent
with transcriptomic analyses in EMT- and MET-based studies, where cells with an RPE-
specific phenotype exhibited increased CFH and CFI transcript expression compared to
stressed, immature-like RPE cells (Al-Ani et al., 2020; Sripathi et al., 2021). In addition,
MET-based studies demonstrated elevated C3 transcript levels in more mature RPE
cells, aligning with our observations (Samuel et al., 2017).These findings support the
hypothesis that RPE cells are a local source of complement components and suggest

that their production and secretion are influenced by cellular maturation and morphology.

The recent introduction of complement inhibitors, such as Pegcetacoplan (Syfovre B,
targeting C3 activation to slow GA progression, highlights the clinical relevance of
complement dysregulation in AMD (Dascalu et al., 2024; Heier et al., 2023; Liao et al.,
2020; Steinle et al., 2021). C3 processing, including the generation of its active forms,
as well as its secretion and intracellular localisation, was examined in our RPE model.
Mature iIPSC-RPE cells secreted significantly elevated levels of active C3 forms,
including C3(H.0), C3a, and iC3b, apically and basally, whereas ARPE-19 cells
exhibited minimal secretion. In mature iPSC-RPE cells, C3 predominantly localised

apically in a punctate pattern, while immature cells displayed stronger signals for cleaved
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~45 and ~55 kDa C3 forms, distinct from known blood-derived fragments. Additionally,
the C3 chain was exclusively detected in mature iPSC-RPE cells. Previous studies
have demonstrated increased C3 activation products, including C3(H20), C3a, C3b, and
C3d, in RPE cells exposed to oxidative stress, complement treatment, or extracellular
matrix modifications (Chinchilla & Fernandez-Godino, 2021; Ebrahimi et al., 2013;
Fernandez-Godino & Pierce, 2018; Fields et al., 2017; Kunchithapautham et al., 2014;
Schéfer et al., 2020, 2021; L. Wang et al., 2014; Y. Wang et al., 2023). Consistent with
these findings, our results indicate that immature iPSC-RPE cells exhibit increased
intracellular accumulation of C3 activation products, whereas mature iPSC-RPE cells
show predominantly elevated secretion of C3 activation products. These results indicate
that RPE cells autonomously produce and process C3, independent of external
complement sources. The secreted C3 fragments, including iC3b and C3a, may function
as opsonins or chemotactic agents, respectively, suggesting a role in immune regulation
within the retina. Our findings further suggest that C3 processing follows a maturation-
dependent pattern in RPE cells, with potential implications for cellular homeostasis and
health. However, the mechanisms underlying this process as well as the cellular

functions of these active C3 forms remain unclear and require further investigation.

Beyond analysing C3 processing in our MET-based model, we investigated these

processes in an EMT-based model by applying 10 ng/mL TGF- IRU ILYH FRQVHFXWLY

days, given the established role of EMT and TGF- VLJQDOOLQJ LQ $0' SDWKRJH

(Boles et al., 2020; Little, Llorian-Salvador, Tang, Du, Marry, et al., 2020; Little, Llorian-

6DOYDGRU 7DQJ 'X 29M6KDXJKQHVV\ HW D@RPE-19cdl® GHNH HW

HIKLELWHG VWURQJ 7 5, H[Shighat \serRifity YoXTGFH VWZIQHUHD V

iIPSC-53( FHOOV VKRZHG ZHDNHU W%e%f pdtertti@l BeSistande Jid viieB W L

reflected in their response to treatment, as ARPE-19 cells displayed altered TJP1

distribution and changes in CDH1 and BEST1 transcript expression, while iPSC-RPE

cells showed only minor alterations. Despite these differences, TGF- WUHDWPHQW KDG D

consistent effect on complement secretion in both ARPE-19 and iPSC-RPE cells,

significantly reducing the apical, and in some cases basal, secretion of C3, C3(H:0),

iC3b, FH/FHL-1, and FI. In contrast, C3a secretion and intracellular C3 cleavage patterns

remained unaffected. Few studies have investigated complement components in RPE

cells following TGF-  H[S R V Xhd bbserved effects appear to be cell type-dependent,

as adult human RPE stem cell-derived RPE (RPESC-RPE) cells showed no significant

changes in C3, CFH, or CFlI transcript expression following TGF- WUHDWPHQW DORQH

whereas a combined TNF-. 7*} WUHDWPHQW O BRH ¥dRCEI HansCHid G

levels (Boles et al., 2020). In contrast, ARPE-19 cells exhibited decreased C3 transcript

levels after 48 hours of TGF- WUHDWPHQW DOLJQLQJLiZLAVROEBXU ILQGLQJ
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In summary, this study demonstrated that neither ARPE-19 nor iPSC-RPE cells fully
transitioned into an EMT phenotype in response to TGF- 1, which may be attributed to
their advanced maturation state. Instead, the treatment induced a stress-associated
phenotype characterised by subtle morphological changes and altered complement

secretion.

3.2 Immune and complement dysregulation in the aqueous humour
links inflammatory imbalance to the pathomechanisms of non -
exudative AMD

To extend the relevance of the in vitro findings to a clinical context, this thesis also
investigated complement components and inflammatory mediators in the AH of patients
with non-exudative AMD and controls. While the sample size was limited (12 AMD
patients, 21 controls), this study identified significant differences, correlations, and trends
within the groups. All 78 analysed proteins were detectable in the AH, supporting
previous reports that anterior chamber proteins can reflect retinal disease-associated
alterations, as previously shown in comparisons between AH and vitreous humour (VH)
samples (Agrawal et al., 2019; Funatsu et al., 2005; Noma et al., 2008; Wilson et al.,
2023).

Among the immune mediators analysed, C4, Fl, and IL-10 were significantly reduced in
the AH of non-exudative AMD patients compared to controls. While total C4 levels were
decreased in AMD patients, C4B concentrations remained unchanged, consistent with
previous studies on AH from early AMD patients, which also reported no significant
differences in C4B levels (Sitnilska et al., 2021). This finding may suggest an increase in
C4A levels in controls, aligning with genetic studies that associate elevated C4A copy
numbers with a lower risk of late-stage AMD (Grassmann et al., 2016; Seddon et al.,
2024). A similar trend was observed for Fl, which was significantly reduced in the AH of
AMD patients compared to controls. This aligns with previous reports describing the
trend of decreased FI levels in AH of non-exudative AMD patients (Hallam et al., 2020).
Given that genetic variants of CFl are known to reduce Fl protein secretion and increase
AMD susceptibility, the observed decrease in Fl levels further supports the hypothesis
that compromised complement regulation may contribute to heightened complement
activation and disease progression (de Jong et al., 2022; Fritsche et al., 2016; Hallam et
al., 2020; Java et al., 2020; Jones et al., 2022; Seddon et al., 2005; van de Ven et al.,
2013).

Similarly, IL-10 was reduced in AMD patients, though this was not consistently observed
in previous studies, potentially due to differences in study design or the inclusion of

exudative AMD cases in patient cohorts (Kramer et al., 2012; Spindler et al., 2018; ten
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Berge et al.,, 2019). As an anti-inflammatory cytokine, reduced IL-10 levels in AMD
patients could indicate a shift towards a more pro-inflammatory environment, potentially
driving AMD progression (Saraiva et al., 2020). Additionally, we identified a positive
correlation between AH concentrations of CCL4 and IL-16 with drusen volume,
suggesting an association between these immune mediators and AMD severity.
Significantly elevated CCL4 levels were detected in the AH of exudative AMD patients
compared to controls, and proteomic analyses have further identified multiple immune-
related proteins within drusen, supporting a general involvement of immune
dysregulation in AMD pathology (Crabb et al., 2002; Hageman, 2001; Joo et al., 2021,
L. Wang et al., 2010; Yuan et al., 2010).

As a secondary objective, we examined the influence of demographic factors on
biomarker levels. MMP-1 positively correlated with age, consistent with reports from
diabetic macular oedema patients (Kwon et al., 2016). This supports the hypothesis that
age-related inflammatory and structural changes in the retina contribute to AMD
progression. Smoking status also influenced immune mediator levels, with smokers
exhibiting among others elevated CCL7, IL-7, and IL-6 compared to non-smokers, in line
with previous studies linking smoking to systemic and ocular inflammation (Jung et al.,
2019; Zanon-Moreno et al., 2009). These findings indicate that smoking-related
inflammation is detectable in the AH. Lastly, sex-specific differences were observed in
complement protein levels, with females showing lower concentrations of C4B and the
complement factors FB, FH/FHL-1, and FI compared to males. While direct comparisons
of these proteins in AH have not yet been conducted, sex differences in complement
activity and immune mediators have been reported in plasma and serum, suggesting
systemic and ocular immune regulation may be influenced by sex (Gaya da Costa et al.,
2018; Marin et al., 2022; Sathyamoorthy et al., 2015).

3.3 Conclusion and future perspectives

This study demonstrates that RPE cells, both in a healthy state and under stress
conditions, produce key components of the complement cascade, activate C3
intracellularly, and secrete active C3 forms at both the apical and basal sides. The
cellular presence of these activated forms suggests that their biological activity may
persist despite the application of current anti-C3 therapies for non-exudative AMD.
Moreover, basal secretion of C3 fragments may evade the effects of intravitreal anti-C3
treatments, such as Pegcetacoplan, which primarily target apical C3. The incomplete
inhibition of C3 activation products could therefore contribute to the observed therapeutic
limitations, where disease progression is slowed but not fully halted. Additionally,

dysregulation of the complement and immune system was also evident in patient-derived
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AH samples, as proteomic analyses in this study identified associations between
inflammatory mediators and non-exudative AMD, further highlighting the critical role of

immune processes in disease pathogenesis and progression.

Future studies should focus on elucidating intracellular functions and downstream
signalling pathways of inactive and active C3 forms, particularly in the context of non-
canonical complement roles. Furthermore, given the strong genetic link between AMD
risk and complement gene variants, it is essential to investigate how specific
polymorphisms influence intracellular C3 production and processing in RPE models.
Finally, while in vitro RPE models provide important mechanistic insights, they lack the
tissue-specific microenvironment found in vivo. Therefore, further research, including AH
analyses with a specific emphasis on the complement system, will be necessary to fully
define the contribution of local complement activity to pathogenesis of non-exudative
AMD.
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4 Summary

Age-related macular degeneration (AMD) is a leading cause of vision loss in the elderly,
characterised by progressive damage to the macula, retinal degeneration, and central
vision impairment. The complex pathomechanisms underlying the late form of non-
exudative AMD, characterised by geographic atrophy, have hindered the development
of effective treatments, despite the urgent clinical need. In recent years, research has
focused on identifying biomarkers in the aqueous humour (AH) of the H\ H §nterior
chamber to elucidate immune system dysregulation in disease pathogenesis.
Additionally on a cellular level, hyperreflective foci (HRF) have been investigated as
indicators of AMD progression, with studies identifying retinal pigment epithelial (RPE)
cells that lose their specificity and contribute to disease pathology. Beyond cellular stress
responses, dysregulation of the complement system is a hallmark of AMD. The recent
approval of complement inhibitors by the U. S. Food and Drug Administration represents
a significant therapeutic advance. However, these treatments slow disease progression
without fully preventing geographic atrophy.

To investigate cellular complement profiles, C3 processing, and TGF- -mediated stress
responses, a model of immature and mature RPE cells was established, representing
HRF-associated and healthy RPE cells, respectively. Mature induced pluripotent stem
cell (iPSC) derived RPE cells exhibited key characteristics of healthy RPE, including the
absence of VIM staining and actin stress fibres, the presence of basal BEST1, apical
actin and tight junctions, and enhanced barrier function. Complement production
followed a maturation-dependent pattern, with mature RPE cells displaying increased
apical and basal secretion of complement components (C3, FB, FH/FHL-1, FI) and a
distinct apical localisation of complement proteins. Intracellular C3 processing revealed
cleavage products distinct from known C3 fragments, with only mature iPSC-RPE cells
secreting active C3forms (C3(H22 & D DQG H[KLELW L@dink.G\ebbDtrasy,
immature RPE cells exhibited a stressed phenotype, characterised by reduced secretion
of inactive C3 and C3 fragments and their intracellular accumulation. While iPSC-RPE
cells demonstrated greater resistance to TGF- -induced stress compared to ARPE-19
cells, complement secretion was altered in both cell types, whereas C3a release and

intracellular C3 cleavage remained unaffected.

In addition to in vitro analyses, this thesis aimed to translate experimental findings into a
clinical context by examining complement components and inflammatory mediators in
AMD patients. A case-control study was conducted to collect AH samples from patients
with non-exudative AMD and control subjects. A comprehensive multiplex analysis

quantified 78 inflammatory mediators and complement components in AH, allowing for
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a comparative assessment between patient and control groups. Additionally, potential
associations between biomarker levels and demographic factors such as age, smoking
status, and sex were examined. All investigated immunological factors were detected in
AH and categorised into high-, medium-, and low-concentration groups. AH contained
high levels of complement proteins, including iC3b, FH/FHL-1, C4B, and Fl. Reduced
levels of C4, IL-10, and FI were observed in non-exudative AMD patients compared to
controls, while drusen volume in AMD patients correlated positively with CCL4 and IL-16
levels. Demographic factors influenced biomarker levels, with age positively correlating
with  MMP-1 and negatively with CCL20. Smokers exhibited altered levels of
inflammatory proteins (CCL7, IL-7, IL-6, IL-9, FGF-2, NGF- ZKLOH VH[ GLIIHUHQFHYV Z
observed in FB, C4B, FI, FH/FHL-1, TNF-. D QG 0ol0iavels.

This study demonstrates that both healthy and stressed RPE cells produce complement
components, activate C3 intracellularly, and secrete active C3 forms at both apical and
basal sides. The cellular presence of activated C3 forms suggests that their biological
activity may persist despite complement inhibition therapies. Furthermore, basal
secretion of C3 fragments may evade the effects of intravitreal treatments, which
primarily target apical C3. The incomplete inhibition of C3 activation products may
contribute to the limited efficacy of current therapies. Additionally, dysregulation of the
complement and immune system was also evident in patient-derived AH samples, as
analyses in this study identified associations between inflammatory mediators,
complement imbalance, and non-exudative AMD, further underscoring the involvement

of immune processes in disease pathogenesis and progression.
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5 Zusammenfassung

Die altersbedingte Makuladegeneration (AMD) ist eine der haufigsten Ursachen fir
Sehverlust im hoéheren Lebensalter und ist durch eine fortschreitende Schadigung der
Makula, Netzhautdegeneration und eine Beeintrachtigung des zentralen Sehens
gekennzeichnet. Die komplexen Pathomechanismen der spaten Form der nicht-
exsudativen AMD, die durch geographische Atrophie charakterisiert ist, haben die
Entwicklung wirksamer Behandlungsstrategien erschwert, obwohl ein dringender
Klinischer Bedarf besteht. In den letzten Jahren hat sich die Forschung auf die
Identifizierung von Biomarkern im Kammerwasser (AH) des vorderen Augenabschnitts
konzentriert, um Dysregulationen des Immunsystems in der Krankheitsentstehung zu
untersuchen. Daruber hinaus wurden hyperreflektive Foci (HRF) auf zellularer Ebene als
Marker fir das Fortschreiten der AMD untersucht. Studien zeigen, dass Zellen des
retinalen Pigmentepithels (RPE) ihre Spezifitat verlieren und zur Krankheitsprogression
beitragen. Neben zellularen Stressreaktionen ist die Dysregulation des
Komplementsystems ein zentrales Merkmal der AMD. Die kirzlich erfolgte Zulassung
von Komplementinhibitoren durch die US-Behorde fir Lebens- und Arzneimittel stellt
einen bedeutenden therapeutischen Fortschritt dar. Allerdings verlangsamen diese
Behandlungen das Fortschreiten der Erkrankung, ohne die geographische Atrophie

vollstéandig zu stoppen.

Zur Untersuchung zellularer Komplement-Profile, der C3-Prozessierung und TGF- -
vermittelter Stressreaktionen wurde ein Modell unreifer und reifer RPE-Zellen etabliert,
das HRF-assoziierte und gesunde RPE-Zellen reprasentiert. Reife, aus induzierten
pluripotenten Stammzellen (iPSC) abgeleitete RPE-Zellen zeigten wesentliche
Eigenschaften gesunder RPE-Zellen, darunter das Fehlen einer VIM-Farbung und von
Aktin-Stressfasern, die basale Expression von BEST1, eine apikale Lokalisierung von
Aktin und Zonula occludens sowie eine erhohte Barrierefunktion. Die
Komplementproduktion folgte einem reifungsabhangigen Muster, wobei reife RPE-
Zellen eine verstéarkte apikale und basale Sekretion von Komplementkomponenten (C3,
FB, FH/FHL-1, FI) sowie eine spezifische apikale Lokalisierung von
Komplementproteinen aufwiesen. Die intrazellulare C3-Prozessierung zeigte
Spaltprodukte, die sich von bekannten C3-Fragmenten unterschieden, wobei nur reife
iIPSC-RPE-Zellen aktive C3-Formen (C3(H.2 & D VH]JHUQLHUWHQ XQG LQWDN
Ketten aufwiesen. Im Gegensatz dazu zeigten unreife RPE-Zellen einen gestressten
Phanotyp, gekennzeichnet durch eine verringerte Sekretion inaktiver C3-Formen und
C3-Fragmente sowie deren intrazellulare Akkumulation. Wahrend iPSC-RPE-Zellen eine

hohere Resistenz gegentber TGF- -induziertem Stress im Vergleich zu ARPE-19-
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Zusammenfassung

Zellen aufwiesen, wurde die Komplementsekretion in beiden Zelltypen veréandert,
wahrend die Freisetzung von C3a und die intrazellulare C3-Spaltung unbeeinflusst

blieben.

Uber die in vitro-Analysen hinaus zielte diese Arbeit darauf ab, die klinische Relevanz
der experimentellen Befunde zu untersuchen, indem Komplementkomponenten und
inflammatorische Mediatoren in AMD-Patienten analysiert wurden. Im Rahmen einer
Fall-Kontroll-Studie wurden AH-Proben von Patienten mit nicht-exsudativer AMD und
von Kontrollprobanden gesammelt. Eine umfassende Multiplex-Analyse quantifizierte 78
inflammatorische Mediatoren und Komplementkomponenten im AH, wodurch ein
Vergleich zwischen Patienten- und Kontrollgruppen ermdéglicht wurde. Zudem wurden
potenzielle Assoziationen zwischen Biomarker-Konzentrationen und demographischen
Faktoren wie Alter, Raucherstatus und Geschlecht untersucht. Alle analysierten
immunologischen Faktoren konnten im AH nachgewiesen und in Gruppen mit hoher,
mittlerer und niedriger Konzentration eingeteilt werden. Hohe Konzentrationen an
Komplementproteinen, darunter iC3b, FH/FHL-1, C4B und FI, wurden im AH
nachgewiesen. In Patienten mit nicht-exsudativer AMD waren die Spiegel von C4, IL-10
und Fl im Vergleich zu den Kontrollen reduziert, wahrend das Drusenvolumen bei AMD-
Patienten positiv. mit den Konzentrationen von CCL4 und IL-16 korrelierte.
Demographische Faktoren beeinflussten die Biomarker-Spiegel: Das Alter korrelierte
positiv mit MMP-1 und negativ mit CCL20. Raucher zeigten veranderte Konzentrationen
inflammatorischer Proteine (CCL7, IL-7, IL-6, IL-9, FGF-2, NGF- ZIKUHQG
geschlechtsspezifische Unterschiede bei FB, C4B, FI, FH/FHL-1, TNF-. XQG 0D3

beobachtet wurden.

Diese Studie zeigt, dass gesunde und gestresste RPE-Zellen Komplementkomponenten
produzieren, C3 intrazellular aktivieren und aktive C3-Formen sowohl apikal als auch
basal sezernieren. Das intrazellulare Vorhandensein aktivierter C3-Formen legt nahe,
dass ihre biologische Aktivitat trotz Komplement-Inhibitionstherapien bestehen bleiben
koénnte. Darlber hinaus kdnnte die basale Sekretion von C3-Fragmenten den Effekt
intravitrealer Behandlungen umgehen, da diese primér auf apikales C3 abzielen. Die
unvollstandige Hemmung von C3-Aktivierungsprodukten koénnte zur begrenzten
Wirksamkeit aktueller Therapien beitragen. Zudem zeigte sich eine Dysregulation des
Komplement- und Immunsystems auch in patientenbasierten AH-Proben, da Analysen
dieser Studie Assoziationen zwischen inflammatorischen Mediatoren, einem
Ungleichgewicht des Komplementsystems und nicht-exsudativer AMD identifizierten.
Dies unterstreicht die zentrale Rolle immunologischer Prozesse in der Pathogenese und

Progression der Erkrankung.
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Running Head: C3 Activation in Retinal Pigment Epithelium

Abstract:

Purpose: Epithclial maturation is essential for the specificity and functionality of retinal pigment epithelial (RPE)
cell models. This study investigates how different maturation conditions shape RPE characteristics and cellular
complement biology in two commonly used in vitro models: ARPE-19 and induced pluripotent stem cell-derived
RPE (iPSC-RPE).

Methods: ARPE-19 and iPSC-RPE cells were cultured under low (LM) or high maturation (HM) conditions.
Phenotype, RPE marker expression, and functional properties were assessed and expression of local complement
components was analysed at the transcript, protein, and secretion levels. Intracellular complement C3 processing
was characterised using epitope-specific antibodies.

Results: HM conditions enhanced epithelial features in both models, with HM iPSC-RPE displaying enhanced
apical localisation of RPE markers, polarity, reduced cilia length, and higher transepithelial resistance. Expression
and secretion of complement components C3, FB, FH/FHL-1, and FI, as well as FH staining patterns, varied with
maturation condition. HM iPSC-RPE secreted increased levels of C3a, C3(H20), and iC3b, whereas LM cells
retained C3 fragments intracellularly. Western blotting and immunostaining revealed maturation-dependent C3
fragment profiles, with apical localisation of C3 and intracellular presence of the intact C3 B chain in HM iPSC-
RPE, while C3 fragments were present in LM and ARPE-19 cells.

Conclusions: HM iPSC-RPE cells most closely mimic native RPE features and provide a robust model for in
vitro studies. RPE cells exhibited cell-autonomous complement production and maturation-dependent C3
activation profiles, providing a foundation for future studies on C3 functionality in RPE homeostasis and retinal
degeneration.
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1. Introduction

The retinal pigment epithelium (RPE) forms a polarised
monolayer critical for retinal integrity, supporting key
functions such as nutrient exchange, photoreceptor
maintenance, and immune regulation 2. Loss of epithelial
features contributes to retinal degenerative diseases,
including age-related macular degeneration (AMD) and
proliferative vitreoretinopathy (PVR) -,

In vitro RPE models are indispensable for investigating
retinal disease mechanisms. However, their physiological
relevance depends on the degree of cellular maturation,
which governs epithelial function and identity. Rather than
representing a fixed endpoint, maturation is increasingly
understood as a dynamic and reversible process, shaped by
environmental cues 7. This plasticity necessitates precise
characterisation of maturation states to ensure model fidelity.
Mature RPE cells are defined by apical filamentous actin (F-
actin) organisation, tight junctions (tight junction protein
zonula occludens I (TIP1/ZO-1)), lateral bestrophin |
(BEST1) and apical Na'/K'-ATPase, and absence of
mesenchymal markers such as vimentin (VIM). Functional
maturation is marked by high transepithelial resistance
(TER), pigmentation, polar secretion (eg.,
endothelial growth factor A (VEGF-A)) and expression of
key genes involved in pigmentation (e.g., premelanosome
protein (PMEL)), transporters (e.g., Monocarboxylate
Transporter 3 (MCT3)), phagocytosis (e.g., MER Proto-
Oncogene, Tyrosine Kinase (MERTK)), the visual cycle (e.g.,
retinaldehyde-binding  protein 1 (RLBPI),
isomerohydrolase  (RPE65)), and epithelial  barrier
maintenance (e.g., claudin 19 (CLDN19)) 52181017 The
structure and positioning of the primary cilium further reflect
the maturation state %20,

vascular

retinoid

Under pathological states, RPE cells may undergo epithelial-
mesenchymal transition (EMT)-like alterations, marked by
loss of polarity and junctional organisation * 2!, In parallel,
RPE dysfunction has been associated with aberrant activation
of the complement system, positioning the RPE as both a
source and a modulator of local immune signalling within the
degenerating retina 27,

The complement system is a key component of innate
immunity, organised as a proteolytic cascade with
complement 3 (C3) activation as its central amplification
step. This pathway is tightly controlled by fluid-phase and
membrane-associated regulators, including factor H (FH),
factor I (FI), and factorB (FB). to preserve tissue
homeostasis 2%, Beyond its classical role in extracellular
immunity, C3 is increasingly recognised as an intracellularly
active molecule that undergoes non-canonical processing into
distinct regulatory fragments. These non-canonically
processed intracellular C3 species have been implicated in
autocrine and paracrine signalling pathways controlling cell
metabolism, survival, and gene expression across epithelial
and immune systems *' . However, the identity, context-
specific generation, and biological relevance of these
intracellular C3 fragments remain poorly defined.

To investigate how epithelial maturation influences
complement biology in the RPE, we established a stratified

in vitro model using ARPE-19 and induced pluripotent stem
cell-derived RPE (iPSC-RPE) cells cultured under defined
low (LM) and high maturation (HM) conditions. This system
enabled systematic characterisation of complement gene
expression, polarised protein secretion, and intracellular C3
distribution. Notably, we identified distinct C3 fragments
whose abundance and composition varied with maturation
state. These findings reveal a previously uncharacterised
pattern of cell-associated C3 processing in the RPE,
suggesting that cell state critically shapes complement
handling at the subcellular level.

2. Materials and Methods

Details on all primers, antibodies, and reagents are listed in
Supplementary Table S1; full protocols are provided in
Supplementary Datafile S1.

2.1. Cell Culture

ARPE-19 cells were expanded to ensure that all subsequent
experiments were conducted using cells at passage 27.
Authentication was confirmed by short tandem repeat
profiling via ATCC (ISO 9001, ISO/TEC 17025 certified).
LM ARPE-19 were cultured in DMEM/F-12 medium with
10% heat-inactivated fetal bovine serum (56°C, 30 minutes
3), 2mM L-glutamine, and penicillin-streptomycin. HM
ARPE-19 were maintained in MEM-Nic medium as
described by Hazim et al. 7. At 80% confluence,
1.75% 107 cells were seeded per 16 pg/mL laminin-coated 12-
well Thincert insert and cultured for two weeks.

iPSC-RPE were handled per supplier instructions, plated on
50 pgfem? Matrigel® coated 6-well plates, expanded and
seeded at 1.75x10° cells per matching Matrigel-coated
Thincert insert. Cells cultured for one or six weecks were
designated LM and HM iPSC-RPE, respectively.

Medium was changed every <72 hours. For secretion
analysis, apical and basal media were collected after
72 hours. Mycoplasma testing (LookOut® Mycoplasma PCR
Detection Kit) was negative throughout.

2.2 TER Measurement

TER was measured post-culture using the CellZscope3.
Values at 10 hours were analysed to ensure cell adaptation.
Blanks from cell-free coated inserts were subtracted.

2.3. Quantitative Gene Expression Analysis

RNA was isolated (NucleoSpin RNA kit), reverse transcribed
(QuantiTect reverse transcription kit), and analysed by qRT-
PCR using SYBR™ Green PCR Master Mix on the
QuantStudio™ 5 Real-Time PCR System. Relative
expression was calculated using the 2% method (log2-
transformed). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as reference. Data are shown as fold
change vs. LM cells,

2.4, Immunocytochemistry

Cells were fixed (4% paraformaldehyde), stained
(Hoechst 33342, primary/secondary antibodies), and imaged
via Fluoview Fv10i confocal microscopy (60X). Laser
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settings were standardised. Negative controls are shown in
Supplementary Datafile S2.

TImage analysis was done in Fiji (Tmagel, v1.54f) **. Custom
macros of this study are available in the associated Fiji open
data repository. Z-stacks were generated using the Reslice
function. Image extracts show twofold magnified views of
the indicated regions. Movies (0.5 fps) were compiled in
Canva. Fluorescence intensity was normalised to nuclei
count. Cell density (cells/fem?), nuclear, and cellular cross-
sectional areas, were calculated using a custom macro
(Image analysis.ijm). Neighbour counts were assessed
manually. Ciliary lengths (polyglutamylated tubulin
(GT335), ADP-ribosylation factor-like protein  13B
(ARL13B)) were measured using CiliaQ plugins for Fiji *.
Stacks were processed with CiliaQ Preparator v0.1.2 (default
settings, RenyiEntropy segmentation), refined using CiliaQ
Editor v0.0.3, and analysed with CiliaQ v0.1.7 (default
settings; minimum cilium size: 1 voxel).

25. SDS-PAGE and Western Blot

Protein was extracted with M-PER™ (1X Halt™ Protease
Inhibitor Cocktail, 1X EDTA), concentrated (Amicon, 3 kDa
cutoff) and quantified (Pierce™ bicinchoninic acid assay kit).
Protein samples (40 pg per lane) were loaded with reducing
ROTI®Load | buffer and resolved by SDS-PAGE (12%
TGX Stain-Free™ FastCast™ gels, MiniPROTEAN®).
Total protein was visualised stain-free as loading control.
Transfer was performed onto polyvinylidene difluoride
membranes by wet blotting. Detection used WesternBright
Sirius and ChemiDoc MP imaging.

2.6. Multiplex Immunoassay

Multiplex assays based on Luminex® xMAP® technology
were used, including the MILLIPLEX®
Complement panels and the VEGF-A assay from the
ProcartaPlex™ 65-Plex, as shown by Schikora et al. 40,
Undiluted supernatants (50 pL) and medium controls were
analysed. C3 and inactivated complement 3b (iC3b) beads
were validated using purified proteins, human sera and
depleted sera, as detailed in Supplementary Table S1.

Human

2.7, ELISA

Complement 3a (C3a) and hydrolysed C3 (C3(H20)) were
measured in fivefold-concentrated supematants (Amicon,
3 kDa). C3a was quantified using a human C3a ELISA kit,
with 100 pL per concentrated sample and medium control.
C3(H:0) detection followed Elvington et al. #'. Optical
density (OD) was read at 450 nm (FLUOstar Optima);

controls were subtracted.

2.8. Statistical Analysis

Data were managed in Excel v2108 and figures created in
Affinity Designer v1.9.1.979. Graphical and statistical
analyses were conducted using R v4.2.1 *2, along with the R
packages tidyverse +3, pastecs *, car ¥, ggsignif “,
RColorBrewer #7, gmodels *, and polycor .

Normality was checked with histograms, Q-Q plots, kurtosis
and skew values, as well as Shapiro-Wilk test. Variance

homogeneity was assessed with Levene’s test. Parametric
data were analysed via independent-means f-test (mean
(M) + standard deviation (SD)); non-parametric data via
Wilcoxon’s rank-sum test (median (Mdn), with first (Q1) and
third (Q3) quartiles). All tests were two-tailed and an alpha
level of .050 (P < .050) defined statistical significance.

3. Results
3.1. Maturation Enhances Epithelial Identity and
Function in RPE Models.

In ARPE-19 cells, LM conditions induced a mesenchymal-
like F-actin organisation with prominent stress fibres (Figure
1A). HM conditions reduced stress fibre abundance
(P =.017; Supplementary Datafile S3A), without inducing
a defined circumferential F-actin pattern. iPSC-RPE cells
displayed a circumferential F-actin arrangement under both
conditions, though LM cultures retained more stress fibres.
In HM iPSC-RPE, F-actin was apically enriched. The
mesenchymal  cytoskeletal —marker VIM
perinuclearly in LM cells, was faint in HM ARPE-19, and
undetectable in HM iPSC-RPE (Figure 1B, Supplementary
Datafile S3B).

The pigmentation-associated gene PMEL was upregulated in
HM ARPE-19 (P =3e-12). with no change in iPSC-RPE
(Figure 1C). HM iPSC-RPE cells showed high pigmentation
(Supplementary Datafile S4).

In iPSC-RPE cells, Na*/K*-ATPase localised apically under
HM conditions, with increased signal intensity (£ = .006) and

localised

a shift from cytosolic to additional circumferential
distribution (Figure 1D, Supplementary Datafile S3C).
BESTI, a transmembrane channel protein, showed elevated
transcript levels under HM in both ARPE-19 (P = 7e-08) and
IPSC-RPE (P =Y9e-05; Figure 1E). In HM iPSC-RPE, the
protein localised laterally and appeared as a distinct 70 kDa
band by immunoblot (Figure 1F, Movie 1, Supplementary
Datafile S3D, Supplementary Datafile 85). MC7T3
transcripts were clevated in HM iPSC-RPE cells (P =.002),
while no change was observed in ARPE-19 cells (Figure
1G).

Phagocytosis-related MERTK transcript levels increased
under HM conditions in both ARPE-19 (£ = 6e-06) and
iPSC-RPE (P =2¢-04), with HM iPSC-RPE cells
additionally showing apical localisation and stronger signal
intensity (P = 4e-04; Figure 1H-1, Supplementary Datafile
S3E).

Visual cycle genes RPE6S5 and RLBPI were elevated under
HM in both lines (RPE6S: P =4e-14 in ARPE-19, P = 6¢-06
in iPSC-RPE; RLBPI: P =2e¢-13 in ARPE-19, P=.008 in
iPSC-RPE; Figure 1J, K).

TIP1 formed apical junctional belts in HM ARPE-19, while
LM cells showed less structured localisation (Figure 1L,
Movie 2). In iPSC-RPE, HM yielded sharply defined TJP1
belts positioned above nuclei, whereas LM cultures exhibited
broader, irregular structures. Fluorescence intensity was
reduced in HM iPSC-RPE (P =.006; Supplementary
Datafile S3F). CLDN/9 transcript levels were increased in
HM ARPE-19 cells (P =.012), with no change in iPSC-RPE
cells (Figure 1M).
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TER was elevated in HM iPSC-RPE compared to LM
(190.14 +27.70 vs. 22.47 + 1.62 Q-cm?; P = 2e-04), with no
differences in ARPE-19 (Figure IN). Cell capacitance was
reduced under HM in both lines (P =.011 in ARPE-19,
P=09e-05 in iPSC-RPE), consistent with decreased
transcellular conductance (Figure 10).

VEGF-A secretion was polarised under both conditions, with
more pronounced apical-basal separation under HM in both

Among the two RPE models, only HM iPSC-RPE cultures
consistently exhibited key features of mature RPE, including
apical hexagonal F-actin enrichment, absence of VIM, lateral
or apical localisation of BEST1 and Na'/K'-ATPase,
respectively, elevated expression of MCT3, pigmentation,
and high TER. While HM ARPE-19 cells showed partial
induction of epithelial traits and select RPE markers, they
lacked several hallmarks of terminal differentiation.

cell types (Figure 1P).
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Figure 1: Epithelial Phenotype and Elevated RPE Markers in HM ARPE-19 and iPSC-RPE Cells.

(A) LM ARPE-19 show mesenchymal F-actin with stress fibres; HM ARPE-19 exhibit epithelial-like F-actin with fewer stress
fibres. iPSC-RPE display circumferential F-actin, with stress fibres in LM but none in HM. (B) VIM is perinuclear in LM,
reduced in HM ARPE-19, and absent in HM iPSC-RPE. (C) PMEL transcript is upregulated in HM ARPE-19 (n = 10). (D)
NAYK -ATPase is cytoplasmic and, in HM iPSC-RPE, additionally localised apically, occasionally showing circumferential
distribution. (E) BEST/ expression is increased in HM cells (n = 10). (F) HM iPSC-RPE show basolateral BEST1 (Movie 1).
(G) MCT3 expression increases in HM iPSC-RPE cells (n = 6). (H) MERTK expression is elevated in HM cells (n = 10). (I)
MERTK is cytoplasmic and additionally localised apically in HM iPSC-RPE cells. (J) RPEGS expression increases in HM
cells (n = 10). (K) RLBP/ is upregulated in HM cells (n = 10). (L) TJP1 localises apically and circumferentially in HM cells
(Movie 2). (M) CLDNI9 expression is increased in HM ARPE-19 (n = 6). (N) TER is higher in HM iPSC-RPE (n = 3/5). (O)
Cell capacitance is lower in HM cells (n = 3/5). (P) Basal VEGF-A secretion exceeds apical in both LM and HM (2 = 5). Data
represent pooled results from three independent culture replicates. Non-parametric data (underlined) were analysed with the
Wilcoxon test (Mdn, IQR); parametric data using independent-means -test (M, SD). Two-tailed tests, statistical significance
defined as P < .050. Scale bar = 50 um, scale bar image extract = 25 pm.
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3.2 Maturation Shapes Ciliary and Nuclear
Architecture in RPE Cells.

Ciliation, a marker of RPE maturation, was assessed by co-
labelling GT335 and ARLI13B, localising to the ciliary
transition zone and axoneme, respectively. Nearly all cells
were ciliated under both LM and HM conditions (Figure
2A). In HM cultures, GT335 signals appeared apical and
punctate, while LM cells exhibited elongated structures
(Figure 2B, Movie 3). GT335-positive cilium length was
reduced in HM iPSC-RPE (P =2e-16), but unchanged in
ARPE-19 (Figure 2C). Signal intensity was lower under HM
in both iPSC-RPE (P=.010) and ARPE-19 (P=.003;
Supplementary Datafile S3G).

ARLI3B staining mirrored GT335 pattern, appearing as
apical puncta across all conditions (Figure 2D). In LM and
HM ARPE-19 and in LM iPSC-RPE, ARLI3B signals co-
localised with nuclei; a pattern absent in HM iPSC-RPE.
ARL13B-positive cilium length was reduced in HM iPSC-

RPE (P =.037), but increased in HM ARPE-19 compared
with LM (P =.004; Figure 2E). Signal intensity was lower
under HM in both iPSC-RPE (P =.013) and ARPE-19
(P =.019; Supplementary Datafile S3H).

Cell and nuclear cross-sectional areas were analysed to
characterise  morphological changes (Supplementary
Datafile 86). Cell density increased under HM ARPE-19
(P =9e-14), with no difference in iPSC-RPE (Figure 2F).
Accordingly, TJPl-based cell area was reduced in HM
ARPE-19 (P = 2¢-16), but unchanged in iPSC-RPE (Figure
2G). Both LM and HM cultures showed a median of six
neighbours per cell (range: 3—10; Figure 2H). Nuclear area
was lower under HM in both ARPE-19 and iPSC-RPE
(P = 2e-16 for both; Figure 21-J).

In summary, HM led to reduced nuclear size in both models,
shorter and less intense cilia in iPSC-RPE, and increased cell
density with decreased cell area in ARPE-19, indicating
structural adaptations associated with RPE maturation.
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Figure 2: Different Cell Characteristics and Reduced Cilia Length in HM iPSC-RPE.
(A) GT335 and ARL13B signals co-localise. (B) GT335 appears as distinct dots in HM cells, whereas LM cells show more
linear staining (Movie 3). (C) GT3335 signal length is reduced in HM iPSC-RPE (1 = 264/459/321/140 per LM/HM ARPE-
19/iPSC-RPE). (D) ARLI3B co-localises with nuclei in LM and HM ARPE-19; in HM iPSC-RPE signals appear as apical
dots. (E) ARL13B signal length increases in HM ARPE-19 and decreases in HM iPSC-RPE (1 = 1012/1231/1339/619 per
LM/HM ARPE-19/iPSC-RPE). (F) HM ARPE-19 show increased cell density (# = 10). (G) Cell cross-sectional area decreases
in HM ARPE-19 (n= 104/404/682/619 per LM/HM ARPE-19/iPSC-RPE). (H) Both cell types have a median of six
neighbours (7 = 103/339/656/508 per LM/HM ARPE-19/iPSC-RPE). (I) Nuclei are larger in LM cells. (J) Nuclear area is
reduced in HM cells (n = 633/1626/2727/1773 per LM/HM ARPE-19/iPSC-RPE). Data represent pooled results from two
independent culture replicates. Non-parametric data (underlined) were analysed using the Wilcoxon test (Mdn, IQR);
parametric data with independent-means t-test (M, SD). Two-tailed tests, P < .050 was considered significant. Scale
bar = 50 um, scale bar image extract = 25 pm.

Local complement production was assessed focusing on C3
33. Differential Expression and Secretion of C3

and Regulators in LM and HM RPE Models.

and its regulators (Figure 3A). C3 transcript levels were
higher under HM in both ARPE-19 (P = .001) and iPSC-RPE
(P = 1e-07; Figure 3B). Apical and basal C3 sccretion also
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increased in HM ARPE-19 (P =.008, P =.004) and iPSC-
RPE cells (P =7e-00, P = 3¢-00; Figure 3C).

Complement factor B (CFB) expression (P =.026) and FB
secretion were elevated in 1M iPSC-RPE (£ =.008,
P=.021), but unchanged in ARPE-19 (Figure 3D-E).
Complement factor D (CFD) transeript increased in HM
ARPE-19 (P=.009), with no difference in iPSC-RPE
(Figure 3F). Factor D (FD) protein was not detected in either
cell type supernatant (Supplementary Datafile S7I).
Complement factor H (CFH) expression was higher in HM
ARPE-19 (P = 1e-05), with no change in iPSC-RPE (Figure
3G). Secretion of FH and factor H-like protein | (FHL-1)
increased in HM ARPE-19 (P = 1e-06, P = .001) and iPSC-
RPE (P =.008, P=9e-04; Figure 3H). FH protein family
staining showed fewer signals in LM ARPE-19, without
differences in intensity (Figure 31, Supplementary Datafile
S3I, Supplementary Datafile S8A). In iPSC-RPE, FH
family signals were reduced under HM and localised
apically, with lower fluorescence intensity (P = .004).

Specific FH staining revealed intracellular FH in LM ARPE-
19 only, with higher intensity in LM than HM (P = .004), and
no differences in iPSC-RPE (Figure 3J, Supplementary
Datafile S3J, Supplementary Datafile S8B).

Complement factor I (CF/) expression was elevated in HM
ARPE-19 (P = 3e-08), but unchanged in iPSC-RPE (Figure
3K). FI secretion increased in HM ARPE-19 (£=.008,
P = .008; Figure 3L). In HM iPSC-RPE, apical FI secretion
increased (P = 3e-05), while basal levels declined (P = .001).
Fl staining showed apical localisation in HM iPSC-RPE, with
higher fluorescence intensity in HM ARPE-19 cells (P = 6e-
04), and no difference in iPSC-RPE (Figure 3M,
Supplementary Datafile S3K). Additional
complement component secretion are
Supplementary Datafile 87,

In summary, HM increased C3 and regulator expression and
secretion, with divergent FB, FH, and FI profiles between
ARPE-19 and iPSC-RPE.
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Figure 3: Differential Expression and Secretion of C3 and Complement Regulators in LM and HM ARPE-19 and iPSC-

RPE.

(A) Complement system overview. (B) C3 expression (n = 10) and (C) apical/basal C3 secretion (1 = 5) are increased in HM.
(D) CFB expression is higher in HM iPSC-RPE (r = 8-10). (E) FB secretion is increased apically and basally in HM iPSC-
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RPE (n = 5), but remains low in ARPE-19. (F) HM ARPE-19 show clevated CFD expression (n = 9-10). (G) CFH expression
is increased in HM ARPE-19 (n = 9-10). (H) FH/FHL-1 secretion is higher in HM cells (7 = 5). (I) FH family staining is more
intense in HM ARPE-19 and LM iPSC-RPE, with apical FH localisation in HM iPSC-RPE (antibody specificity in
Supplementary Datafile S8A). (J) FH is intracellular in LM ARPE-19, but absent under other conditions (antibody specificity
in Supplementary Datafile S8B). (K) CF/ expression is elevated in HM ARPE-19 (» = 10). (L) FI secretion varies between
LM and HM cells (n = 5). (M) FI staining patterns differ across cell types and maturation states. Additional complement data
are shown in Supplementary Datafile S7. Data represent pooled results from three independent culture replicates. Non-
parametric data (underlined) were analysed using the Wilcoxon test (Mdn, IQR); parametric data with independent-means ¢-
test (M, SD). Two-tailed tests, P < .050 was considered significant. Scale bar = 50 um, scale bar image extract = 25 um.

34. Enhanced Secretion of Active C3 Fragments
in HM iPSC-RPE Cells. Multiplex immunoassay validation revealed that the
To assess local complement activation, secretion of  complement 3b (C3b) and iC3b beads included in the kit

hydrolysed and cleaved C3 fragments was quantified (Figure
4A). C3(H:0), reflecting non-enzymatic activation, was
detected in apical and basal supernatants under all conditions
(Figure 4B). HM iPSC-RPE showed increased secretion
apically and basally (” =.011, P = .008). In ARPE-19, basal
levels increased under HM (P =.008), with no apical
difference.

exhibited higher avidity for iC3b and were reclassified
accordingly (Supplementary Datafile S§9). Apical iC3b
increased in HM iPSC-RPE (£ =.010) and remained
unchanged in ARPE-19 (Figure 4D). Basal iC3b increased
under HM in both models (P = .008, P = 3e-04).

In summary, HM iPSC-RPE exhibited consistent elevation of
cell-autonomously generated C3(H:20), C3a, and iC3b,

C3a levels were elevated in HM iPSC-RPE (=.008,
P =.012; Figure 4C). In ARPE-19, apical C3a was nearly
undetectable and basal levels showed no difference.

indicating enhanced complement activity. ARPE-19 showed
limited activation profiles with basal enrichment.

Spontaneous activation
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Figure 4: Increased Secretion of Active C3 Forms in HM iPSC-RPE.

(A) Schematic of C3 activation. C3 comprises o and B chains; the o chain contains an internal thioester bond (triangle).
Spontancous hydrolysis yields non-proteolytically activated C3(H20), exposing the C3a neoepitope and a hydrolysed thioester.
Convertase-mediated cleavage generates C3a and C3b; the latter binds surfaces via the exposed thioester. Further FI-mediated
cleavage produces iC3b, C3f, C3¢, C3dg, C3d and C3g. Molecular weights in kDa. (B) C3(H20) secretion is increased apically
in HM iPSC-RPE, and basally in HM ARPE-19 and iPSC-RPE (n = 4-5). (C) C3a sccretion is elevated apically and basally in
HM iPSC-RPE (n = 5). (D) iC3b secretion is increased on both sides in HM cells (# = 5). Data represent pooled results from
three independent culture replicates. Non-parametric data (underlined) were analysed using the Wilcoxon test (Mdn, IQR);
parametric data with independent-means #-test (M, SD). Two-tailed tests, P < .050 was considered significant.
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3.5. Intracellular Localisation of Intact C3
p Chain in HM iPSC-RPE Cells.

C3 processing in cell lysates was analysed using a
C3¢/C3d/C3HC3u2-specific antibody
(antibody 1; Figure 5A), a monoclonal antibody against the
C3a neoepitope (antibody 2; Figure 5D) and a polyclonal
anti-C3 antibody (antibody 3; Figure 5G). Antibody
specificity was confirmed by absence of signal in C3
knockout ARPE-19 lysates and by selective reactivity with
purified C3 proteins, but not with culture media
(Supplementary Datafile S10, Supplementary Datafile
S11A-E).

Antibody 1 detected C3 a, o, ' 1, o’ 2 chains, and C3d in
purified C3, C3b, iC3b, complement3c (C3c), and
complement 3d (C3d) (Figure 5A). In cell lysates, Western

monoclonal

blotting revealed ~34 kDa (C3d) and ~115 kDa (C3 o) bands,
with stronger C3 a signal in HM ARPE-19 and iPSC-RPE
(Figure 5B,  Supplementary  Datafile  S11F).
Immunostaining showed intracellular C3 in all groups, with
apical localisation in HM iPSC-RPE and perinuclear
distribution in other conditions (Figure 5C). Fluorescence
intensity was unchanged (Supplementary Datafile S3L).
Although antibody 2 detected C3a (Figure SD)), Western blot
analysis of cell lysates revealed no C3a band, but a ~80 kDa
band (Figure 5E, Supplementary Datafile S11G).
Immunostaining  showed  intracellular  C3a-epitope
accumulation with stronger, fibre-like signals in LM ARPE-
19 cells, while iPSC-RPE cells displayed only weak staining
(Figure 5F, Supplementary Datafile S3M).
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Figure 5: Intracellular Localisation of Intact C3 B Chain in HM iPSC-RPE.

(A) Specificity control for antibody | (anti-C3¢/C3d/C3{/C3 u’ 2) confirms recognition of C3 o, o', o' 1, a’ 2 chains, and C3d
in purified proteins and normal vs. C3-depleted human serum. (B) Western blots (n = 3) of LM and HM cell lysates using
antibody 1 detect ~34 kDa (C3d) and ~115 kDa (C3 «) bands. (C) Immunostaining with antibody 1 shows perinuclear C3 in
ARPE-19 and LM iPSC-RPE; and apical localisation in HM iPSC-RPE. (D) Specificity control for antibody 2 (monoclonal
anti-C3a) detects C3a. (E) Western blots (# = 3) using antibody 2 show a ~80 kDa band in cell lysates. (F) Antibody 2 staining
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showed intracellular C3a-epitope accumulation with fibre-like signals in LM ARPE-19 cells, while iPSC-RPE cells displayed
only weak staining. (G) Specificity control for antibody 3 (polyclonal anti-C3) detects C3 «, «', o' 2, and p chains. (H) Western
blots (n = 3) using antibody 3 show C3 a and P chains in HM iPSC-RPE cells, LM iPSC-RPE reveal distinct bands at ~45 and
~55 kDa. (I) Antibody 3 staining shows diffuse C3 signal in LM cells, with apical cell border localisation in M cells.
Antibodies were validated using two C3 knockout ARPE-19 clones (Supplementary Datafile S10). Western blot images in
(A), (D) and (G) were assembled from two exposure-adjusted regions of the same membrane: one containing the serum
samples, and one containing purified proteins. Due to differing signal intensities, the serum lanes were imaged separately to
avoid oversaturation, A dashed line marks the point of digital merging. No other image modifications were made. Data
represent pooled results from three independent culture replicates. Scale bar = 50 um, scale bar image extract =25 um,

M = molecular weight marker.

Antibody 3 recognised C3 «, o, and «' 2 chains, as well as
the B chain in purified C3, C3b, iC3b, and C3¢ (Figure 5G).
Western blotting showed strong C3 @ and p chain bands in
HM iPSC-RPE (Figure SH, Supplementary Datafile
S11H). Immunoprecipitation with a C3 B chain-specific
antibody confirmed full-length C3 B (~75 kDa) exclusively
in HM iPSC-RPE (Supplementary Datafile S12). In LM
iPSC-RPE, ~45kDa and ~55kDa bands were detected,
nearly absent in HM (Figure SH. Supplementary Datafile
S11H). ARPE-19 showed a ~45kDa band under both
conditions. Immunostaining revealed diftuse C3 signals in
LM cells and more defined staining in HM (Figure 5I), with
apical enrichment in HM iPSC-RPE. Fluorescence intensities
remained unchanged (Supplementary Datafile S3N).

In summary, HM iPSC-RPE cells retained full-length
intracellular C3 o and f chain bands with distinct apical
localisation. LM and ARPE-19 cells exhibited fragmented C3
forms and diffuse intracellular distribution.

4. Discussion

Epithelial integrity of the RPE is critical for retinal
homeostasis, and its loss drives pathologies such as AMD and
PVR. Effective in vitro models must therefore recapitulate
key epithelial features to yield meaningful insights into RPE
biology.

In this study, ARPE-19 and iPSC-RPE cells were cultured
under defined maturation conditions to evaluate epithelial
characteristics and complement-related phenotypes. HM
conditions induced enhanced epithelial identity and distinct
C3 expression, secretion, and processing profiles. RPE
maturation was selected as a key variable due to its relevance
for in vitro model fidelity and its role in maintaining native
RPE function. Increasingly, maturation is viewed not as a
static endpoint but as a condition-dependent, dynamic state
influenced by environmental factors 7,

ARPE-19 were included due to their widespread use, despite
known limitations, When investigated directly post-
confluency or under suboptimal cultivation conditions, they
exhibit a mesenchymal-like phenotype lacking RPE
specificity !5, Application of HM protocols, as described
by Hazim et al. ¥, partially improved epithelial traits. In
contrast, HM iPSC-RPE consistently exhibited hallmarks of
mature epithelial phenotype, including an apical F-actin,
MERTK, and Na™/K"-ATPase localisation, hexagonal apical
TIP1, and lateral localisation of BESTI, consistent with
previous reports 12163655 VIM was absent, and HM iPSC-
RPE exhibited improved functional characteristics, including

elevated TER, reduced cell increased
pigmentation, upregulation of RPE-specific transcripts, and
structural changes such as reduced nuclear area. Importantly,
further features of epithelial polarity and maturation were
evident: VEGF-A secretion was polarised, with significantly
higher basal than apical release, aligning with previous
studies on long-term RPE cultures *. Additionally, HM
iPSC-RPE displayed reduced cilium length and intensity.
consistent with observations in post-mitotic, mature RPE in
vivo ©0,

Together, these findings position HM iPSC-RPE cells as the
most faithful in vitro approximation of native RPE
architecture and function in our study. While HM ARPE-19
cells exhibited partial improvements, their phenotype
remained incomplete. We do not assert that either model
reaches terminal differentiation or fully mirrors the in vivo
RPE phenotype. Rather, we view maturation as a continuum

capacitance,

shaped by extrinsic cues, underscoring the need for precise
phenotypic characterisation in experimental design and data
interpretation. Intriguingly, even within the human retina,
RPE subpopulations with region-specific features have been
described, suggesting that in virre models with variable
maturation states may serve as tools to disscct RPE
heterogeneity 142,

Building on this model, we assessed local complement
production and confirmed secretion of key components,
including FB, FH/FHL-1, FL, and C3, by RPE cells in the
absence of exogenous complement sources. HM iPSC-RPE
exhibited enhanced release of C3 activation products (C3a,
C3(H:0), iC3b) alongside polarised secretion of C3, FI, and
FH/FHL-1, apical
localisation. These findings corroborate reports of intrinsic,
cell-autonomous complement production in RPE cells or
RPE/choroid under homeostatic conditions (Supplementary
Datafile S13H-J) 5236565 Whereas previous studies
reported increased C3 activation under non-homeostatic
conditions such as oxidative or extracellular matrix stress
22260672 gur data suggest that C3 activation occurs in both
LM and HM RPE cells under homeostatic conditions.
Importantly, C3 processing differed between maturation
conditions: LM cells retain cleavage products intracellularly,
whereas HM cells secrete them more efficiently. This may
reflect a maturation-dependent mechanism for clearing pro-
inflammatory fragments or releasing immunoregulatory
effectors, thereby supporting the immune privilege in the
retinal environment.

consistent with their intracellular

44



Publications

Schikora et al. fnvestigative Ophthalmology & Visual Science (2025) 11

Western blot analysis using polyclonal and monoclonal C3
antibodies revealed maturation-dependent intracellular C3
processing in RPE cells. LM iPSC-RPE displayed ~45 and
~55kDa C3 fragments, while LM and HM ARPE-19
exhibited only the ~45kDa band. The ~45 kDa fragment,
previously linked to iC3b in non-RPE cell types 7333, was
absent in HM iPSC-RPE, which instead secreted high levels
of iC3b. The ~55 kDa band, observed in LM iPSC-RPE
remains unclassified and did not match serum-derived forms.
In contrast, HM iPSC-RPE lysates contained full-length C3 o
and B chains, indicating a suppression of intracellular
cleavage with advanced maturation. This maturation-
dependent shift in C3 fragment patterning, specifically, the
absence of the C3 [ chain and presence of C3 derived
fragments in less mature cells, suggests increased
susceptibility to intracellular or sodium dodecyl sulfate
(SDS)-induced autoproteolytic C3 degradation
suboptimal maturation conditions 7™,

Use of a C3a neoepitope-specific monoclonal antibody
further substantiated the presence of non-canonical
intracellular C3 processing. In addition to described
fragments, all RPE lysates exhibited a distinct band around
80kDa, absent in C3 knockout ARPE-19 cells and
established C3 cleavage products.
However, immunostaining with the same antibody revealed
strong fibre-like signals only in LM ARPE-19 cells, with
minimal or no signal in other groups, highlighting an
inconsistency Western blot and
immunofluorescence that remains to be clarified. While the

under

inconsistent  with

between

identity of this band remains unresolved, its consistent
appearance and specificity suggest a potential RPE-intrinsic
C3 processing pathway that warrants further exploration.

These findings suggest that intracellular C3 processing may
be shaped by local regulatory proteins such as FH.
Intracellular FH has been shown to influence complement
activation, inflammatory signalling, and provide protection
against oxidative stress in RPE models, including ARPE-19,
iPSC-RPE, and genetic manipulation experiments 57576,
Notably, FH can also enhance cathepsin L (CTSL)-mediated
cleavage of endogenous C3, providing a mechanistic basis
for intracellular C3 processing 7.

Given emerging evidence that C3 contributes to non-
canonical functions, including metabolic regulation and
cellular homeostasis ™%, further studies should define the roles
and downstream signaling pathways of intracellular C3 forms
in RPE physiology and stress adaptation.
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Movie 1: Explicit and Lateral BEST1 Localisation in HM
iPSC-RPE Cells.

The video shows BEST1 in an apical to basal direction in LM
and HM ARPE-19 and iPSC-RPE cells. Only HM iPSC-RPE
cells exhibit BEST! signals laterally. Scale bar = 50 pm.

Movie 2: TJP1 with Apical and Circumferential
Localisation in HM Cells.

The video shows TJPI in an apical to basal direction in LM
and HM ARPE-19 and iPSC-RPE cells. HM cells show a
more apical circumferential location of TIP1, while TJPI in
LM cells is located at the level of the nuclel. Scale bar = 50

pm.

Movie 3: Apical GT335 Signals are Reduced in HM iPSC-
RPE cells.

The video shows GT335 in cilia and TJPI in an apical to
basal dircction in LM and HM ARPE-19 and iPSC-RPE cells.
(GT335 signals are reduced and appear as punctate dots in HM
iPSC-RPE cells, while LM cells display more linear patterns.
GT335 is located apically in the cells. Scale bar = 50 pm.

Supplementary Table S1: Detailed Information about
Single Nucleotide Polymorphisms, Primers, Primary and
Secondary Antibodies, Purified Proteins, Sera, Materials,
and Software Used in this Study.

Overview of the analysed single nucleotide polymorphisms
(rs1061170, 152230199, rs10033900) in ARPE-19 and iPSC-
RPE cells. Self-d , primary and
secondary antibody sources are listed, including the anti-
FH.16 antibody generously provided by Sanquin Research,
Amsterdam, Netherlands. Sources of purified proteins, sera,
materials, and software are indicated, including recombinant
FHL-1 protein generously supplied by M. Jozsi.

d primer seq

i

Supplementary Datafile S1: Full Description of Methods.
Detailed description of the methods used in this study.
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