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Fiir meine Eltern

“If the extremity of the ivory handle of a dissecting knife be pushed against this surface, a
breach is made in it, and a membrane of great delicacy may be separated and turned down
in folds over the choroid coat, presenting the most beautiful specimen of a delicate tissue
which the human body affords.”

An Account of a Membrane in the Eye by Arthur Jacob (1790—1874)
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| Summary

Age-related macular degeneration (AMD) is a retinal degenerative and neovascular disease
and the most common cause of blindness in the elderly. Advanced AMD includes the late
stages geographic atrophy (GA) and choroidal neovascularization (CNV). A characteristic
hallmark of AMD is the chronic over-activation of the innate immune system leading to
devastating neuron demise and the promotion of pathologic vessel growth. Microglia, the
resident immune cells of the retina, are significant drivers of this tissue harming inflammation
during AMD. Interestingly, immunomodulatory approaches attenuating pathologic

microgliosis have demonstrated beneficial effects on disease progression.

Genome wide association studies (GWAS) identified single nucleotide polymorphisms
(SNPs) in genes of the complement system and AMD. Uncontrolled complement activation,
owing to genetic mutations, results in increased expression of the anaphylatoxins C3a and
C5a, which promote disease progression. However, the underlying mechanism of
complement anaphylatoxins remains elusive. Hence, the role of microglia and the C3a and
C5a mediated retinal degeneration was investigated. Indeed, activated microglia were found
to have increase expression of the anaphylatoxin receptors C3aR and C5aR during
inflammatory conditions. Furthermore, microglia were found to be the sole cells in the retina
to express C3a and C5a receptors during degeneration. Hence, inhibition of microglial

anaphylatoxin receptors represents an exploitable therapy strategy.

Furthermore, a strong correlation between polymorphisms on the gene for high-temperature
requirement A serine peptidase 1 (HTRA1) and AMD was found. HtrA 1 is known to inhibit
transforming growth factor B (TGF-p) signaling, a pathway involved in the induction of a
homeostatic microglia state. Hence, the effect of AMD-associated variants of HtrAl on
microglial activation was studied. For this purpose, TGF-f3 and HtrA 1 variants, including the
wildtype and AMD-associated isoform, were applied on pro-inflammatory microglia. As
expected, TGF- exerted protective anti-inflammatory effects on challenged microglia.
However, HtrA1 variants did not alter transcript expression of TGF-f response genes and
neither induced a reactive microglial phenotype. This study shows HtrA 1 did not change the

quiescent state of microglia secondary to TGF-f stimulation.
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Il Zusammenfassung

Die altersabhingige Makuladegeneration (AMD) ist eine degenerative Erkrankung der
Netzhaut, welche zugleich die haufigste Ursache fiir Erblindung bei dlteren Menschen ist.
Die fortgeschrittene Form der AMD umfasst die trockene atrophische und die feuchte
neovaskuldre Form. Ein Merkmal der AMD ist die chronische Aktivierung des angeborenen
Immunsystems, die zu einem verheerenden Neuronensterben und der Forderung des
pathologischen GefdBwachstums fiihrt. Die Immunzellen der Netzhaut, die Mikrogliazellen,
sind wichtige Treiber dieser Entziindungsreaktion. Interessanterweise konnte man durch
immunomodulatorische Ansétze die pathologische Mikrogliose abschwichen, welche sich

positiv auf das Fortschreiten der Krankheit auswirkte.

Genetische ~ Assoziationsstudien  identifizierten =~ Mutationen in  Genen  des
Komplementsystems, welche zur AMD Manifestation beitragen. Eine unkontrollierte
Komplementaktivierung aufgrund genetischer Mutationen fithrt zu einer erhdhten
Expression der Anaphylatoxine C3a und C5a, die das Fortschreiten der Krankheit fordern.
Der zugrundeliegende Mechanismus von Komplement-Anaphylatoxinen bleibt jedoch
schwer fassbar. Daher wurde die Rolle der Mikrogliazellen und der Anaphylatoxine
untersucht. Tatsdchlich wiesen aktivierte Mikrogliazellen eine erhthte Expression der
Anaphylatoxin-Rezeptoren C3aR und C5aR auf. Dariiber hinaus wurde festgestellt, dass
Mikrogliazellen als einzige Zellart in der Retina Rezeptoren fiir C3a und C5a exprimieren.

Dabher stellt die Hemmung von Anaphylatoxin-Rezeptoren eine Therapiestrategie dar.

Dariiber hinaus wurde eine starke Korrelation zwischen Polymorphismen auf dem Gen fiir
die Serinprotease HTRA 1 und der AMD gefunden. Es ist bekannt, dass HtrA 1 den Signalweg
des Wachstumsfaktors TGF-f, welcher die Mikrogliose reduziert, hemmt. Daher wurde die
Wirkung von AMD-assoziierten Varianten von HtrAl auf die Mikrogliazell-Aktivierung
untersucht. Zu diesem Zweck wurden aktivierte Mikroglia mit TGF-B- und HtrA I-Varianten
behandelt. Wie erwartet, wirkt TGF-f entziindungshemmend. Jedoch zeigten die HtrAl-
Varianten keinen Einfluss auf die Antwortgene von TGF-B und den dadurch induzierten
homoostatischen Mikrogliazell-Phdnotypen. Diese Studie zeigt, dass AMD-assoziierte

Mutationen im HtrA1 Protein keinen Einfluss auf Mikrogliazellen haben.
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1 Introduction

1.1. The mammalian retina

The retina is the sensory part of the eye receiving and processing visual stimuli from the
environment. It lines the posterior part of the eye and exhibits a highly organized, layered
structure with more than 60 distinct retinal cell types (Hoon et al, 2014; Masland, 2001)
(Fig. 1 A). The cells in the retina convert this visual information into action potentials and

forward it through the optic tract to the visual cortex, in the occipital lobe, of the brain.

Sclera

Photoreceptor
cells

Bipolar
cells

Miiller
cells

Optic nerve

Ganglion
cells

Figure 1 Schematic overview of the human eye and the structure of the retina

(A) The vertebrate eye cup develops from the neural tube, in particular the diencephalon. The light
sensitive neural retina lines the posterior part of the eye and is attached to the retinal pigment
epithelium (RPE) and Bruch’s membrane (BM). (B) H&E stained cross section of human retina
exhibits layered structure corresponding to different cell components as illustrated schematically.
Retinal cells include rod and cone photoreceptor cells (blue), bipolar cells (green), Miiller cells
(orange), and retinal ganglion cells (grey). These cells are distributed across six layers: OS: outer
segments; IS: inner segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner
nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Axons of the ganglion cells
form the optic nerve. Schematic retinal cells modified from Karlstetter et al.(Karlstetter et al, 2010).

The neural tube, in particular the developing diencephalon, gives rise to the vertebrate eye
cups (Lamb et al, 2007). The approximately 0.5 mm thick sensory retina can be divided into

distinct macroscopic layers of nerve cell bodies and synapses corresponding to diverse
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component cells (Kolb, 1995) (Fig. 1 B). The outer nuclear layer (ONL) contains the nuclei
of the photoreceptor cells, the inner nuclear layer (INL) contains the bipolar-, horizontal- and
amacrine nuclei. The ganglion cell layer (GCL) is the innermost layer of nuclei. Those
nuclear layers are divided by the outer plexiform layer (OPL) and the inner plexiform layer
(IPL) where synaptic contacts occur. The photoreceptor outer segments (OS) of the rod and
cone photoreceptor cells are attached to the apical surface of the retinal pigment epithelium
(RPE). The basal surface of the RPE faces the underlying Bruch’s membrane (BM). Aside
from forming the blood retina barrier (BRB) the RPE is essential for the proper functioning
of the neural retina and performs crucial housekeeping tasks including transport of nutrients,
removal of waste products, phagocytosis of shed photoreceptor outer segments, and visual

pigment regeneration (Bonilha, 2014; Cunha-Vaz et al, 2011).

Light enters the eye and travels through the vitreous and, the layers of the retina until it is
captured by the OS of the cone and rod cells. Cone cells are responsible for day and color
vision (photopic vision) whereas rod cells are responsible for vision in dim light (scotopic
vision). The human retina has around 6 million cone cells, which are most densely
represented in the macula. Three types of cone cells exhibit differing absorption properties
due to the distinct opsins. The mean wavelengths of maximal absorption are 437 nm, 533 nm
and 564 nm wavelength for the blue, green and red pigment, respectively (Bowmaker &
Dartnall, 1980). The far more sensitive rod cells respond to a single photon and outnumber
the cone cells by 20-fold, situated mainly in the periphery of the eye (Luo et al, 2008). Those
cells contain rhodopsin, which is the main protein responsible for vision (Stein et al, 1982).
Absorption of a single photon isomerizes the chromophore and ligand of rhodopsin, from 11-
cis-retinal to all-trans-retinal and hence activates the phototransduction cascade followed by
hyperpolarization of the photoreceptor membrane and decrease of glutamate release at the
synaptic terminal (Lamb & Pugh, 2006). Next, the chemical output is integrated by
interneurons (bipolar, horizontal and amacrine cells) and transmitted to ganglion cells (Jager,
2005). The axons of the ganglion cells form the optic nerve and optic tract which enters the
lateral geniculate bodies. From here the geniculocalcarine tract projects into the primary

visual cortex (Swienton & Thomas, 2014).
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1.2. Age-related macular degeneration

AMD is the most frequent retinal degenerative and neovascular disease as well as the most
common cause of irreversible vision loss in the elderly, especially among Caucasians.
Epidemiologic facts on AMD are highly alarming, with more than 150 million people
worldwide suffering from early forms, beginning with distortion of central vision and around
10 million people developing the late stages where high-resolution central vision is lost and

patients are considered legally blind (Fig. 2) (Friedman et al, 2004; Wong et al, 2014).

Figure 2 Early, intermediate and late AMD symptoms of diseased individuals

Early AMD causes slightly blurred central vision. With disease progression central vision then
becomes shadowed until a blind spot develops concomitant with difficulty in seeing colors and fine
details. Figures from Dissertation Vierkotten (2011).

Early to intermediate stages of AMD are characterized by hypo- and hyper-pigmentation of
the RPE and the appearance of drusen in the macular region which can be visualized in a
fundus picture (Fig. 3) (Ferris et al, 2005). Drusen are extracellular aggregates located in the
sub-RPE space (between the BM and the basal lamina of the RPE) (Abdelsalam et al, 1999;
Buschini et al, 2011). AMD is a progressive disease where disease severity correlates with
the size and number of drusen. Advanced AMD includes two late stages manifestations:
geographic atrophy (GA) and the exudative, neovascular form (nAMD). In GA focal loss of
photoreceptors and the underlying RPE is apparent (Fig. 3). Characteristic for nAMD is
blood vessel growth from the subretinal space into the retina where the vascular network not
only forms in an unregulated manner, but also becomes leaky (Fig. 3) (McLeod et al, 2009).
In contrast to the slow progressing atrophic AMD form, the exudative form results in acute

vision loss through edema formation and bleeding of new blood vessels which invade the
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neural retina, accounting for more than 90 % central vision loss in AMD patients (Colijn et
al, 2017; Weih et al, 2000). New vessel formation is driven by the angiogenic factor vascular
endothelial growth factor (VEGF). Patients are therefore treated with monthly intravitreal
injections of antibodies directed against VEGF, however, treatment success is not guaranteed
(Cummings & Cunha-Vaz, 2008). Moreover, no treatment options are currently available for

patients suffering from GA.

Healthy | | Early AMD | | Geographic atrophy | | neovascular AMD

Drusen

REE TS SEZ% FUN

|_1er n

Histology

Figure 3 Fundus and SD-OCT photographs and histology of healthy and diseased eyes

Retinal fundus photographs of healthy individual shows no abnormality in the macula region.
Regular layered structure can be seen though SD-OCT (white arrow point to the RPE and the
external limiting membrane, ELM), and in histologic sections. Early to intermediate stage of AMD
are characterized by the appearance of drusen which are visible in SD-OCT pictures (white arrows).
Late stage AMD either develops into geographic atrophy (G) or neovascular AMD (nAMD). GA is
characterized by atrophic RPE and absence of these cells in histologic sections. In nAMD drusen
are still present along with subretinal hemorrhages which may result in pigment epithelial
detachment (PED). Appearance of hyperreflective foci in SD-OCT images has been observed
(white arrow). Fragmentation of the BM facilitates ingrowth of newly built blood vessels. OD: optic
disc; M: macula; FC: fovea centralis; 1Z: interdigitation zone; EZ: ellipsoid zone. Fundus pictures
adapted from Swaroop et al. (Swaroop et al, 2009). SD-OCT and histology pictures from Toomey et
al. (Toomey et al, 2018a).
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Recently, ophthalmic imaging was facilitated by the wide use of noninvasive high-resolution
spectral domain optical coherence tomography (SD-OCT). This tool aids to acquire cross-
sectional images of the retina in real time by means of echo time delay and magnitude of
backscattered light. These images deliver data on the thickness and intactness of retinal layers
and even more the appearance of drusen (Smith & Chauhan, 2015) (Fig. 3). Monitoring the
retina of wet AMD patients demonstrated the presence of small, dense particles referred to

as hyper-reflective foci (HF) (Altay et al, 2016; Framme et al, 2010).

AMD is a multifactorial disease with both, genetic and non-genetic factors contributing to
disease ontogenesis, progression and manifestation. Age is considered as the most significant
risk factor for AMD as the prevalence for late stage AMD peaks in individuals older than 80
years (Fritsche et al, 2014; Klein et al, 2010; Swaroop et al, 2009). The aging retina is not
spared from the progressive decline in function which affects every other organ in the human
body. Advanced age is accompanied by increased retinal vulnerability to disease due to
changes in both, the highly active photoreceptor cells and the phagocytic RPE (Mitter et al,
2012). These cells contribute to the generation of metabolic by-products which are cleared
rapidly under physiologic conditions (Datta et al, 2017). However, aged cells are less
effective in dealing with the accumulating metabolic waste which becomes apparent as

depositions in the form of drusen (Wang et al, 2009a).

Secondary to aging, smoking was found to significantly increase the risk of developing AMD
most likely owing to oxidative insults (Espinosa-Heidmann et al, 2006; Khan et al, 2006).
Furthermore, abdominal obesity significantly increases the risk factor for developing AMD
while diets rich in antioxidant are associated with a decreased risk (Adams et al, 2011; Tan
etal, 2008). Dysbiosis in gut microbes induced by high fat diet is known to facilitate intestinal
permeability and hence allow translocation of pathogens which are associated to exacerbated
CNV (Andriessen et al, 2016). Due to comprehensive association studies of smoking and
fatty diet, current management of early and intermediate AMD include lifestyle and dietary
modifications e.g. cessation of tobacco use, increased dietary intake of antioxidants and

control of body-mass index (Jager et al, 2008). .
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1.2.1. Genetic risk factors

Despite the fact, that change of lifestyle reduces the likelihood of disease progression, one
major contributor cannot be modified: genetic heritability is a substantial contributor
evidenced by a number of twin and familial aggregation studies (Fig. 4 A) (Hammond et al,
2002; Seddon et al, 1997; Seddon et al, 2005). In a study by Seddon et al., authors found that
genetic factors account for up to 71 % of'the variation in the overall severity of AMD (Seddon
et al, 2005). Using genome wide association studies (GWAS) a total of 52 variants in 34 loci
were identified which are highly associated with AMD (Fritsche et al, 2013; Fritsche et al,
2016). Strikingly, variants on chromosome 1q32, coding for complement factor H (CFH),
have a strong and indisputable association (Edwards et al, 2005; Haines et al, 2005; Klein et
al, 2005; Raychaudhuri et al, 2011; Zareparsi et al, 2005). These results were followed by
genetic association studies that found further associated variants in genes coding complement
proteins (Seddon et al, 2013; Ven et al, 2013; Zhan et al, 2013). Another locus in
chromosome 10q26 harboring high-temperature requirement A serine peptidase 1 (HTRAT)
and age-related maculopathy susceptibility 2 (ARMS2) demonstrated one of the strongest
replicable association with AMD (Fig. 4 B) (DeAngelis et al, 2008; Dewan et al, 2006; Yang
et al, 20006).

1
A 2 OLinkage signals B
3 m Confirmed association signals
4 5 m Tentative association signals 0.6+
FBLN3 6
ABCA4 CX3CR1 8
C2CFB 9 10 o 0.5
VEGFA 2
. CFl = ERCC6 7‘“1 0.4
i x
"H-CFH i 9 534 30 other loci
; TLR3 -TLRé (B ysonTRAT O a3
= C2/CFB
11 ARMS2/HTRA1
14 15 16 :
Serpini| 17 18 19 - 0 CFH
i 20 99 1% 5% 10%
FBLN5 | E el Prevalence

Figure 4 Associated and linkage signals and disease liability explained by total variants

(A) Scheme of human chromosomes displaying regions of linkage identified in various studies, as
well as association signals that are confirmed and tentative. (B) Disease variance explained by 52
identified variants distributed across 34 loci assuming AMD prevalence of 1 %, 5 % or 10 %.
Figures adapted and modified from Swaroop et al. (Swaroop et al, 2009), and Fritsche et al.
(Fritsche et al, 2016).
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1.2.2. Complement system activation in the retina during
AMD

Studies have shown that the retina expresses a variety of complement proteins, receptors and
regulators despite the fact that it is an immune privileged organ (Anderson et al, 2010). The
complement system, consisting of numerous small proteins and factors, when triggered,
activates in a cascade fashion through at least one of its three pathways (Fig. 5). The classical
pathway is induced when antibodies bind to their corresponding antigens (Janeway CA Jr et
al, 2001). The mannose-binding lectin (MBL) pathway is triggered by the binding of lectin
to mannose residues on the surface of microorganisms (Fujita, 2002). The alternative
pathway is spontaneously and continuously activated (Pangburn & Muller-Eberhard, 1984;
Zipfel et al, 2007). Two critical steps result in the activation of the complement pathways,
namely the cleavage of complement factor 3 (C3) and factor 5 (C5) by convertases that are
generated upon activation of the before mentioned pathways. This results in the generation
of C3a, C3b, C5a and C5b. C3b participates in opsonizing pathogens or dead cells and
promoting their phagocytosis in a non-inflammatory manner. Of note, deposition of C3b on
intact cell surfaces is prevented by regulators (Gal et al, 2007; Gros et al, 2008). Furthermore,
C3b participates in the formation of C5 convertases (Pangburn & Rawal, 2002). Secondly,
C5b initiates the terminal pathway by the assembly of C6, C7, C8 and C9 forming the
membrane attack complex (MAC) (Morgan, 1999; Muller-Eberhard, 1986). MAC is a
lipophilic transmembrane channel leading to pore formation on the cell surface and
eventually cell lysis (Bhakdi & Tranum-Jensen, 1988; Lueck et al, 2011). Lastly, the
anaphylactic peptides C3a and C5a aid in the recruitment and activation of innate immune
cells, and furthermore, serve as antimicrobial and antifungal factors (Nordahl et al, 2004;
Ward, 2009). Importantly, complement system activation is tightly regulated by a group of
soluble and membrane-bound complement factors. For instance, surface bound complement
receptor 1 (CR1) and decay-accelerating factor (DAF) as well as soluble CFH dissociate C3
convertases (Lambris, 1988). Cl-inhibitor (C1INH) also inactivates MASP1 and MASP2
proteases, preventing classical pathway and MBL mediated complement activation (Davis et

al, 2008). Furthermore, CD59 is known to block MAC assembly (Kimberley et al, 2007).
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A ACTIVATION AND AMPLIFICATION
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Figure 5 Complement activation, regulation, and immune functions

(A) The complement system is activated through three pathways: the classical pathway (CP), the
MBL pathway and the alternative pathway (AP). The activation of these pathways is followed by
assembly of C3 convertases, which cleave C3 into C3a and C3b. (B) C3b can serve as opsonin and
also form C3bBb to amplify complement activation through AP. Next, C5 is cleaved into C5a and
C5b by the generated C5 convertases. C5b initiates the terminal pathway, through recruitment of C6
- C9 to the target surface and generation of MAC. Furthermore, the anaphylatoxins C3a and C5a are
actively involved in immune responses. (C) Activation of the complement cascade is regulated
through several fragments: For instance properdin stabilizes C3bBb. Conversely CFI, CFH, CD46,
CR1, C4BP and CDS55 inhibit convertase assembly or may even promote convertase dissociation.
MAC assembly is inhibited by CD55 and S protein. Figure from Akhtar-Schifer at al. (Akhtar -
Schifer et al, 2018).

More importantly, retinal cells themselves produce complement factors. In an elaborative
study Anderson and colleagues were able to detect a number of complement genes in the
RPE/choroid interface and the neural retina (Anderson et al, 2010). Interestingly, only
complement components of the classical and alternative pathways seemed to be produced by
retinal cells while factors of the lectin pathway may find their way to the RPE through

systemic circulation. Additionally, protein expression analyses demonstrated the presence of
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regulatory proteins including CD46, CD55, CD59 and CFH (Chen et al, 2007; Fett et al,
2012; Vogt et al, 2006). Furthermore, receptors for the anaphylatoxins C3a and C5a were
detected in the inner retina and the INL, respectively (Vogt et al, 2006). Interestingly, few
genes associated with the classical and the alternative complement pathways were
upregulated in the aging retina (Chen et al, 2010). Similarly, expression of MAC in
choriocapillaris was found to potentiate with increasing age (Chirco et al, 2016). These
findings support the hypothesis of complement system activities which are induced during
aging, most likely as a result of increasing retinal dyshomeostasis (Chen & Xu, 2015; Xu &

Chen, 2016).

Also, involvement of the complement system in AMD disease pathogenesis is beyond
dispute. This has been proven through two major aspects: (1) polymorphisms in a number of
complement genes associated with AMD, as previously mentioned, and (2) the presence of
various complement components in drusen of AMD patients (Crabb et al, 2002; Gold et al,
2006; Mullins et al, 2001).

With being the first major susceptibility gene CFH is a much validated risk locus for
developing AMD (Edwards et al, 2005; Hageman et al, 2005; Haines et al, 2005; Klein et al,
2005). A single nucleotide polymorphism (SNP) in exon 9, rs1061170, accounts for a
tyrosine to histidine mutation at position 402 (Y402H) (Edwards et al, 2005; Hageman et al,
2005; Klein et al, 2005). Carrying the mutated allele increases the risk for developing AMD
by aratio of 2.5 or 6.2 for the heterozygous or homozygous form, respectively (Conley et al,
2006). A closer look at the functional consequences of the Y402H variant demonstrated a
reduced binding and regulatory activity leading to uncontrolled alternative pathway
activation (Skerka et al, 2007). Similarly, missense mutations in the complement genes
encoding for CFI, C3 and C9 confirmed associations with AMD (Helgason et al, 2013;
Maller et al, 2007; Seddon et al, 2013; Zhan et al, 2013). Furthermore, the authors were able
to show that the C3 risk allele results in a change of lysine to glutamine at position 155
leading to resistance towards proteolytic inactivation by CFH and CFI, and eventually
excessive alternative complement activation (Seddon et al, 2013). Certainly, the impact of

mutations needs further evaluation in order to uncover the underlying defective mechanism.
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To find answers genetically engineered mice are being widely used. For instance, reduced
CFH activity was translated into a mouse model by knocking out Cth (Cth-/-) and analyzing
the retina at 2 years of age (Coffey et al, 2007). Indeed, these mice exhibited features of AMD
and, more importantly, C3 accumulation in the retina concomitant with BM thinning.
Similarly, younger Cfh-/- mice (9 months) that were exposed to open environment had
reduced photoreceptor numbers when compared to controls kept in a pathogen free
environment (Hoh Kam et al, 2013). A chimeric mouse, which resembles the human variant
more, was generated by replacing the WT form with the Y402H variant of CFH (Ufret-
Vincenty et al, 2010). These mice exhibited lipofuscin and C3d accumulation along with

macrophage infiltration into the retina.

Identified SNPs in complement related genes cause uncontrolled complement activation
which has been observed in AMD patients in many cases. For instance, increased MAC
deposition was found in the choroid and in drusen of AMD cases (Mullins et al, 2011; Mullins
et al, 2014). Furthermore, the regulators CFB, CFH and CFI, the components C3, C5, C6,
C7, C8 and C9 as well as the anaphylatoxins C3a and C5a were found to be present in the
drusen of patients (Anderson et al, 2010; Crabb et al, 2002; Gold et al, 2006; Johnson et al,
2001; Nozaki et al, 2006). Drusen components including C-reactive protein, lipofuscin and
amyloid-p also serve as complement system activators (Sparrow et al, 2012; Zhou et al, 2006;
Zhou et al, 2009). In summary, complement system regulators and activators, as well as
complement factors themselves are part of identified drusen constituents which drive
overshooting complement activation. In agreement with these results are studies on
complement system inhibitors which potently suppress CNV in animal models (Bora et al,
2010; Lipo et al, 2013; Nozaki et al, 2006). Based on these findings, several clinical studies
focus on complement inhibition in AMD (Akhtar - Schéfer et al, 2018; Xu & Chen, 2016).
For instance, lampalizumab, the humanized IgG Fab fragment directed against CFD, the rate
limiting enzyme in alternative pathway activation was tested in clinical trials (Loyet et al,
2014). However, despite promising preclinical results drug administration did not result in

GA reduction (Holz et al, 2018).
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1.2.3. Risk locus ARMS2/HTRA1

As previously mentioned, GWAS identified a strong correlation between polymorphisms on
chromosome 10q26 locus and the progression of AMD (Fisher et al, 2005; Jakobsdottir et al,
2005). This locus harbors significant association across a high linkage disequilibrium region
containing the gene for ARMS2 and the adjacent gene HTRA1 (Fig. 6 A) (Wang, 2014). A
strong association was identified for the non-synonymous SNP rs10490924, which resulted
in an amino acid substitution of alanine with serine (A69S) in ARMS2 (Rivera et al, 2005).
However, ARMS?2 is a primate-specific gene only, hindering the analysis in rodents due to
lack of a homologous gene (Francis et al, 2008; Pahl et al, 2012). Nevertheless, a humanized
mouse with human ARMS2 and A69S ARMS?2 variant expression in the entire body of a
mouse did not cause any significant phenotype in mice (Nakayama et al, 2014). Furthermore,
analyzing variants other than rs10490924 across this region led to the identification of
rs11200638, which is situated in the promotor region of HTRAI (Yang et al, 2006).
Strikingly, further analysis demonstrated enhanced transcription of HTRAT1 in individuals
homozygous for the risk allele (Dewan et al, 2006; Yang et al, 2006). Consequently, high
HtrA1 protein levels were found in retinae with AMD (Tuo et al, 2008; Yang et al, 2006).
HtrA1 enrichment was also found in drusen deposits, the RPE and the aqueous humor of
AMD patients (Melo et al, 2017; Tosi et al, 2017). Strikingly, mice overexpressing HtrA 1
exhibited altered composition of BM proteins including fibronectin, fibulin 5 and elastin,
thus facilitating BM fragmentation and vessel growth into the avascular retina, which is
characteristic for exudative AMD (Kumar et al, 2014; Vierkotten et al, 2011). Other authors
reported polypoidal choroidal vasculopathy -like phenotype in mice with HtrAl
overexpression (Jones et al, 2011). Global HtrAl overexpression along with exposure to
cigarette smoke resulted in CNV, photoreceptor demise and the appearance of HF
(Nakayama et al, 2014). Apart from CNV formation HtrAl overexpression in the RPE
induced degradation of intracellular tubulin, impaired phagocytosis of shed photoreceptor
debris and accelerated premature senescence, prohibiting homeostatic function and inducing

photoreceptor demise as it is seen in AMD (Melo et al, 2017; Supanji et al, 2013).
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Increased susceptibility to nAMD was further found to be associated with two synonymous
SNPs in exon 1 (DeAngelis et al, 2008). The SNPs rs1049331 and rs2293870 result in no
amino acid change at A34A and G36G, respectively. However, reduced binding to insulin-
like growth factor 1 (IGF-1) was observed, likely explained by a frequent-to-rare codon
conversion, leading to reduced translation of HTRAI mRNA (Jacobo et al, 2013).
Furthermore, Friedrich et al. reported that this AMD-associated isoform of HtrA1 exhibits
reduced binding to TGF-B in microglia (Friedrich et al, 2015). This finding points towards

increased TGF-B signaling, however, the pathophysiological relevance needs further

scrutinizing.
A Chromosome 10 g26.13 locus
Exon(1/2) Exon(2/2) Exon(1/9)
1
3 2 =g
=) P © ©
(=] P=1 (<2 K]
(=2 o~ <T o
< - oW
= - ~— &N
% e pe
e
- Coding region B UTR Intron
$328
B 1
NH2

G s I e

Figure 6 The 10q26 locus, harboring ARMS2/HTRAT1 and the structure of HtrA1

(A) Schematic overview of the AMD-associated region on chromosome 10q26 exhibiting high
linkage disequilibrium. (B) Protein domains of HtrA1. SP: signal peptide domain cleaved in mature
secreted protein. Next, IGFBP (insulin growth factor binding protein) domain, which is followed by
KAZ (kazal-like domain). The catalytic domain contains histidine, asparagine and serine (S328),
which form a catalytic triad. C-terminal contains the PDZ (postsynaptic density of 95 kDa, Discs
large and zonula occludens 1) region. UTR: untranslated region.
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HtrA1 belongs to an evolutionarily conserved family of trypsin-like serine proteases
(Clausen et al, 2011; Clausen et al, 2002). Four homologs have been described and divided
into two groups. HtrAl, 3 and 4 consists of a N-terminal signal sequence for secretion,
IGFBP-like module, a kazal-like module (KAZ), a protease domain, and a C-terminal PDZ
domain, while HtrA?2 is a mitochondrial protein with a transmembrane anchor and a cleavable
N-terminal domain (Fig. 6 B) (Eigenbrot et al, 2012). The 51-kDa HtrAl protein is
ubiquitously expressed (De Luca et al, 2003) and involved in numerous processes including
protein quality control (Krojer et al, 2008; Strauch & Beckwith, 1988), chaperone function
(Krojer et al, 2008; Malet et al, 2012), extracellular matrix homeostasis, as well as
modulation of cell growth, proliferation, and migration (Canfield et al, 2007; Chien et al,
2009a; Chien et al, 2009b; Schmidt et al, 2016). The variety of functions implicate an
essential role for proper physiological processes, and indeed, a number of diseases are
associated with malfunctioned protein expression including cancer (Baldi et al, 2002; Chien
et al, 2004; Shridhar et al, 2002), arthritis (Grau et al, 2006; Milner et al, 2008), ischemic
cerebral small-vessel disease (CARASIL) (Graham et al, 2013; Hara et al, 2009), and
Alzheimer’s disease (Grau et al, 2005; Munoz et al, 2018; Tennstaedt et al, 2012).
Interestingly, loss of HtrA 1 has been found to cause CARASIL and facilitate cancer growth,
while elevated expression is evident in arthritis (Beaufort et al, 2014; Hara et al, 2009; Hou
et al, 2013). One major commonality across these pathologies comprises the modulation of
signaling pathways by cleaving or sequestering the pleiotropic cytokine TGF-f (Graham et
al, 2013; Launay et al, 2008; Oka et al, 2004). TGF-B is a well-defined regulator of
angiogenesis and vascular homeostasis but also immune regulation (Goumans et al, 2009; Li
et al, 2006; Santarpia et al, 2015; ten Dijke & Arthur, 2007). Hence, disturbances in TGF-3
availability gives rise to a wide range of diseases. In fact, HtrA 1 is expressed in areas of
active TGF-P signaling and thus, controls its availability, shapes maturation and survival of
neurons, as well as angiogenesis (De Luca et al, 2004; Launay et al, 2008; Oka et al, 2004).
However, it remains elusive whether increased expression of HtrA1 alters TGF-f signaling

in the retina during AMD pathogenesis.
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1.3. Microglia

The term microglia was first coined a century ago by the Spanish neuroscientist Rio Hortega
who, not only separated these cells from astrocytes, but was also able to provide evidence of
their morphological transformations during pathology. Fortunately, four of his original
papers have been made available in translated English versions (Sierra et al, 2016). Microglia
belong to the group of mononuclear phagocytes which furthermore include circulating blood
monocytes, tissue resident macrophages and dendritic cells but differ in ontogeny, location,
function and phenotype (Chow et al, 2011; Guilliams et al, 2014). Fate-mapping studies
showed that macrophages are derived from blood-born monocytes, while microglia originate
from primitive myeloid progenitors in the extra-embryonic yolk sac (Ginhoux et al, 2010).
Microglia migrate into the central nervous system (CNS) before the blood-brain barrier is
established and once the tissue is matured, this population is maintained in the brain
parenchyma and the retina throughout the entire life span (Réu et al, 2017). This autonomous
self-renewing cell population replenishes from two distinct sources in the brain and retina
during adulthood. Upon elimination of microglia by using selective colony stimulating factor
1 receptor (CSF1R) inhibitors, researchers found that replenished cells in the brain were
derived from surviving microglia which transiently express nestin during repopulation
(Elmore et al, 2014; Huang et al, 2018b). Similarly, microglia in the retina repopulated from
residual microglia in the optic nerve, ciliary body and iris macrophages (Huang et al, 2018a).
Moreover, repopulated microglia exhibit the broad functionalities of naive cells during

physiologic and pathologic conditions (Zhang et al, 2018).

Once microglia migrate into the retina and the tissue is matured, the cells represent the
resident immune cells. The cell bodies remain situated in the IPL and OPL (Hume et al,
1983). Strikingly, their long protrusions span the entire nuclear layers (Karlstetter et al,
2015). Due to their dynamic nature, microglia are able to monitor the complete retinal
environment. Among the most important role is the constant surveillance of retinal
homeostasis. Furthermore, microglia are indispensable for synaptic pruning and signal

transmission (Schafer et al, 2012; Wang et al, 2016b).
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1.3.1. Microglia activation and its role in AMD

Two major characteristics make microglia indispensable for retinal homeostasis and
integrity. First, the retina is the highest oxygen-consuming organ of the body and constituted
of cell types, such as photoreceptor cells and the RPE that are intensely metabolically active
to guarantee proper vision through lifetime (Chiu & Taylor, 2011; Wong-Riley, 2010). As
previously mentioned, with increasing age there is reduced functionality of retinal cells,
making them less effective in dealing with the accumulating metabolic waste (Damani et al,
2011; Mitter et al, 2014; Wang et al, 2009a). Secondly, the sensory retina represents an
immune privileged organ, with little to no regenerative capacity after injury and inflammation
accompanied by tissue distortion (Jiang et al, 1993; Streilein, 2003). These circumstances
require constant surveillance making microglia the first line of defense in the retinal
parenchyma. Importantly, microglia need tight regulation since their activation may pose
threat to the surrounding host tissue. Hence, indispensable cross-talk with Miiller cells and
retinal neurons limits unnecessary immune activation in the healthy retina (Harada et al,

2002; Langmann, 2007).

Throughout life the retina is challenged by noxious insults including endogenous and
exogenous pathologic stimuli which are sensed by microglia via surface receptors or pattern
recognition receptors (PRRs) (Kettenmann et al, 2011; Kigerl et al, 2014; Masuda et al, 2017;
Wang et al, 2016a). In the event of such insults microglia sense the damage- or pathogen-
associated molecular patterns (DAMPs/ PAMPs) and react by retracting their surveilling
processes and becoming amoeboid (Fig. 7 A) (Karlstetter et al, 2015; Karperien et al, 2013).
Furthermore, they migrate to the site of damage, while releasing pro-inflammatory cytokines
and reactive oxygen species (ROS) which abrogate tissue damaging DAMPs and PAMPs
(Fig. 7 B) (Ferrer-Martin et al, 2015). Synergistically, microglia enhance their phagocytic
capacity to eliminate cellular waste (Mitchell et al, 2018; Wynn & Vannella, 2016). Under
physiological conditions the insult is promptly neutralized and a return to homeostasis is

achieved with only very little retinal remodeling (Chen et al, 2012; Rashid et al, 2018).
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Figure 7 Microglia phenotype and retinal location during health and disease

(A & B) Under homeostatic conditions, microglia populate the plexiform layers and exhibit small
cell bodies with ramified motile protrusions. Perturbations are rapidly sensed by microglia leading
to a gradual shift towards an active phenotype. Disease progression is accompanied by gradual
morphological transition of microglia towards amoeboid phagocytes. Upon BRB breach microglia
recruit choroidal macrophages harming the retinal milieu and exacerbating the disease. Figures
adapted from Karperien et al. (Karperien et al, 2013) and Akhtar-Schifer et al. (Akhtar - Schéfer et

al, 2018).

Transient microglia activation is beneficial since the toxicity associated with the immune

response is outweighed by the initial noxious insult. However, numerous studies have shown

that distressed conditions, owing to genetic predispositions, lead to chronic microglia

activation, which causes non-resolving inflammation and terminal retinal damage due to the

lack of regenerative capacity (Gupta et al, 2003). Eventually, microglia accumulate at the site
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of damage and fail to return to their homeostatic state and even more attract choroidal

macrophages (Caicedo et al, 2005; Sennlaub et al, 2013).

These abnormalities in microglial behavior are common hallmarks of AMD (Ardeljan &
Chan, 2013). Despite being described as a disease of the macula-RPE-choroid interface and
vascular complication, inflammation plays a major role in AMD disease progression
(Ardeljan & Chan, 2013; Bhutto & Lutty, 2012; Karlstetter et al, 2015). Analysis of
transcriptome profiles from AMD and healthy human donor eyes showed significant
involvement of inflammatory responses along with released chemokine and complement
activation in all AMD phenotypes (Newman et al, 2012). Elevated cytokine levels, including
C-C motif chemokine 2 (CCL2), which is involved in monocyte recruitment, were detected
in ocular fluids from nAMD patients (Fauser et al, 2015; Robbie et al, 2016) Strikingly,
bloated phagocytic microglia were found in close association with drusen in AMD patients
(Gupta et al, 2003). Drusen constituents include proteins associated with established roles in
mediating immune responsiveness, suggesting that macular drusen in AMD portrays potent
pro-inflammatory stimulus (Buschini et al, 2011; Doyle et al, 2012). Indeed, the widespread
accumulation of drusen components as seen in AMD is a potent chemoattractant stimulus for

microglia (Penfold et al, 2001).

1.3.2.  Microglia modulation as therapy strategy

During retinal degeneration overshooting microglial reactivity leads to tissue damage and
exacerbation of disease severity. However, microglia depletion cannot be a promising
therapeutic strategy, since microglia are indispensable for the maintenance of synaptic
structures in the adult CNS as well as in the retina (Parkhurst et al, 2013; Wang et al, 2016b).
With that being said, immunomodulatory compounds, which should exclusively dampen the
pro-inflammatory response of microglia while preserving their crucial homeostatic functions,

are needed.

The analysis of immune-modulating compounds in vivo requires preclinical studies with

rodent models where cardinal features of AMD are being mimicked (Luckoff et al, 2017).
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For instance, the commonly used light-induced photo-oxidative damage model stems from
the evidence that extended exposure to light involves the risk for developing retinal
degeneration such as in AMD patients (Taylor et al, 1992; Tomany et al, 2004). Similar
effects are mimicked in albino rodents, by exposing them to intense visible light for an
extended period of time and thereby inducing significant loss of photoreceptor cells and
thinning of the ONL (Wenzel et al, 2005). This is accompanied by a vigorous change in
microglia morphology and translocation to the outer retina (Fig. 7 and 8). Furthermore,
subretinal microglia exhibit not only enhanced release of pro-inflammatory factors including
II-1B, Tnf-a, [I-6, Ccl2 and iNos but also increased phagocytic capacity resulting in
photoreceptor degeneration, which is evident through thinning of the ONL (Scholz et al,
2015a; Scholz et al, 2015b; Wang et al, 2014). Similarly, laser-induced CNV is extensively
applied in rodent research to study nAMD (Ambati et al, 2013; Lambert et al, 2013). It results
in the rupture of the BM and penetration of choroidal capillaries into the avascular retina
within a short time. Due to the laser burn a focal inflammatory reaction concomitant with
recruitment and accumulation of reactive amoeboid microglia along with infiltrating
mononuclear phagocytes is evident (Combadiere et al, 2007; Karlstetter et al, 2017; Luckoff
et al, 2016). Moreover, infiltrating mononuclear phagocytes secrete pro-inflammatory
cytokines and the pro-angiogenic factor Vegt which results in exacerbation of disease

progression and severity (Combadiere et al, 2007; Luckoff et al, 2016).

In order to prevent retinal degeneration and neovascularization immunomodulatory strategies
investigated in preclinical studies involve targeting activating and inhibiting cell surface
receptors (e.g. Interferon-f3, IFN-B) and modulating intracellular molecules (e.g. translocator
protein, TSPO) (Akhtar - Schéfer et al, 2018; Karlstetter et al, 2015; Langmann, 2007). For
instance, downstream signaling of the [FN-f receptor (interferon-a/p receptor, Ifnar) proved
to be crucial for microglial homeostasis since its deletion led to elevated microglial reactivity
(Prinz et al, 2008; Teige et al, 2003). In the laser-induced CNV model in mice, systemic
administration of IFN-B not only inhibited microglial reactivity and macrophage recruitment,
but also reduces vascular leakage and neoangiogenesis (Luckoff et al, 2016). Conversely,
global deletion of Ifnar as well as conditional deletion of microglial IFN-f signaling in mice

resulted in an aggravated disease phenotype. Likewise, ligands binding to TSPO, a
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transmembrane protein located on the outer mitochondrial membrane in microglia, induce
beneficial effects by limiting the magnitude of microglial activation responses (Girard et al,
2012; Wang et al, 2014). The synthetic TSPO ligand XBD173 demonstrated anti-
inflammatory effects, by markedly inhibiting amoeboid microglia accumulation in the outer
retina accompanied by no thinning of the ONL in the light-induced retinal degeneration
model (Fig. 8). These effects likely involve the increased conversion of cholesterol to
pregnenolone, and then to progesterone, a neuroprotective neurosteroid (Cai et al, 2018;

Karlstetter et al, 2014).

Control Light exposure Light exposure+XBD173 |

Cryo sections

ONL

Subretina

Figure 8 XBD173 treatment of light-exposed mice prevents microglia reactivity

In retinal cryo sections microglia are visualized by staining ionized calcium binding adapter protein
1 (Ibal). During physiologic conditions ramified microglia remain in the plexiform layers. Photo-
oxidative damage induced by exposure to bright white light leads to degeneration of photoreceptor
cells concomitant with migrating and bloated microglia in the OPL and subretinal layer. Application
of the immunomodulatory compound XBD173 markedly preserves retinal morphology concomitant
with reduced appearance of amoeboid microglia in the ONL and the subretinal space. Figures
adapted from Scholz et al. (Scholz et al, 2015a).
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Immunomodulatory therapy represents an overarching approach to treat AMD along with
other retinal degenerative diseases (Akhtar - Schifer et al, 2018). Since AMD is a complex

disease with various causes, the integration of associations from solid genetic findings could

aid to identify novel targets for immunotherapy.

Indeed, there is much evidence that the complement system participates in microglia
activation. Already, in a very early study van der Schaft observed the presence of
complement factors around the RPE while he was searching for macrophage attractants in
post mortem eyes of nAMD patients (van der Schaft et al, 1993). Interestingly, the AMD
associated Y402H variant of Cfh was shown to promote microglia accumulation more
potently than the common variant (Calippe et al, 2017). Similarly, the drusen constituents
C3a and C5a not only induce VEGF expression, but also attract microglia (Nozaki et al,
2006). Consequently, genetic ablation of their respective receptors, C3aR and C5aR, reduced
VEGF expression and CNV formation. Identifying the mechanistic principle behind
anaphylatoxin mediated inflammation would aid to find novel targets for immunomodulatory

therapies.

In case of HTRAI, the second most prominent risk locus associated with AMD, TGF-f3
signaling likely represents the key element. Alterations in TGF-f availability and receptor
signaling pathway have been shown in several other diseased forms where disturbances in
HtrA1l level are involved, as mentioned above. In the retina TGF-3 belongs to the inhibitory
factors released by the RPE into the subretinal-space where it displays immunosuppressive
effects on the innate immune system by modulating microglia (Karlstetter et al, 2010;
Karlstetter et al, 2015; Zamiri et al, 2007). Strikingly, TGF-§ proved to be a potent silencer
of neuroinflammation by dampening microgliosis (Gong et al, 2012; Spittau et al, 2015;

Spittau et al, 2013; Zhou et al, 2012; Zhou et al, 2015).

Upon ligand binding TGF-f receptor type Il (Tgf-BRII) phosphorylates and thus, activates
TGF-p receptor type I serine/threonine kinase activity (Huse et al, 1999; Yamashita et al,
1994). This is followed by the phosphorylation of the intracellular signaling mediators
Smad2 and Smad3 (Massague & Wotton, 2000). Consequently, these Smad proteins form a
complex with Smad4, translocate to the nucleus where TGF-P target gene expression initiates

(Zhang & Derynck, 1999). The profound regulatory effects of TGF-f on cell fate and survival
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are evident in TGF-B deficient mice which suffer from uncontrolled inflammation, organ
failure and early death (p20), making further analysis in adult tissue impossible (Shull et al,
1992). However, severe microgliosis in neonatal Tgf-p -/- mice gave some first hints towards
the importance of this signaling pathway in microglia (Brionne et al, 2003). An alternative
mouse model involves the conditional knockout of Tgf-BRII under the control of the
microglial marker Cx3Crl (Goldmann et al, 2013). These mice exhibit no abnormal
developmental deficits, and more importantly, unaffected number of microglia (Zoller et al,
2018). However, these TGF-B deficient microglia demonstrate an over-activated phenotype
concomitant with increased CCL2 secretion which may result in further mononuclear
phagocyte recruitment. Thus, the question arises whether elevated HtrA 1 expression results
in aggravation of microglia mediated inflammation by inhibiting TGF-f3 signaling. Whether
the AMD-associated variants change the function of HtrA 1 in the retina remains inconsistent

and largely elusive.

1.4. Aims of the study

SNPs in complement genes were found to induce an increase in complement activation.
Similarly, AMD-associated SNPs in HTRAT1 correlate with an increase in HtrAl protein
expression in retinae of AMD patients. There is adequate evidence, that these alterations
owing to genetic mutations may exacerbate microgliosis, a common hallmark during retinal
degeneration. Hence, the present study dealt with the question whether microglia are affected

by increased complement activation and increased HtrA1 levels.

Firstly, the role of microglia and the C3a and C5a mediated retinal degeneration was
investigated. Furthermore, it was investigated whether HtrA 1 induces neuroinflammation by
sequestering TGF-B and thus facilitates microglial reactivity and tissue damaging
inflammation. Consequently, the response of microglia to AMD-associated HtrA 1 levels and
variants during inflammation with particular focus on TGF-f signaling was evaluated. The
study provides new insights for a better understanding of genetic associations and disease

formation with particular focus on the immune response as a therapy target.
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2.1. Material

2.1.1. Mice

Table 1 Mouse strain, eye drops and systemic anesthesia.

Mice Origin and husbandry
BALB/c] Male and female animals used for this work were housed in an
and C57BL/6J air-conditioned environment at 20-24 °C ona 12 hours light-

dark schedule. Mice had access to phytoestrogen-fiee food
and water ad libitum.

Eye drops Manufacturer, Cat. No.

Hylo- Vision Gel sine eye drops OmniVision

Phenylephrin 2.5 % / Tropicamid 0.5 % Pharmacy University Hospital Cologne
Anesthetic solution - Formula Manufacturer

8.5 ml of 0.9 % isotonic NaCl Fresenius Kabi

1 ml Ketaminehydrochloride (Ketaset)  Zoetis
0.5 ml Xylazinhydrochloride (Rompun)  Bayer HealthCare
use 0.1 ml/10 g bodyweight

2.1.2. Cells and bacteria

Table 2 Cell lines and bacteria strain.

Cell lines Origin

BV-2 murine microglia like cells Dr. Ralph Lucius, Christian Albrechts University,
Kiel, Germany

SV40 immortalized human microglia Applied Biological Materials Inc., Richmond,
BC, Canada

human embryonic kidney (HEK)293 cells Institute of Biochemistry II, University of Cologne,
Germany

Bacteria strain Origin

DH5a Escherichia Coli (E. Coli)
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2.1.3. Media

Table 3 Reagents and formula for cell culture and lysogeny broth (LB) media/plates.

Reagents Manufacturer, Cat. No.
Agar-Agar Merck, #101614
Ampicillin sodiumsalt Roth, #K029.2
Chloramphenicol Calbiochem, #220551

Dulbecco's Modified Eagle Medium (DMEM)

DMEM/F-12 GlutaMAX

Dulbecco's Phosphate-Buffered Saline (DPBS)

Fetal Calf Serum (FCS)
Hank's Balanced salt Solution (HBSS)
Kanamycin sulfate

Sigma- Aldrich, #D6429
ThermoFisher Scientific, #31331
Gibco, #14190

Gibco, #10270-106

Gibco, #14025092

Sigma- Aldrich, #K4000

Pennicilin/Streptomycin Gibco, #15140-122

Pepton from casein Roth, #8986

Puromycin dihydrochloride Gold Biotechnology, #P-600-1
Sodium chloride (NaCl) Merck, #106400
Trypsi/EDTA Sigma- Aldrich, #13924

Yeast extract AppliChem, #A1552

Cell culture media Formula

BV-2, SV40 and DMEM

primary micorglia culture 10 % FCS

10 % Penicillin/Streptomycin

HEK293

DMEM/F-12 GlutaMAX
10 % FCS and then 2 % FCS
4 pg/ml Puromycin

Lysogeny broth (LB) media

Formula

LB-media

10 g/l Yeast extract
20 g/l NaCl
20 g/l Peptone

LB ampicillin media (LB-amp)
LB-amp agar plates

100 pg/ml Ampicillin in LB-media
14 g/l Agar-Agar in LB-amp

LB chloramphenicol media (LB-chlor)
LB-chlor agar plates

20 pg/ml Chloramphenicol in LB-media
14 g/l Agar-Agar in LB-chlor

LB kanamycin media (LB-kan)
LB-kan agar plates

50 pg/ml Kanamycin in LB-media
14 g/l Agar-Agar in LB-kan
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2.1.4.

Buffers and solutions

Table 4 Buffers and solutions prepared as indicated.

Buffer/Solution Formula Manufacturer, Cat. No.
IxPBS,pH 7.4 137 mM NaCl
2.7 mM Potassium chloride (K CI) Amresco, #E404
10 mM Disodium phosphate (Na,HPO,) 1 tablet/100 ml dH,O
1.8 mM Monopotassium phosphate (KH,PO,)
1x TBE 1 M Tris, pH7.5 Roth, #4855.3
1 M Boric acid Sigma- Aldrich, #B6768
20 mM EDTA Merck, #108421
Ix TBS-T 150 mM NaCl see above
200 mM Tris see above
0.1 % v/v Tween-20 see above
10% NBF 10 % v/v Formalin (~4 % Formaldehyde) Sigma- Aldrich, #F8775
34 mM Monosodium phosphate (NaH,POy,) Merck, #6346
46 mM Na,HPO4, dibasic anhydrous Roth, #P030.1
6x Loading dye 60 % v/v Glycerine Roth, #3783.1
20 mM EDTA see above
0.25 % w/v Bromphenol blue Sigma-Aldrich, #B-6131
Antibody solution 2 % w/v Bovine serum albumin (BSA) Amresco, #0332
0.1 % v/v Triton X-100 Sigma-Aldrich, #T8787
0.2 % w/v Sodium azide (NaN3) in 1xPBS Roth, #K305.1
Blotto 1 % w/v Milk powder Roth, #T145.3
0.01 % v/v Tween-20 in 1x PBS Merck, #822184
Digestion buffer 10 mM Tris-HCL pH 7.8 see above
0.1 mM NaN; see above
Membrane blocking buffer 5 % w/v Mik powder in TBS-T see above
RIPA buffer 50 mM Tris-HClpH 7.4 see above
150 mM NaCl see above
1 % v/v NP-40 Calbiochem, #492016
0.5 % w/v Sodium deoxycholate Sigma- Aldrich, #D6750
0.1 % w/v Sodium dodecyl sulfate (SDS) Serva, #20765.03
2 mM Phenylmethanesulfonyl fluoride (PMSF) Applichem, #A0999
cOmplete™ mini protease inhibitor Roche, #11836153001
Running buffer 192 mM Glycine AppliChem, #1067
250 mM Tris see above
0.1 % w/v SDS see above
Tranfer buffer 192 mM Glycine see above
250 mM Tris see above
20 % v/v Methanol Chemosolution, #1437.2511
Stripping buffer 192 mM Glycine, pH 2.2 see above

0.0001 % w/v SDS
0.01 % v/v Tween-20

see above
see above
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Table S Self prepared gels.

Gels Formula Manufacturer, Cat. No.
Agarose gel 1.5 % w/v Agarose Biozyme, #840004
0.5 pg/ml Ethidium bromide in TBE Sigma- Aldrich, #46067
Running gel 12 % (or 10%) v/v Acrylamide Roth, #A124.1
0.4 M Tris pH 8.8 see above
0.1 % w/v SDS see above
0.1 % w/v Ammonium persulfate (APS)  Sigma-Aldrich, #A3678
0.01 % v/v TEMED Roth, #2367.1
Stacking gel 5 % v/v Acrylamide see above
0.125 M Tris pH 6.8 see above
0.1 % w/v SDS see above
0.1 % w/v APS see above
0.005 % v/v TEMED see above
2.1.5. Antibodies

Table 6 List of primary and secondary antibodies, stains and fluorophores.

Antibodies, stains and fluorophores Dilution Manufacturer, Cat. No.

Rabbit anti-HtrA 1, polyclonal 1:500 Pineda (Vierkotten et al., 2011)
Rabbit anti-HTRA1/PRSS11, polyclonal 1:500 Novusbio, #NBP2-23869
Rabbit anti-Ibal, polyclonal 1:500 Wako, #01-1074

Rabbit anti-phospho-Samd2, monoclonal 1:1000 Cell Signaling Technology, #3108
Rabbit anti-Samd2, monoclonal 1:1000 Cell Signaling Technology, #5339
Strep-Tactin®-HRP Conjugate 1:10000 IBA Lifesciences, #2-1502-001
Alexa Fluor® 488 goat anti-rabbit IgG, polyclonal 1:1000 LifeTechnologies, #A11008

goat anti-rabbit [gG-HRP, polyclonal 1:4000 Agilent Dako, #P0448

DAPI (4',6- Diamidino-2-Phenylindole) 0.1 pg/ml Invitrogen, #D1306
Phalloidin-TRITC 0.1 pg/ml Sigma-Aldrich, #P1951

TSA® Plus Cyanine 3 1:1500 PerkinElmer, #NEL744E001KT
TSA® Plus Fluorescein 1:1500 PerkinElmer, #NEL74 1 E001KT
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2.1.6. Enzymes

Table 7 Enzymes, reaction buffers and PCR reagents.

Enzymes, buffers and reagents

Manufacturer, Cat. No.

Recombinant DNase |

Roche, #04536282001

Q5® High-Fidelity DNA Polymerase

New England BioLabs, #M0491S

Q5® Reaction Buffer New England BioLabs, #B9027S
FastDigest Bglll ThermoFisher Scientific, #D0083
FastDigest BamHI ThermoFisher Scientific, #FD0974
FastDigest Nhel ThermoFisher Scientific, #0973
FastDigest Kpnl ThermoFisher Scientific, #FD0524
FastDigest Xhol ThermoFisher Scientific, #FD0694
10x Fast Digest Buffer Supplied with the enzymes

10x Fast Digest Green Buffer Supplied with the enzymes
dNTP-Set Genaxxon, #M3015

MassRuler DNA Ladder ThermoFisher Scientific, #SM0403
2.1.7. Kits

Table 8 Commercially available kits.

Kits systems

Manufacturer, Cat. No.

CellTiter 96® Cell Proliferation Assay
EnzChek Protease Assay Kits

Griess Reagent System

LightCycler® 480 Probes Master
NucleoSpin® Plasmid

NucleoSpin® RNA

NucleoSpin® Gel and PCR Clean-up
ONE-Glo™ Luciferase Assay System
Pierce™ BCA Protein Assay Kit
Rapid DNA Ligation Kit

RevertAid RT Kit

RN Ascope® Fluorescent Version 2
RNAscope® H,O; and Protease Reagents
RN Ascope® Target Retrieval Reagents
RN Ascope® Wash Buffer Reagents
SignalFire™ Elite ECL Reagent

Promega, #G4000

ThermoFisher Scientific, #E663 8

Promega, #G2930

Roche Applied Science, #04707494001
Macherey-Nagel, #740588

Macherey-Nagel, #740955

Macherey-Nagel, #740609

Promega, #E6110

ThermoFisher Scientific, #23225

ThermoFisher Scientific, #K 1422

ThermoFisher Scientific, #K1691

Advanced Cell Diagnostics (Bio-techne), #323110
Advanced Cell Diagnostics (Bio-techne), #322381
Advanced Cell Diagnostics (Bio-techne), #322000
Advanced Cell Diagnostics (Bio-techne), #310091
Cell Signaling Technology, #12757
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2.1.8.

Cloning constructs and cloning primers
Table 9 Origin of gene sequence and plasmids used for cloning.

Gene of interest Origin Restriction sites

hHTRAIWT Plasmid, kanamycin resistance; GeneArt Nhel - BamHI

hHTRA1 SNP Plasmid, kanamycin resistance; GeneArt Nhel - BamHI

hHTRA1 S328A Plasmid, kanamycin resistance; GeneArt Nhel - BamHI

mHtral WT Prof. Choi Oka, NAIST, Ikoma, Japan Nhel - Bglll

mHtral S328A Prof. Choi Oka, NAIST, Ikoma, Japan Nhel - Bglll

hPAI-1 RPCI-11 Human BAC clone (E. Coli), Kpnl - Xhol
chloramphenicol resistance

Plasmids Origin Method

Expression plasmid Prof. Manuel Koch, Biochemistry 11, Eukaryotic protein expression

pGLA4.10 [luc2]
pSV-B-Galactosidase

University of Cologne, Germany
Promega, Cat. No.: E665A
Promega, Cat. No.: E1081

Promotor expression analysis
Luciferase control vector

Table 10 Cloning primers fur human (h) and murine (m) constructs.

Forward (F) and reverse (R) primer contain the restriction sites indicated in capital letters.

Target gene Amplicon lenght Primer

hHTRA1 1377 bp F  5’-aaaaGCTAGCcagctgtcccgggecggecgeteggegecttt-3°
R 5-tgttGGATCCctatgggtcaatttcttcgggaatc-3’

mHtral 1377 bp F  5’-acaaGCTAGCttgccgtcggggacecggecgete-3°
R 5’-tgttAGATCTctaggggtegatttcttcaggaatc-3’

hPAI-1 903 bp F  5’-cccGGTACCaagcttttaccatggtaaccect-3’
R

5’-cccCTCGAGceagetgetggagggggec -3’

Table 11 Sequencing primers.

Target gene Forward primer Reverse primer

hHTRA1 5’-tetttetectttgectggee-3° 5’-gcgataaagttatatttatggcgca-3’
5’-cctetgtgtgtgegecag-3’ 5’-gcaccgttcttcagetcaac-3’
5’-ggaagcccgttttcecttca-3’ 5’-gctectgagatcacgtetgg-3°
5’-ggtctecgecaatgatgtca-3’ 5’-gtgoctccatgaaccaccte-3’

mHtral 5’-cctgtgegtgtgtgccag-3’ 5’-actgttgggatcttcctgee-3’
5’-gecattggaagecccttttc-3’ 5’-ttcagetcaaccttgacceg-3’
5’-caacggacagtctgtggtca-3’ 5’-acggtccttcagetetttgg-3’

hPAI-1 5’-taacccctggteecgttea-3’ 5’-ccacgtgtccagactetete-3’

5’-tagacaatcacgtggctggc-3’
5’-gtgggoctggaacatgagtt-3’

5’-gtgtetgtatatatatactg-3
5’-ggcgtgtggotcttcttga-3’
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2.1.9.

RNAscope probes and gRT-PCR primers

Table 12 RNAscope® probes for murine target genes.

Target gene Channel Cat. No. Accession No.
Htral Cl 423711 NM _019564.3
Aif Cl 319141 NM_019467.2
Aif C3 319141-C3 NM_019467.2
C3ar C3 476751-C3 NM _009779.2
CSar C3 439951-C3 NM_007577.4

Table 13 Primers and Roche probes used for quantitative RT-PCR.

Target gene

Forward primer

Reverse primer

Probe No.

hC3AR
hC5AR
hGAPDH
hTNF-a

5’-gaagccttcagctactgtctcag-3’

5’-ggagggaccttcgatectc-3’
5’-gcccaatacgaccaaatec-3’
5’-cagcctcttctectteetgat-3°

5’-agaattactgggggctcattc-3’
5’-gggetggtataatigaaggagtt-3°
5’-agccacatcgetcagaca-3’
5’-gccagagggctgattagaga-3°

#76
#54
#60
#29

mArginase- 1
mAtp5Sb
mC3
mC3ar
mCSar
mHtral
miNos
mK 110
mPai-1
mTnf-o
mYm- 1

5’-gaatctgcatgggeaacc-3’
5’-ggcacaatgcaggaaagg-3’
5’-accttacctcggeaagtttct-3’
5’-gtggctegeagatcatca-3’
5’-gcatccgtegetggttac-3°
5’-agtgggtcaggattcatcgta-3’
5’-ctttgecacggacgagac-3’
5’-agccaaccatgctcaacttc-3’

5’-aggatcgaggtaaacgagagc-3’

5’-ctgtageccacgtegtage-3’

5’-aagaacactgagctaaaaactctect-3’

5’-gaatcctggtacatctgggaac-3’
5’-tcagcaggcacatagatagec-3’
5’-ttgtagagetgctggtcagg-3’
5’-aagactccatggctcagtcaa-3’
5’-tgctgttatctatggggtcca-3’
5’-gtgaccacgtgagcatttgt-3’
5’-tcattgtactctgagggctga-3’
5’-ggcttttcagaaattagttccatt-3’
5’-gcgggctgagatgacaaa-3’
5’-ttgagatccatgecgttg-3’
5’-gagaccatggcactgaacg-3’

#2

#77
#76
#1

#63
#88
#13
#67
#69
#78
#88
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2.1.10.

Cell culture compounds and reagents

Table 14 List of cytokines and compounds for cell culture and other reagents.

Cytokines and reagents

Manufacturer, Cat. No.

Recombinant murine interferon-y (IFN-v)
Recombinant human TGF-3
Lipopolysaccharides (LPS) from E. coli
Phorbol- 1 2-myristate- 1 3-acetate (PMA)
Zymosan A from Saccharomyces cerevisiae

PreproTech, #315-05
PreproTech, #100-21
Sigma- Aldrich, #14391
Sigma-Aldrich, #1585
Sigma-Aldrich, #74250

Ames' Medium

f-mercaptoethanol

Buffer Standard AVS TITRINORM, pH 10
Buffer Standard AVS TITRINORM, pH 7
Buffer Standard AVS TITRINORM, pH 4
Citric acid

Collagen I, bovine

D-desthiobiotin

D-saccharose

Dimethylsufoxid (DMSO)

Ethanol 70 %

Ethanol

Fluorescence Mounting Medium
FuGENE® HD

Gelatin-Sepharose® 4B

Goat Serum

HistoFix 4 %

Hydrochloric acid (HCL) 37 %
Isopropanol

Laemmli sample buffer

Magnesiumchloride

Methanol
Nitrophenyl-3-D-galactopyranoside (ONPG)
PageRuler™ Prestained Protein Ladder
Poly-D-lysine

RNase away

Sodium carbonate

Strep-Tactin® Sepharose® 50 % suspension
Tissue Tek OCT-Compound

Translt-L.T1 Transfection reagent

Trypan blue

Sigma- Aldrich, #A1420
Sigma- Aldrich, #M-7154
VWR, #85680.295
VWR, #32045.295
VWR, #32044.292
Sigma-Aldrich, #C0759
Gibco, #A10644

Sigma- Aldrich, #D1411
Roth, #4621.1

Serva, #20385.01
Applichem, #A2192
Applichem, #A3678
Dako, #S302380-2
Promega, #E2311

GE Healthcare, #17-0956-01
Abcam, #AB7481

Roth, #P087.4

Roth, #X942

Merck, #100995
Bio-Rad, #161-0747
Sigma- Aldrich, #68475
Chemosolution, #1437.2511
Sigma- Aldrich, #N1127

ThermoFisher Scientific, #26616

Sigma- Aldrich, #P6407
Molecular Biopro., #70003
Roth, #P028.1

Iba Lifesciences, #2-1201-010
Sakura, #4583

Mirus, #MIR 2305
Biochrom AG, #6323
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2.1.11. Devices
Table 15 List of laboratory devices.

Devices Manufacturer
Adventurer Pro balance Ohaus®
ApoTome.2 Zeiss

AxioCam ICc 1 camera Zeiss

AxioCam MRm camera Zeiss

Bacterial incubator VWR International
Centrifuge 5415 R Eppendorf
Centrifuge Mini Star VWR International
Cryostat CM3050 Leica

ERG recording system custom-built
Explorer R Ex 124 balance Ohaus®

Galaxy 170S CO; incubator
Heraeus Labofuge 400 R
HybEZ™ I Hybridization System
[luminance meter T-10A
Imager.M2 microscop
Infinite®F200 Pro plate reader
Intas Gel iX20 Imager

Light damage device
LightCycler® 480 Instrument I1
Matrix™ Multichannel pipette
Mini-Protean® Tetra System
MiniTrans-Blot® Cell Module
MSC-Advantage hood
Multilmagell

NanoDrop 2000 Spectrophotometer

Neubauer counting chamber
Orbital incubator S1500
PCR workstation
peQSTAR 2x cycler
See-saw rocker SSL4
Spectralis™ HRA+OCT
Thermomixer compact
TissueLyser LT

TW20 watherbath
VisiLight® binocular
Vortex-genie®

New Brunswick Scientific
Thermo Scientific
Advanced Cell Diagnostics
Konica Minolta

Zeiss

Tecan

Intas

custom-built

Roche Applied Science
ThermoFisher Scientific
Bio-Rad

Bio-Rad

Thermo Scientific
Alpha Innotech
Thermo Scientific
OptikLabor

Stuart®

VWR International
peQlab

Stuart®

Heidelberg Engineering
Eppendorf

Qiagen

Julabo

VWR International
Scientific IndustriesTM
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2.1.12. General consumables

Table 16 General consumables (not in alphabetical order).

Consumables Manufacturer, Cat. No.
Nitrocellulose membrane 0.45 pum Bio-Rad, #1620115

1-mL syringe BD, #309628

20G needle BD, #301300

Amicon® Ultra-15 filter units 30k Merck, #UFC903008
Gloves Dermagrip, #100176
Microtome blades C35 TYPE Feather, #207500003
PCR stripes Kisker Biotech, #G003-SF
1.5 ml micro tube Sarstedt, #72.690

1.5 ml black micro tube Roth, #AA80.1

2 ml micro tube Sarstedt, #72.689

15 ml reaction tube Sarstedt, #62.554.502

50 ml reaction tube Sarstedt, #62.554.254
Biosphere R filter tips 2.5 pl Sarstedt, #70.1130.212
Biosphere R filter tips 200 pl Sarstedt, #70.760.211
Biosphere R filter tips 1000 pl Sarstedt, #70.762.211

30 ul Impact 384 tips Thermo Scientific, #7431
T75 culture flask Sarstedt, #83.3911.002
Nunc® TripleFlasks Sigma-Aldrich, #F8542
6-well cell culture plates Sarstedt, #83.3920
12-well cell culture plates Sarstedt, #83.3921
96-well microtiter plate Sarstedt, #83.3924
96-well black microtiter plates ThermoFischer Scientific, #611F96BK
96-well white microtiter plates Costar, #3912

Cell scraper Sarstedt, #83.1830
FrameStar® 384-well plates with seal 4titude, #4ti-0382
Tissue-Tek® Cryomold® Molds VWR, #R 4557

Cover glasses 18x18 mm Th.Geyer, #7695023
Superfrost Plus™ microscope slides ThermoFischer Scientific, #J1800AMNT
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2.1.13. Software

Table 17 List of software programs.

Software Manufacturer

AlphaView FluorChem FC2 Cell Biosciences

CSl1 Adobe Creative Suite Adobe Systems

EndNote X8 Thomson Reuters
GraphPad Prism version 6.07 GraphPad Software, Inc.
Image] 1.50i National Institutes of Health

Intas GDS 3.39 sofware
LightCycler® 480 software 1.5.1
Nanodrop2000/2000c

Office Suite 2010

Spectralis HRA+OCT Software

Tecan i-control 1.9
Zen2012

IntasScience Imaging
Roche Applied Science
ThermoFisher Scientific
Microsoft Corporation
Heidelberg Engineering
PerkinElmer

Zeiss

2.2. Methods

2.21. Murine model of dry AMD

2.2.1.1. Bright light induced retinal damage
Bright light induced retinal damage (LD) was performed in BALB/cJ mice according to

previous description (Grimm & Reme, 2013; Grimm et al, 2000). Prior to LD mice were
dark-adapted for 16 hours. Pupil dilatation was induced by topical application of
Phenylephrin 2.5 % / Tropicamid 0.5 % under dim red light. Subsequently, mice were
exposed to bright white light with an intensity of 15,000 lux for 1 hour. After light exposure,
the animals were housed in dark-reared conditions overnight and then maintained under

normal light conditions for the remaining experimental period of 4 hours, 1, 2, 3 and 4 days.
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2.21.2. SD-OCT

Animals were anesthetized by intraperitoneal injection of Rompun/Ketavet (see 2.1.1), and
their pupils were dilated by topical application of Phenylephrin 2.5 % / Tropicamid 0.5 %
before image acquisition. Spectral domain optical coherence tomography (SD-OCT) was
performed on both eyes with a commercially available Spectralis™ HRA+OCT to investigate
structural changes in the retina after light exposure (Fischer et al, 2009). Of particular interest

was the presence of hyperreflective foci (HF).

2.2.1.3. Retina preparation

Mice were sacrificed by cervical dislocation and the eyes were quickly enucleated by making
small incisions in the inner and outer corner of the eye. In that way the eye could be lifted
with a curved forceps making it easier to disconnect the bulb from the optic nerve and the
underlying tissue. For RNA and electroretinogram (ERG) analysis the retina was isolated
from the remaining part of the bulb in a petri dish filled with PBS. Using a 27 gauge needle
the cornea was punctured to release the pressure of the bulb. Next, the cornea was cut away
with a micro scissors. Through the resulting opening the lens was removed leaving the retina
exposed with the ganglion cell layer pointing upwards. In order to detach the retina
completely, the choroid/sclera along with the retina were cut away right beneath the ora
serrata. By cutting away the optic nerve the retina could be peeled away and completely freed
from the underlying tissue. The isolated retinae were subjected to ERG analysis and RNA

isolation.

2.21.4. Exvivo electroretinogram
Mice were dark adapted before sacrificing and enucleation of the eyes for 16 hours.

Preparation of the retina took place in dim red light. Both eyes were immersed in a glass petri
dish filled with Ames’ medium and the retina was isolated. Next, the retina was mounted into
a recording chamber and perfused at a rate of 1 ml/minute with oxygenated Ames’ solution.
Scotopic ERG recordings were elicited at 37 C by 500 ms white flashes of light applied
every 3 minutes and sampled at a rate of 100 Hz via two Ag/AgCl electrodes placed on either

side of the retina. The flash intensity was set to 6.3 mlx and successively increased to 200,
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630, 2000 and 20 000 mlx at the retinal surface using calibrated neutral density filters.
Recordings were amplified and band-limited between 1 and 300 Hz (Neumaier et al, 2018).

2.2.2. Histologic analysis

2.2.2.1. Preparation of fixed frozen cryo sections
Enucleated eyes were fixated in 10 % NBF over night at 4 °C followed by dehydration in

30 % sucrose solution for 1 hour. Subsequently, eyes were embedded in TissueTek O.C.T.,
quick-frozen on dry ice and sored at -20 °C for short term and at -80 °C for long term. Cryo
sections of 12 um thickness were prepared using a cryostat. Sections were mounted on

microscope slides and stored at -80 °C until further use for RNA and protein analysis.

2.2.2.2. RNA-Scope

RNA-scope in situ hybridization was performed according to the protocol provided by
Advanced Cell Diagnostic. Kits used for this procedure were RNAscope® Fluorescent
Version 2 and RNAscope® H>0; and Protease Reagents. Briefly, retinal cryo sections were
baked in a dry hybridization oven for 1 hour at 60 °C. Next, sections were washed twice in
PBS at room temperature for 5 minutes. Subsequently, the sections were treated with
hydrogen peroxide for 10 minutes at room temperature. Then, slides were heated at 98 °C in
target retrieval buffer for 5-15 minutes. To cool the slides down, they were immediately
transferred to a dish containing distilled water for few seconds, followed by incubation in
100 % ethanol for 3 minutes. Slides were allowed to dry completely before adding Protease
Plus and placing them in the hybridization oven at 40 °C for 30 minutes. Next, RNA probes
were applied and allowed to hybridize at 40 °C for 2 hours. It is noteworthy, that probes from
two different channels allow simultaneous visualization of two genes. Finally, the signal was
amplified by hybridizing the probes with preamplifiers and amplifiers at 40 °C for 30 minutes
each. Then, TSA® fluorophores were applied and dried in the hybridization oven at 40 °C
for 30 minutes. Slides were counterstained with DAPI and cover slipped with fluorescence

mounting medium.

38



2 Material and Methods

2.2.2.3. Immunostaining
Cryo sections were thawed at room temperature and rehydrated in PBS for 5 minutes. Next,

sections were blocked with blotto for 1 hour followed by incubation in primary antibody,
diluted in primary antibody dilution solution, at 4 °C overnight. To avoid dehydration of the
sections, a plastic paraffin film was mounted onto the sections. Next day, samples were
washed three times with PBS and incubated with the secondary antibody, diluted in PBS, for
I hour at room temperature, again followed by three washing steps in PBS. Since the
secondary antibody is fluorescently labelled the sections were now kept in dark for the
remaining protocol. The nuclei were stained with 0.1 mg/ml DAPI for 10 minutes at room
temperature. After a final wash in 1x PBS sections were embedded with Dako fluorescent

mounting medium.

2.2.24. Fluorescence microscopy
Fluorescent micrographs and z-stack images were acquired with an Imager.M2 microscope

equipped with an ApoTome.2 and Image acquisition software ZEN.

2.2.3. Cell culture

2.2.3.1. Maintenance and passage of cells
All cell lines were cultured in T75 flasks at 37 °C in a humidified atmosphere of 5 % COo.

Immortalized BV-2 murine microglia-like cells and SV40 human microglia-like cells were
cultured in DMEM, high glucose with L-glutamine supplemented with 10 % FCS and 1 %
penicillin/streptomycin. For passaging BV-2 cells were carefully scraped off in fresh media
and split at a ratio of 1:5 every second days. SV40 cells were detached with trypsin/EDTA
for 5 minutes at 37 °C. Next, cells were collected in fresh media and transferred to a 50 ml
tube and pelleted at 1500 x g for 3 minutes. Finally, cells were split at a ratio of 1:3 every

second day. Cells were seeded in collagen coated T75 flasks (~7 ug/cm?).
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2.2.3.2. Primary microglia cell culture
Whole brains obtained from P0/1 C57BL/6J pups were washed in ice-cold HBSS. Vessels

and meninges were removed from the brain surface using fine forceps and the binocular
microscope. Next, brains were enzymatically dissociated. For this each brain was cut into
small pieces and immersed in a micro tube containing 1 ml trypsin/EDTA followed by
heating for 15 minutes at 37 °C. An equal amount of ice-cold FCS supplemented with DNase
at a final concentration of 0.5 mg/ml was added. Brains were mechanically dissociated by
resuspending with a 1000 pl and then a 200 pl pipet tip. The suspension was spun for
10 minutes at 500 x g. The supernatant was removed and the pellet was resuspended in
DMEM containing 10 % FCS and 1 % penicillin/streptomycin. The cells were transferred to
poly-D-lysine-coated T75 flasks (1 pg/cm?) with density of two brains/flask (e.g. when
starting with six pups, seed the suspension in three flasks). The mixed glia culture was
maintained at 37 °C in a humidified atmosphere of 5 % CO». Two consecutive days the cells
were washed twice with PBS and fresh complete medium was added. After being in culture
for 10 to 14 days primary microglia cells can be harvested from the adherent astrocyte cells.
For that, microglia cells were detached by shaking at 250 rpm for 1 hour at 37 °C. The
supernatant was then collected in a 50 ml reaction tube and microglia cells were pelleted by
spinning at 800 x g for 10 minutes. Finally, cells were counted and seeded at a density of
2 x 10° in 6-well plates. The purity of microglia cell cultures was assessed by using and anti-
Ibal antibody, which is a microglia marker. Briefly, cells were seeded on poly-D-lysine
coated cover glasses and fixed with 4 % HistoFix, washed with PBS and blocked in PBS
containing 0.3 % v/v Triton X-100 and 10 % goat serum for 30 minutes. Subsequently, cells
were washed and incubated with rabbit anti-Ibal antibody diluted in PBS containing
0.1 % v/v Triton X-100 and 2.5 % goat serum for 1 hour. After washing the cells in PBS they
were incubated in secondary antibody for 30 minutes. Finally, nuclei were stained with DAPI

and cover slipped with fluorescence mounting medium.

2.2.3.3. Treatment regime
BV-2 cells were seeded in 6-well cell culture plates at a density of 3 x 10° (for gene and

protein expression analysis), in 12-well cell culture plates at a density of 1 x 103 (for
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morphologic analysis) and 5 x 10° (for nitric oxide release). SV40 cells were seeded in 6-

well cell culture plates at a density of 3 x 10° for gene expression analysis.

To analyze complement activation in microglia BV-2 cells were stimulated with
50 ng/ml LPS and incubated for 3, 6 and 24 hours. SV40 cells were stimulated with
100 nM PMA and 50 pg/ml Zymosan for 3, 6 and 24 hours. PMA was diluted in DMSO,

which served as a vehicle control.

For the analysis of TGF-p receptor signaling primary microglia cells and BV-2 cells were
either treated with IFN-y (10 ng/ml), TGF-p (1 ng/ml) or both, as previously described (Zhou
et al, 2015). IFN-y and TGF-p treated BV-2 cells were additionally incubated with 50, 100
and 150 ng/ml of purified HtrA 1 proteins for 24 hours. Cells were subjected to RNA analysis
and morphologic analysis. For phospho-Smad2/Smad2 expression analysis, BV-2 cells were
incubated with TGF-3 and HtrA 1 proteins for 3 hours. TGF-§ was diluted in PBS containing

10 mM citric acid supplemented with 0.1 % BSA, which served as vehicle control.

2.2.3.4. Nitrite measurement
Nitric oxide (NO) concentrations were quantified in the culture medium of treated BV-2 cells

by means of Griess reagent system. A total of 50 pul supernatant from treated BV-2 cells were
pipetted to each well of a clear 96-well microtiter plate and equal amount of sulfanilamide
solution were added. After an incubation period of 10 minutes at room temperature and
protection from light, 50 ul of the NED solution (N-1-napthylethylenediamine
dihydrochloride under acidic conditions) was added. After 10 minutes, absorbance was
measured at a wavelength of 540 nm on an Infinite®F200 Pro plate reader. NO-release was

determined by comparison of the absorbance to the nitrite standard reference curve.

2.2.3.5. Morphological analysis

BV-2 cells were seeded on cover glasses in 12-well plates. Cells were treated as described
above. After 24 hours, cells were fixed with 4 % HistoFix, washed with PBS and
permeabilized in PBS containing 0.1 % v/v Triton X-100. Next, F-actin was fluorescently
labeled under exclusion from light using phalloidin-TRITC. nuclei were stained with DAPI

and cover slipped with fluorescence mounting medium.
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2.2.4. Expression of recombinant eukaryotic proteins

2.241. Cloning

The outer reading frame (ORF) of the wildtype, protease-inactive and AMD-associated form
of human (h) HTRA1 were ordered from GeneArt (Table 9). The ORF of the wildtype and
protease inactive form of murine (m) Htral were a kind gift from Prof. Choi Oka (Oka et al,
2004). Protease-inactive mutants contained a substitution of serine at amino acid position
328 with alanine (termed S328A) while the human AMD-associated isoform carried two
known SNPs in the coding exon 1 (rs1049331:C>T, and rs2293870:G>T). These less
frequent alleles are synonymous SNPs and do not change the amino acid sequence at Ala34
and Gly36 (Jacobo et al, 2013). For eukaryotic expression the 1377 bp sequences (minus the
endogenous signal peptide) of HTRA1 were amplified using cloning primers listed in
table 10. The polymerase chain reaction (PCR) was set up and carried out as indicated in
table 18 and 19. Of note, the annealing temperature decreased 1 °C/cycle during the first 10
cycles and remained constant at 59 °C for the remaining 29 cycles (touchdown PCR). This
leads to higher specificity and yield, without the need for lengthy optimization (Korbie &
Mattick, 2008).

Table 18 PCR to amplify the ORF of murine and human HTRA1 variants.

Reaction components

Template DNA 50 - 100 ng
Forward primer 100 ntM
Reverse primer 100 nM
dNTP’s 200 nM

Q5 5x Reaction Buffer 10 pl

Q5 DNA Polymerase 0.3
dH,0 Up to 50 ul
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Table 19 PCR program.

PCR step Temperature Time

Initial denaturation 98 °C 30 seconds

Denaturation 98 °C 5 seconds

Annealing 69 °C to 59 °C 20 seconds 39 cycles
Elongation 72 °C 55 seconds

Final extension 72 °C 2 minutes

Next, the PCR product was visualized on an agarose gel. The correct PCR product was
identified by size analysis using the MassRuler DNA ladder. The band was excised and
cleaned up using the NucleoSpin® Gel and PCR Clean-up kit. Subsequently, the DNA was
digested at restriction sites Nhel — BamHI and Nhel — BglII as described in table 20.

Table 20 PCR product digestion.

Reaction components

Cleaned up PCR product 20 ul

10x Fast Digest Buffer Sul

Nhel 1
BamHI (human)/ Bglll (murine) 1yl

dH,0 Up to 50 ul

The reaction was incubated at 37 °C for 1 hour and subsequently cleaned up. Next, the
insert was ligated into an expression plasmid containing a BMP40 signal peptide followed

by a N-terminal double Strep II purification tag using the T4 ligase (Table 21).

Table 21 Insert and vector ligation.

Reaction components

Vector DNA 1wl
Insert DNA 3u
5 x ligation buffer 2ul
T4 DNA Ligase 1yl
dH,O0 Upto 10

The resulting ligation products were transformed into DH5a cells, which are competent E-
coli cells. First, 50 pl aliquots of DH5a cells were thawed on ice. Next, 10 pl of the ligated
plasmid was added to the DH5a cells and incubated on ice for 30 minutes. Subsequently, the

cells were heated to 46 °C for 1 minute, 300 pl LB-media was added and the suspension was
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incubated at 37 °C for 1 hour to allow the cells to express resistance against ampicillin. The
cells were streaked on LB-amp agar plates and incubated at 37 °C over night. Next day, 5
clones per plate were picked with a pipet tip, which was immersed in 5 ml of LB-amp media.
The tubes containing the pipet tips were incubated at 250 rpm at 37 °C over night. Next day,
DNA was isolated from the bacteria using NucleoSpin® Plasmid followed by a test digestion
in order to control the size of the insert (Table 22). Positive clones were validated by DNA

sequencing with the appropriate primers (Table 11).

Table 22 Test digestion.

Reaction components

Template DNA 2u

10x Fast Digest Green Buffer 1yl

Nhel 02 u
BamHI (human)/ Bglll (murine) 0.2 pl
dH,O Upto 10 ul

2.2.4.2. Transfection
Expression plasmids were transfected into HEK293 cells, as previously described (Reuten et

al, 2016). Briefly, HEK293 cells were cultured in DMEM/F-12 GlutaMAX supplemented
with 10 % FCS when transfected with the expression plasmid using FUGENE® HD. Next
day, 4 pg/ml puromycin was added to select for plasmid-positive cells. After reaching
confluency, the cells were transferred to Nunc® TripleFlasks and FCS was reduced to 2 %
to halt proliferation. Supernatant containing the secreted protein was collected every 48 hours

for two consecutive weeks.

2.2.4.3. Affinity chromatography

For affinity chromatography, a Gelatine-Sepharose® pre-column and a Strep-
Tactin® Sepharose column was prepared. The supernatant was filtered in order to eliminate
any cell debris before loading onto the pre-column and column at 4 °C over night. Next, the
recombinant protein was eluted in PBS containing 2.5 mM D-desthiobiotin. To minimize the
concentration of D-desthiobiotin the buffer was changed using Amicon® Ultra-

15 centrifugal filter units with a molecular weight cut-off at 30 kDa. The protein containing
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solution was spun at 4500 x g for 10 minutes at 4 °C and the concentrate was diluted in PBS
(size of Strep(II)-tagged murine and human HtrA1 proteins is around 57 kDa). This process
was repeated two times to ensure complete removal of D-desthiobiotin. Protein concentration
was determined via Pierce™ BCA Protein Assay Kit and samples were snap frozen and
stored at —80 °C until further use. An antibody directed against murine and human HtrA 1

was used to verify the identity of the purified proteins.

2.2.4.4. Enzymatic activity assay
Enzymatic activity of the purified proteins were assessed using the EnzChek Protease Assay

Kits containing casein heavily labeled with green-fluorescent BODIPY® FL as a substrate
(Thompson et al, 2000). Black 96-well microtiter plates were used to minimize background
fluorescence. First, 90 ul of warm digestion buffer were pipetted into each well. Next, 10 pl
HtrA1 enzymes, diluted in ice-cold digestion buffer, were added to each well. The reaction
was initiated by adding 100 pul of BODIPY® FL casein diluted in ice-cold digestion buffer.
The assay was performed with increasing concentrations of HtrA1 enzymes (2.5, 5, 10, 15,
20 and 25 pg/ml) while the substrate concentration remained constant at 5 pg/ml. The
increase in relative fluorescence units (RFUs) was continuously monitored every 20 seconds
for a 10minute period at 37 °C using an Infinite®F200 Pro plate reader at
excitation/emission wavelengths of 485/535 nm. Values were baseline corrected by
subtracting the mean increase in RFU of the control conditions when no enzyme was added.
The resulting slope for each concentration was calculated (RFU/s) and plotted against the

enzyme concentration.

2.2.5. PAI-1 promoter assay
A 903 bp promoter sequence of the TGF-f response gene PAI-1 was amplified by PCR using

a human male BAC clone as template. The amplified sequence was directionally cloned into
the promoter-less pGL4.10 firefly luciferase reporter vector at restriction sites Kpnl and Xhol
as described in 2.2.4.1. Plasmids were transfected in BV-2 cells which were seeded the
previous day in 12-well plates. Cells plated in antibiotic free medium were transfected for

24 hours with 0.5 pg of the reporter plasmid or promoterless pGL4.10 vector serving as a
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negative control using the TransIT-LT1 Transfection reagent. Each transfection also
consisted of 0.4 ng of B-galactosidase vector to normalize for transfection efficiency. Cell
lysates were harvested by scraping in 250 pl of the 1 x Glo lysis buffer. To investigate effects
of TGF-P and HtrA 1 on promoter activity, cells were stimulated with TGF-f in fresh medium
24 hours after transfection and then incubated for further 6 hours. Cells were then lysed and
their luciferase activity measured. For measurement of luciferase activity, 40 ul of the
cellular extract was combined with 40 ul of the luciferase assay reagent and light emission
was measured with the Infinite F200 pro reader. For normalization with B-galactosidase
activity 50 pl of the cellular extract was combined with 50 pl of 13 mM ONPG and the

absorbance was measured at 405 nm.

2.2.6. Transcript analysis

2.2.6.1. RNA isolation and quantification
Total RNA was extracted using the NucleoSpin® RNA Mini Kit according to the

manufacturer’s instructions. Prior to RNA extraction isolated retinae were dissociated in 2 ml
micro tubes containing the provided RA1 lysis buffer and stainless steel beads (5 mm mean
diameter) using the TissueLyser LT for 40 seconds at 30 Hz. In case of treated cells, the cells
were washed with PBS and lysed in RA1 lysis buffer. The lysis buffer inactivates RNases
and creates appropriate binding conditions which favor adsorption of RNA to the silica
membrane. Additionally, DNA which also binds to the silica membrane is degraded by the
application of DNase. Subsequent washing aids to remove salts and other metabolites. RNA

is eluted in a final step in 40 ul nuclease free water and stored at -80 °C.

RNA concentration was measured spectrophotometrically using NanoDrop 2000 in 1 ul
eluted RNA. Nucleotides absorb ultraviolet light as a wavelength of 260 nm which means
that the absorbance rate correlates with the RNA concentration. The ratio of absorbance at
260 nm and 280 nm is used to assess the purity of DNA and RNA. A 260/280 ratio of ~2.0

is considered as pure RNA, and thus was used for reverse transcription.
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2.2.6.2. Reverse transcription
First-strand cDNA synthesis was performed with the RevertAid™ RT Kit according to the

manufacturer’s protocol. Up to 5 pg RNA can be transcribed while the supplied RiboLock
RNase Inhibitor protects RNA from degradation. The synthetized cDNA was stored at -20 °C

until further use.

2.2.6.3. Quantitative reverse transcriptase PCR
Quantitative amplifications of reverse transcribed (RT) cDNA were performed with the

LightCycler® 480 Instrument II. The use of fluorescent signal allows quantitative
examination of transcript levels. In the hydrolysis probe assays the Roche probe carries a
fluorescent reporter and a quencher (Holland et al, 1991). The quencher is in close proximity
of the fluorophore inhibiting fluorescent signal. Once the reaction is initiated the probe is
hybridized to the target sequence and cleaved by the polymerase leaving the fluorophore
unquenched. The fluorescence intensity increases with an increasing amount of target gene,
and thus more probe cleavage. The reaction mixture contained the constituents indicated in
table 23. The qRT-PCR was incubated at 95 °C to activate the polymerase and subjected to

40 cycles of amplification as indicated in table 24.

Table 23 qRT-PCR components.

Reaction components

Template DNA 25-50 ng
Forward primer 1 M
Reverse primer 1 yM
Roche probe 125 nM
LightCycler® 480 Probes Master 5 pl

dH,O Upto 10 pl

Table 24 qRT-PCR cycling conditions.

PCR step Temperature Time

Initial denaturation 95 °C 5 minutes

Denaturation 95 °C 15 seconds 40 cycles
Annealing 60 °C | minute

End
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The qRT-PCR result was considered positive in case of amplification within 40 cycles, but
crossing-point (Cp) values were recorded for only the first 35 cycles. Measurements were
performed in duplicates and both positive and negative controls were used to confirm run
validity. Advanced relative quantification was performed using the LightCycler® 480
software. The values were calculated by applying the absolute quantification/2nd derivative

max method.

2.2.7. Protein analysis

2.2.71. Protein isolation and quantification
Cells were treated as described above and lysed in cold RIPA buffer. After an incubation

period of 30 minutes on ice, samples were spun at maximum for 15 minutes at 4 °C and the
supernatant was transferred into chilled tubes and stored at -80 °C until further use. Protein
concentration of the samples was determined via bicinchoninic acid (BCA) assay according
to the manufacturer’s protocol. The principle of this method is that proteins can reduce Cu*?
to Cu” in an alkaline solution which results in a purple color formation by bicinchoninic acid.
The change in color correlates with the protein concentration in the sample. Change in color
is determined spectrophotometrically by measuring the absorbance at 562 nm using the
Infinite®F200 Pro plate reader. Protein concentration is then calculated on the basis of a BSA

reference curve.

2.2.7.2. Western blot

Samples were denatured by adding Laemmli sample buffer and heating to 95 °C for
5 minutes. 20 pug of protein were separated by SDS-PAGE on 10 or 12 % gels (Table 5) with
PageRuler™ Prestained Protein Ladder. Subsequently, proteins were transferred onto a
0.45 um nitrocellulose membrane. The membrane was blocked in membrane blocking buffer
for 1 hour. Next, the membrane was incubated with primary antibody diluted in membrane
blocking buffer at 4 °C over night. Next day, blots were incubated with secondary antibody
for 2 hours at room temperature. Blots were visualized using SignalFire™ Elite ECL Reagent

and the Multilmage II system. For phosphor-Smad2/Smad2 analysis visualization of
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Phospho-Samd2 (pSmad2) was followed by incubating the blots two times in stripping buffer
for 10 minutes followed by blocking for 1 hour. Blots were then incubated with primary
antibody against Samd2 and secondary goat anti-rabbit IlgG-HRP as described above. Semi-
quantitative densitometric analyses were carried out using Imagel and ratios for

pSmad2/Smad2 were plotted.

2.2.8. Statistical analysis
Normality of the data was assessed with D'Agostino-Pearson omnibus normality test. Real-

time RT-PCR and HF data was analyzed using a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. For the ERG, Nitrite secretion, Luciferase
activity and pSmad2/Smad2 Western blot analysis data did not follow a Gaussian
distribution, and was analyzed using the non-parametric Kruskall-Wallis test, followed by
Dunn’s multiple comparison correction test using GraphPad Prism version 6.07 for

Windows. p < 0.05 was considered statistically significant.
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3.1. Light induced retinal damage as rodent model for dry AMD

Exposure to white light was chosen as a model for retinal degeneration since it was shown to
mimic features of GA in rodents (Grimm & Reme, 2013; Marc et al, 2008). Furthermore,
reactive, amoeboid microglia were shown to be present in the outer retina (Scholz et al,
2015a; Scholz et al, 2015b). For the current study several end points were chosen to have a
continuous monitoring of microglial reactivity with particular attention on the appearance of
HF, complement activation and HtrA 1 expression (Fig. 9). For this purpose SD-OCT images
were taken and qRT-PCR analyses were carried out of control mice and at 4 hours, 1, 2, 3
and 4 days after LD. RNAscope staining was performed on cryo sections from eyes
enucleated 1 and 3 days of LD. Furthermore, functional analyses were carried out to in

explanted retinae of control mice, 4 days and 7 days after LD.

dark
adaptation LD
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ﬁ qRT-PCR f s ERG 4
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Figure 9 Experimental setup for light induced retinal damage (LD) in BALB/cJ mice

BALB/cJ mice were dark adapted one day before exposure to bright white light. As soon as 4 hours
after LD mice were sacrificed and subjected to SD-OCT and qRT-PCR. Further time points were 1,
2, 3 and 4 days. Furthermore, RNAscope in situ hybridization were performed at 1 day and 3 days
after LD. Additionally, ex vivo ERGs were recorded 4 and 7 days after LD.

3.1.1. ERG in light damaged retinal explants

The majority of the ERG signal originates from the photoreceptor cells and the bipolar cells.
Scotopic ERG recordings aid to evaluate rod photoreceptor cell function and signal
transduction in the retina. The scotopic ERG is carried out with dark adapted subject, when
exposed to light stimulus. A corneal-negative potential is initially generated due to

hyperpolarization of photoreceptor cells (a-wave). It is followed by a corneal-positive wave
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reflecting mainly the depolarization of ON bipolar cells (b-wave). Reduced scotopic
responses were recorded in patients suffering from early and late stage AMD (Gerth, 2009;
Walter et al, 1999).

Severe loss of cone and rod photoreceptor cells are expected 4 days and 7 days post light
damage. Hence, ex vivo ERG recordings were conducted at these time points. Stimulus
intensity was increased successively in order to evaluate photoreceptor cell sensitivity. The
a-wave amplitude was measured from the baseline to the negative peak and the b-wave was
measured from the a-wave trough to the maximum positive peak. Implicit times for the a-
and b-wave were measured as indicated (Fig. 10 A). Representative ERG traces from retina
which received no LD, 4 days and 7 days after LD show difterences in b-wave amplitude and
implicit time at low stimulus intensities (Fig. 10 B). Differences in a-wave become more
evident at higher stimulus intensities (Fig. 10 C, D). Furthermore, a more pronounced loss in

b-wave amplitude is evident in the 4 days post LD retina.
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Figure 10 Representative ERG traces of retina from control and LD mice

(A) Schematic illustration of scotopic ERG pointing out amplitude and implicit times for a- and b-
wave measured in the following section. Stimulus intensity to elicit scotopic ERG was successively
increased. Representative traces for 0.063 (B), 0.63 (C) and 2 lux (D).
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Quantification of a-wave and b-wave amplitude and implicit times demonstrates a reduction
of a-wave amplitude after LD at higher stimulus intensities (Fig. 11 A). Interestingly, the b-
wave amplitude is significantly reduced 4 days but not 7 days after LD when compared to
control, indicating a recovery of signal originating from bipolar cells after 7 days of LD (Fig.
11 B). Furthermore, there is a decrease in a-wave implicit time which is significant at 7 days
after LD (Fig. 11 C). Finally, a significant decrease in b-wave implicit time was observed at
low stimulus intensities for 4 days after LD and at high stimulus intensities at 7 days after

LD (Fig. 11 D).

-o- Control
A a-wave B b-wave = 4D LD
2+ 60+ - 7DLD
> >
= Q- —
) 404
© ©
2 -2 2
5 '520-
&4 &
L L] 1 L] 1 0
0.063 0.2 0.63 2 20 0.063 0.2 0.63 2 20
Flash intensity [lux] Flash intensity [lux]
C a-wave D b-wave
— 150~ 7 5007
E E
(O] e [0)] -
£ 100 4 # £ 400
5 50- S 3004 #
a a
E o+ -  Epidr""rF3
0.063 0.2 0.63 2 20 0.063 0.2 0.63 2 20
Flash intensity [lux] Flash intensity [lux]

Figure 11 Analysis of a-wave and b-wave amplitude and implicit time after LD

(A) A reduction of a-wave amplitude is evident after LD at stimulus intensities 0.63, 2 and 20 lux.
(B) b-wave amplitude is significantly reduced 4 days (4D LD) but not 7 days (7D LD) after LD
when compared to control. (C) A significant decrease in a-wave implicit time was observed at 7D
LD. (D) A significant decrease in b-wave implicit time was observed at 0.036 lux stimulus intensity
for 4D LD and at 20 lux at 7D LD. Values are presented as mean £ SEM. N = 4/group, with
*p<0.01 when comparing 4 D LD to control and #p<0.01 when comparing 7D LD to control.
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3.1.2. HF in SD-OCT after LD

As mentioned above, one characteristic that was reported in SD-OCT scans of human AMD
eyes were HF in outer retinal layers which regressed after treatment (Coscas et al, 2013). All
OCT scans of control mice and those which received LD were analyzed for the presence of
HF in the ONL. Staging of HF was based on the number of HF detected. SD-OCT scans were
analyzed by two independent and blinded graders. Discrepancies between graders were
solved by open adjunction. Similarly to human scans, HF were detected in mice which were
subjected to LD (Fig. 12 A). Number of HF increased significantly after LD. However, it
cannot be stated at what time the HF peak due to high standard deviations (Fig. 12 B).
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Figure 12 Representative OCT images and HF quantification

(A) OCT images of control mice and those receiving light damage (LD, 2 days and 4 days). HF are
highlighted with white arrows. (B) HF from the ONL of both eyes were quantified by two
independent blinded analysts. Number of HF increase significantly after light damage. Means were
compared to control eyes. C= Control; Values are presented as mean + SEM. N = 13-28, with
**p<0.01and ***p<0.001.
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The origin of these HF are a matter of debate. Interestingly, the size of HF in OCT scans
matches the size of microglia (Saito et al, 2013). Thus, the location of HF in the OCT was
retrieved in histological sections. These sections were stained with an antibody directed
against Ibal, a microglia specific marker (Fig. 13 C). Despite some positive hints it is not
certain whether the HF seen in the OCT scans are the Ibal-positive cells that were relocated

in the cryo sections.

Figure 13 Origin of HF in degenerating retina

The location of HF in the OCT (A) was retrieved in histological sections which were subjected to
HE-staining (B) and anti-Ibal staining (C). It is not entirely sure, whether the HF seen in the OCT
correspond to the spot seen in (B) and the Ibal-positive cells in (C).

55



3 Results

3.2. Complement system activation in microglia during retinal

degeneration

The first part of the project dealt with the role of the anaphylatoxin receptors C3aR and C5aR
in microglia. Complement system activation is a major part of the innate immune system
which additionally was found to play a role in microglial reactivity during retinal
degeneration (Natoli et al, 2017). Upon inflammation C3 expression was found to be elevated
in microglia, which should lead to increased C3a and C5a production. The question arises
whether microglia play a role in anaphylatoxin signaling during degeneration in the retina.
This could point towards a novel therapeutic target for patients suffering from GA which still

lacks effective treatment options till today.

3.2.2. Expression of anaphylatoxin receptors in activated
microglia in vitro

First, C3aR, C5aR and C3 expression was quantified via qRT-PCR in activated microglia in
vitro. Here, an immortalized murine microglia-like cell line (BV-2) and a human microglia
cell line (SV40) was chosen. BV-2 cells were stimulated with 50 ng/ml lipopolysaccharide
(LPS) while SV40 cells were activated with 50 pg/ml Zymosan and 100 nM phorbol 12-
myristate 13-acetate (PMA). LPS binds to Toll-like receptor 4 (TLR4), leading to rapid
activation of an intracellular signaling network inducing a pro-inflammatory phenotype in
microglia, evident by an increase in nitric oxide synthase (iNos) levels (Fig. 14 A)
(Alexander & Rietschel, 2001). Zymosan is a glucan which activates microglia by binding to
the dectin receptor 1. The effect is potentiated by the protein kinase C activator PMA, which
leads to translocation of NF-kB, resulting in the increase of tumor necrosis factor-a (TNF-a)
production (Fig. 14 E) (Song et al, 2015). Similarly, C3 transcript levels increased
continuously over the period of 3, 6 and 24 hours in both cell lines (Fig. 14 B, F). Receptor
expression of C3ar and C5aR were increased upon microglial activation, however the

expression pattern differed across cell lines. BV-2 microglia exhibited a steep increase of

56



3 Results

anaphylatoxin receptor expression after 3 hours, which dropped to baseline after 24 hours
(Fig 14 C, D). SV40 microglia demonstrated a slower increase in receptor expression (Fig. 14

G, H).
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Figure 14 Expression of anaphylatocin receptors in microglia upon activation in vitro

Activation of BV-2 (top row) and SV40 (bottom row) microglia were induced by LPS and a
combination of zymosan/PMA, respectively. Stimulation led an increase in iNos, TNF-a and C3
expression (A, B, E, F). Receptor expression of C3ar and C5aR were increased upon microglial
activation, however the expression pattern differed across cell lines. BV-2 microglia exhibited a
step increase of anaphylatoxin receptor expression after 3 hours, which dropped to baseline after

24 hours (C, D). SV40 microglia demonstrated a slower increase in receptor expression (G, H). C=
Control, V=DMSO, which served as a vehicle control. Values are presented as mean = SEM. N=4,
with*p<0.05, **p<0.01 and ***p<0.001.

3.2.3. Expression of anaphylatoxin receptors in activated
microglia in vivo

Next, gene expression levels of C3aR and C5aR were quantified in whole retinae of mice
which were subjected to LD. Expression of iNos was elevated at early time points after LD

and dropped back to baseline levels after 3 days (Fig. 15 A). Similarly, expression of C3 was
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transiently increased (Fig. 15 B). While C3aR expression could not be properly detected,
levels of C5aR were also transiently increased at one and two days after LD when compared

to control (Fig. 15 C, D).
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Figure 15 Transient increase in complement system activation upon retinal degeneration

(A) Expression of iNos was transiently elevated upon LD and dropped back to baseline levels after
3 days. (B) Expression of C3 was transiently increased. While C3aR expression could not be
properly detected, levels of C5aR were also transiently increased at one and two days after LD
when compared to control (C, D). C= Control. Values are presented as mean = SEM. N = 5-
13/group, with *p <0.05 and ***p<0.001.

Since the qRT-PCR results give no hint on the expression site of C3aR and C5aR RNAscope
in situ hybridization was carried out in control retina and retinae from mice which received
LD. C3aR and C5aR were co-labeled with allograft inflammatory factor 1 (Aifl), a
microglial marker. Increased expression was evident for both anaphylatoxin receptors 1 day
post LD. In contrast, 3 days post LD expression of C3aR was still detectable, while C5aR
expression was reduced (Fig. 16 and 17). Furthermore, co-expression could be confirmed for

both anaphylatoxn receptors.
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[A  Control |[B 1d post LD I[C 3d post LD |

Figure 16 Co-localization of C3aR and microglia marker Aif druing retinal degenaration
(A) No expression of C3aR in control retina. However expression is increased and co-localizes with
microglial marker Aifl after LD (B, C).

[A Control |[B__1d post LD [C _3d post LD

Figure 17 Co-localization of C5aR and microglia marker Aif druing retinal degenaration

(A) No expression of C5aR in control retina. (B) Increased expression of C5aR was observed at

1 day post LD. Expression site was primarily in microglia. (C) Reduced expression was observed at
3 days post LD expression.
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3.3. Involvement of HtrA1 in microglial inflammation during

retinal degeneration

The second part of the project deals with the effects of HtrA 1 on microglial activation through
the modulation of the TGF- signaling pathway.

3.3.1. Expression of Htra1 in the retina during retinal
degeneration

Firstly, the expression of Htral in the LD model was checked in order to validate the results
seen in human patients. When mice were subjected to Htral in situ hybridization and qRT-
PCR an increase of Htral gene synthesis after LD was evident (Fig 18). Again, Aifl was
used to check for microglial activation. A positive signal for Aifl was visible in the OPL,
which increased after LD. Furthermore, the expression of Htral did not overlap with Aifl,
suggesting that microglia are not the sole expression site of Htral in the retina (Fig.18 A-C).
Nevertheless, Htral may influence the immunomodulatory character of these cells by

paracrine signaling.
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Figure 18 Gene expression of Aifl and Htralafter LD

(A) Aif1 shows positive signal of microglia which reside in plexiform layers. Upon LD change in
microglia morphology and location is evident (B, C). Htral signal was enriched in the INL and the
photoreceptor OS. Upon LD the signal of Htral intensifies as well as it spreads across the ONL. (D)
Htral gene expression is increased after LD. C= Control. Values are presented as mean + SEM. N =
13-17/group, with *p < 0.05.
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3.3.2. Effects of AMD-associated HtrA1 variants on
microglial activity

In order to analyze the paracrine effect of HtrAl on microglia in vitro experiments were
conducted. For this purpose human AMD-associated HtrAl isoforms were expressed.
Additionally WT and protease-inactive form of human (h) and murine (m) HtrAl were
expressed. As indicated in 2.2.4.1 the protease-inactive mutants contained a substitution of
serine at amino acid position 328 with alanine (termed S328A) while the human AMD-
associated isoform carried two known synonymous SNPs in the coding exon 1
(rs1049331:C>T, and rs2293870:G>T). For simplification purposes, the human WT,
protease inactive and the SNP-carrying form will be termed hWT, hS328A and hSNP,
respectively. Similarly, the murine WT and protease inactive forms will be referred as mWT
and mS328A, respectively. These variants were subjected to a protease and cell culture assays
(Fig. 19). The protease assay served to determine the proteolytic activity while the cell
culture and functional assays were used to evaluate the effect on TGF-B signaling and

microglial activity.

N-terminal 2x Strep(ll)-tag

human and murine HtrA1, wildtype,

EXPreSS?On S328A= serine replaced by alanine at 328 leading to inactivity,
Plasmid S AMD-associated with SNPs (rs1049331:C>T, and rs2293870:G>T)

Protease assay

Transfection and
selection (Puromycin) /\
Cell culture assays

collected Strep-Tactin
PELGTDY ey supernatant Column Funct .
A2 containing unctional studies
HEK293 cells secreted protein &eluted protein

Figure 19 Work stream for HtrA1 expression, purification and in vitro analysis

Five HtrA1 proteins were expressed including the human and murine WT, S328A inactive forms
and the human AMD associated form. The expression system used here led to a high yield of the
purified HtrA1 which was subjected to the cell culture assays where the inhibitory effect on TGF-3
signaling in microglia was evaluated.
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3.3.2.1. Expression and enzymatic activity of HtrA1 variants

After expression and purification of N-terminally Strep(IT)-tagged mWT, mS328A, hWT,
hSNP and hS328A HtrAl by affinity chromatography, recombinant proteins were
immunoblotted and detected with an anti-HtrA1 antibody. Tagged HtrA1 variants were
detected at approximately 57 kDa (Fig. 20 A). Smaller fragments were detected at 53, 43 and
37 kDa, however, the 37 kDa fragment was not present in the enzyme inactive samples
mS328A and hS328A (highlighted with an asterisk). Hence, this could be attributed to
autolytic cleavage, as previously described (Chien et al, 2006; Lorenzi et al, 2013). A
quantitative protease assay using BODIPY-labelled casein was carried out in order to
characterize the proteolytic properties of the expressed variants. A similar assay had already
been applied to characterize HtrA2 (Cilenti et al, 2003). The assay demonstrated reproducible
proteolytic activity for the mWT, hWT and hSNP forms whereas no increase in casein-
proteolysis was evident in case of mS328A and hS328A as expected (Fig.20 B).
Interestingly, a higher proteolytic activity was observed for the hSNP isoform. These

recombinant HtrA 1 variants were then used for all further functional studies.

A B Proteolytic properties
?' 0.8+
v.
& & P
o)
wa & & @év" & 0.6 mWT
full lenght HtrA1 "o mS328A
e 9 > 0.4
43| - ——— & - hSNP
processed HtrA1 =
37» * * —% ? 02_ hWT
£
. - hS328A
0.0
] ] T ] 1

[HtrA1] (ug/ml)

Figure 20 Immunoblot of HtrA1 variants and their proteolytic characterization

(A) Anti-HtrA1 immunoblot analysis of recombinantly expressed and purified Strep(ll) tagged-
HtrA1 variants from HEK293 cells shows bands at 57 kDa corresponding to the full length protein.
Due to autolytic cleavage smaller fragments are present, though to a lesser extent in the mS328A
and hS328A samples (marked with an asterisk). (B) Proteolytic activity was determined using
BODIPY-FL-labelled casein as substrate. Slopes of the increase in RFU were plotted as a function
of increasing enzyme concentrations. Sown are mean values £ SEM. N = 3/group, performed in
duplicates.
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3.3.2.2. Effects of HtrA1 variants on TGF-B signaling

Next, the anti-inflammatory potential of TGF-f on activated primary murine microglia cells
was assessed via qRT-PCR. Microglial activation was induced by application of IFN-y.
These pro-inflammatory microglia are characterized by the increased expression of pro-
inflammatory cytokines Tnf-a. and induction of iNos which catalyzes production of nitric
oxide (NO) from L-arginine. In contrast, anti-inflammatory microglia demonstrate increased
expression of arginase 1 (Argl), which metabolizes L-arginine to produce L-ornithine and
urea and hence competes with iNos. Furthermore, anti-inflammatory microglia exhibit
increased expression of chitinase-like protein 3 (Ym1) (Raes et al, 2005). Primary microglia
cells were cultured in serum-free media and treated with TGF-p (1 ng/ml), IFN-y (10 ng/ml)
or both for 24 hours. Treatment of primary microglia cells with TGF-J led to a significant
increase in its response genes Pai-1 and kruppel like factor 10 (or TGF-B-inducible early
growth response protein 1; KIf10), as well as Argl (Fig. 21 A,B). At the same time, Argl
expression was increased while no increase in Ym1 was observed (Fig. 21 C, D). Stimulation
with IFN-y induced a significant up-regulation if iNos and Tnf-o concomitant with a
reduction in Argl and Yml (Fig.21 C-F). Upon co-treatment with TGF-f the pro-
inflammatory reactive phenotype of microglia was reduced by decreasing iNos and Tnf-a
transcripts, concomitant with an increase in Pai-1, KIf10 as well as an increase in Argl and
Ym-1. The anti-inflammatory effect of TGF-f on IFN-y challenged murine primary
microglia was furthermore assessed by morphologic analysis. Here, cell were labeled using
phalloidin-TRITC. Additionally, cells were stained using Ibal, to confirm the purity of the
primary microglia culture (Fig. 22). [FN-y stimulated cells exhibited an amoeboid shape with
shortened and thickened processes when compared to untreated conditions (Fig. 22 C). Co-
treatment with TGF-B demonstrated increased numbers of spindle-like and long-shaped

microglia representing a more quiescent phenotype (Fig. 22 D).
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Figure 21 TGF-f induced quiescence in challenged primary murine microglia cells

Treatment of primary microglia cells with 1 ng/ml TGF-p led to a significant increase in the TGF-f3
response genes Pai-1 and KIf10 (A, B) as well as alternative activation markers Argl and Yml (C,
D). Treatment with 10 ng/ml IFN-y induced a significant up-regulation if iNos and TNF-a and
reduction in the alternative activation marker Argl and Ym1 (C-F). Upon co-treatment of microglia
cells TGF-f reduced the pro-inflammatory reactive phenotype of microglia cells and induced a
significant decrease in iNos concomitant with an increase in Argl. Values are presented as mean +
SEM. N = 3/group, with *p <0.05, **p <0.01 and ***p <0.001.

A Control !

Figure 22 Primary microglia cell morphology upon treatment with [IFN-y and TGF-f3

(A-D) Primary murine microglia cells were stained with Ibal and phalloidin-TRITC to confirm
culture purity. (B) TGF-f stimulation (1 ng/ml) induced a spindle-like and long-shaped morphology
in unchallenged cells. (C) Stimulation with 10 ng/ml IFN-y induced an amoeboid shape with
shortened and thickened processes when compared to untreated conditions. (D) Co-treatment with
TGF-p demonstrated increased numbers of long-shaped ramified microglia representing a more
quiescent phenotype.
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The immune-modulatory property of TGFf could be confirmed in the BV-2 microglia cell
line for Pai-1, Argl and iNos, which demonstrated the most significant differences in the

primary microglia cells (Fig. 23).

A Pai-1 BArg1 C iNos o
= 80- £ 5- £ 1700- =
(] (] ]

‘® Jedede 7] e ® 1300

3 601 8 4 g 900

S S 3] wx a 5004

S 40- o ) > 100+ ——

< —_- < 5. < r

2 2 i

g 207 £ 1 £

T o T o [
TGFB - + -  + TGFB -  + -+ TGFB -  + -4
IFNy - - + + IFNy - - + + IFNy - - + +

Figure 23 BV-2 cells mirror primary microglial activity

(A, B) Treatment of BV-2 cells with 1 ng/ml TGF-B led to a significant increase in Pai-1 and Arg]l.
Treatment with 10 ng/ml IFN-y induced a significant up-regulation if iNos and reduction in the
alternative activation marker Argl (B, C). Upon co-treatment TGF-f reduced the pro-inflammatory
reactive phenotype of microglia and induced a significant decrease in iNos concomitant with an
increase in Argl. Values are presented as mean £ SEM. N = 9/group, with *p < 0.05, **p < 0.01
and ***p <0.001.

The following experiments were carried out in BV-2 cells which demonstrated similar results
as seen in primary microglia cells from mouse. Since the aim was to investigate whether
exogenous stimulation with HtrA 1 variants alter the anti-inflammatory effect of TGF-f3 on
challenged BV-2 cells the expressed variants in increasing concentrations were applied to
cells treated with IFN-y and TGF-B. Concentrations of HtrAl ranging from 50 ng/ml to
150 ng/ml were used, which correspond to the elevated HtrA 1 levels in the aqueous humor
of patients with nAMD (Tosi et al, 2017). When mWT was applied a significant decrease in
Pai-1 and Argl but intriguingly also in iNos with the lowest concentration was observed
(Fig. 24 A-C). Furthermore, application of 150 ng/ml mS328A led to no significant changes,
except for the case of Pai-1. Surprisingly, when the human forms were applied no significant
changes were observed in gene expression levels (Fig. 24 D-F). These results point towards

a lack of effects of HtrA 1 on TGF-3 induced microglial quiescence.
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Figure 24 HtrA1 stimulation do not inhibit TGF-8 induced microglial quiescence

Application of mWT led to a significant decrease in Pai-1 and Argl but intriguingly also in iNos
with the lowest concentration (A-C). Application of human forms led to no significant changes in
gene expression levels of Pai-1, iNos and Argl (D-F). Values are presented as mean = SEM. N =
9/group, with *p <0.05, **p < 0.01 and ***p < 0.001 when compared to IFN-y+TGF-f indicated
with an (a).

Overactivated glial cells can produce neurotoxic oxidant molecules such as NO (Boje &
Arora, 1992). Congruently, an increase in NO release of I[FN-y-challenged BV-2 cells was
observed, which was blocked upon co-treatment with TGF-$ (Fig. 25 A). Again, HtrAl
variants were applied to the cells. However, no differences in NO release were evident when
murine and humane HtrA 1 variants were applied and compared to IFN-y + TGF- conditions.

Furthermore, the morphological changes of microglia were evaluated. As already seen in
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primary microglia cells, IFN-y stimulated cells exhibited an amoeboid shape with shortened
and thickened processes (Fig. 25 C). Co-treatment with TGF- demonstrated increased
numbers of spindle-like and long-shaped microglia representing a more quiescent phenotype
(Fig. 25 D). However, co-treatment with HtrA 1 variants did not change the TGF-f- induced
spindle-like morphology of BV-2 cells (Fig. 25 E-F).
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Figure 25 HtrA1 variants do not alter NO levels and morphology

(A) Quantification of NO release from BV-2 microglia treated with 10 ng/ml IFN-y in the absence
or presence of 1 ng/ml TGF-p and HtrA1 variants in increasing concentrations. IFN-y-induced
elevated release of NO was blocked by TGF-B. Co-treatment with HtrA1 variants did not change
the levels of NO release when compared to IFN-y+TGF-f. Values are presented as mean + SEM.
N = 4/group, with no significant differences when compared to IFN-y+TGF- indicated with an (a).
(B-G) Representative images of phalloidin-TRITC labeled microglia treated with 10 ng/ml IFN-y in
the absence or presence of 1 ng/ml TGF-p and 150 ng/ml HtrA1 variants for 24 hours. Upon IFN-y
treatment microglia exhibited an amoeboid shape to a greater extend when compared to untreated
control cells (C). Co-treatment with TGF-f induced a spindle-like and long-shaped microglia
representing a more quiescent phenotype (D). Pre-incubation with HtrA1 did not alter TGF-p3
induced effects on BV-2 microglia cells (E-G).
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3.3.2.3. Effects of HtrA1 variants on TGF-B response
elements

To examine whether the HtrA 1 variants affect TGF-f3 signaling a reporter assay for microglia
was designed. For this, the TGF-B responsive region of the human PAI-1 promotor was
cloned into the pGL4.10 luciferase reporter vector (Fig. 26 A). Plasmids were transfected
into BV-2 microglia, which were then stimulated with TGF- and HtrAl variants. An
increase in promotor activity was evident, when the cells were stimulated with 0.5 ng/ml and
1 ng/ml TGF-p (Fig. 26 B). However, no differences were observed when transfected cells

were co-incubated with 150 ng/ml HtrA1 variants.
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Figure 26 HtrA1 variants do not influence TGF-f induced PAI-1 promotor activity

(A) Promotor assay with TGF-P response gene PAI-1 in BV-2 microglia. (B) Stimulation of
transfected microglia with 0.5 ng/ml and 1 ng/ml TGF-B led to an increase in luciferase activity.
Co-treatment with HtrA1 variants did not result in significant reduction in PAI-1 promotor activity.
Values are presented as mean = SEM. N = 4/group, performed in duplicates with no significant
differences.

Upon binding of TGF-f to the TGF-p receptors Smad2 proteins are phosphorylated. Hence,
the influence of HtrAl variants on the levels of pSmad2 in TGF-B treated BV-2 cells was
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evaluated. Western blot analyses showed that no pSmad2 was detectable in microglia that
were not treated with TGF-. In contrast, application of 1 ng/ml TGF-f led to a significant
increase in pSmad2 levels (Fig. 27 A, B). However, co-treatment with any of the HtrAl
variants in increasing concentrations did not reduce the level of pSmad2 indicating that

HtrA1 does not influence TGF-f signaling in BV-2 microglia cells (Fig. 27 A-C).
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Figure 27 Effect of HtrA1 variants on paracrine TGF-B signaling

BV-2 cells were treated with TGF-p in the presence and absence of murine (A) and human (B)
HtrA1 variants in the concentration of 50, 100 and 150 ng/ml for 3 hours. Representative Western
blots from at least six independent experiments are shown. Densitometric analysis of Western blots
shown in A and B (C). Treatment of microglia cells with 1 ng/ml TGF- resulted in significant
increase in pSmad2. However, stimulation with HtrA1 variants did not change levels of pSmad2.
Values are presented as mean £ SEM. N > 6/group, with ***p < 0.001.
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The initial microglia response is vital and beneficial for retinal homeostasis. However,
overshooting reactivity owing to environmental risk factors and genetic mutations need to be
controlled in order to preserve retinal integrity during AMD disease pathogenesis. Hence,
therapeutic approaches should aim to preserve the homeostatic function of microglia. On the
search for novel immunomodulatory compounds the present study focused on genetic studies
which found high correlation between polymorphisms in factors of the complement system
and AMD as well as serine protease HTRA 1 variants and AMD. The aim was to evaluate the
role of complement anaphylatoxin receptors C3aR and C5aR in the retina during
degeneration with particular focus on microglia. Similarly, the potential of HtrA 1 to inhibit

microglial TGF-f signaling in vitro was tested.

4.1. Light-induced retinal degeneration as model for dry AMD

In order to study AMD disease pathogenesis and to develop therapeutic compounds multiple
animal models have been developed. However, being a complex disease involving genetic
and environmental risk factors, as well as the anatomy of the human macula, it remains a
challenge to mimic the features seen in AMD in rodent models. Despite the plethora of rodent
models, none was yet found which echoes the human form in all its facets (Pennesi et al,
2012). Genetic models, which employ for instance the deficient CFH activity, only exhibit a
disease phenotype after 2 years (Coffey et al, 2007). Similarly, mice over-expressing HtrA 1
demonstrate AMD like features after one year when additionally exposed to cigarette smoke
(Nakayama et al, 2014). In another HtrA 1 overexpressing mouse only very subtle changes

were visible when applying transmission electron microscopy (Vierkotten et al, 2011).

The inducible LD model for rodents has proven to be useful tool for the evaluation of
photoreceptor demise and microgliosis. The steady and synchronized cell death and fast
progression provides the opportunity to test therapeutic compounds. Since extended exposure
to light involves the risk for developing retinal degeneration such as in AMD patients, the

LD model itself is not artificial (Taylor et al, 1992; Tomany et al, 2004). The susceptibility
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for light-induced damage depends on the retinoid isomerohydrolase (RPE65) protein. RPE65
is expressed in the RPE and crucial for the retinoid cycle where it is involved in regeneration
of 1l-cis-retinal from all-trans-retinal (Moiseyev et al, 2005). It has been found that
C57BL/6J mice have a reduced LD susceptibility when compared to BALB/c mice. This is
explained by an Rpe65 variation present in C57BL/6J mice where methionine instead of
leucine is present at amino acid position 450 (L450M) (Wenzel et al, 2001). As a
consequence, levels of Rpe65 are very low, resulting in decreased rhodopsin regeneration
kinetics. In contrast, the Rpe65 M450L sequence is present in most species, which have a
fast regeneration kinetic for rhodopsin and a high susceptibility towards LD (Danciger et al,
2000). Similarly, in BALB/c mice high amounts of the Rpe65 protein were detected (Wenzel
et al, 2001). Most likely, the excessive bleaching of rhodopsin results in accumulation of
retinoid metabolites and toxic byproducts which ultimately lead to photoreceptor demise

(Wenzel et al, 2005).

Photoreceptor death can functionally be assessed by recording scotopic and photopic ERGs.
The ex vivo ERG measurements of retinae from mice subjected to LD demonstrated a
reduction of a-wave and b-wave amplitude and implicit times when compared to control. The
scotopic a-wave, which reflects rod photoreceptor function, remained significantly reduced,
while interestingly, the b-wave amplitude recovered to some extend at 7 days post LD.
Reduction in a-wave amplitude and implicit time stem from a reduced sensitivity of
photoreceptor cells towards the stimulus, as expected after LD. The signal of the b-wave
originates mainly from the depolarization of bipolar cells postsynaptic to photoreceptor cells
and affected by other neuronal and glial cells. This restored signal hints towards increased
input from surviving cone photoreceptor cells as it is was described in zebrafish (McGinn et

al, 2018). However, these speculations need further validation.

Furthermore, the presence of HF in SD-OCT scans was analyzed. Indeed, HF were detected
in mice which were subjected to LD. Similar to human AMD patients, the number of HF
increased significantly after LD. However, no correlation between HF number and damage
severity was evident. Even more, HF number demonstrate high standard deviations making
it an unsuitable marker for disease severity in the rodent LD model. In contrast, in studies

with AMD patients a positive correlation between HF number and disease severity as well
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as inflammation was seen (Frizziero et al, 2016; Niu et al, 2017). Reasonably, the question
on the origin of these HF arises. Despite the attempts undertaken here it remains uncertain
whether the HF seen in the OCT scans are the Ibal-positive spots that were relocated in the
cryo sections. The sizes of the HF in OCT scans match the size of MP (Saito et al, 2013) but
also of migrating RPE cells (Christenbury et al, 2013; Coscas et al, 2013; Pang et al, 2015).
To be entirely certain, further advancement of the SD-OCT tool is required. The combination
of transgenic mouse lines with fluorescent labeling of microglia and the possibility to detect
these in the B-scans could provide better evidence. Only then, immunomodulatory and

microglia targeted therapy could be easily assessed using non-invasive SD-OCT imaging.

4.2. Role of C3aR and C5aR in microglia during inflammation

Unrestrained complement activation due to polymorphisms in genes coding for complement
factors is considered as a risk factor for developing AMD. Particularly, enrichment of the
anaphylatoxins C3a and C5a resulting from excessive alternative pathway activation is
evident in AMD patients (Reynolds et al, 2009; Schick et al, 2017). Interestingly,
complement activation further augments immune responses in the retina which aggravates
neuron demise. Receptors for these anaphylatoxins are Gi protein coupled (Rollins et al,
1991) and are mainly expressed on myeloid cells (Benard et al, 2004; Gasque et al, 1998;
Lacy et al, 1995).

In the current study, increased C3aR and C5aR expression was evident in two independent
microglia cell lines upon stimulation with pro-inflammatory agents. Furthermore, increased
expression of C3, C3aR and C5aR were observed upon LD when compared to control.
Expression peaked in the first two days following LD and decreased on the third and fourth
day post LD. Interestingly, the sole expression site of C3aR and C5aR in the retina was found
to be in microglia. These results are in line with earlier observations where, during
inflammatory conditions, e.g. experimental allergic encephalitis, C3aR and C5aR expression
was elevated on microglia and infiltrating macrophages (Davoust et al, 1999; Miiller-Ladner

et al, 1996; Van Beek et al, 2000). Hence, in very recent studies, researchers tested the
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therapeutic potential of anaphylatoxin receptor blockers in nAMD models, though mostly
concentrating on C5aR. C5a was found to increase and mediate VEGF secretion in a human
retinal pigmented epithelial cell line (Cortright et al, 2009). Furthermore, it was found, that
CNV resulted in an increase of I1L-17 production by C5aR-expressing T-cells (Coughlin et
al, 2016). Systemic administration of anti-C5a-blocking antibodies blunted IL-17 levels
concomitant with reduced CNV size (Brockmann et al, 2015; Coughlin et al, 2016). More
interestingly, two recently published studies investigated the potential of C5a elimination in
models for dry AMD, since C5a was also found to be a chemoattractant for microglia (Song
etal, 2017; Toomey et al, 2018b). Song and colleagues compared the number of Ibal-positive
microglia in the retina of C3aR- and C5aR-deficient mice. Prior LD no difference in
microglia number was evident. However, microglial response following LD was impaired in
mice lacking C5aR but not C3aR (Song et al, 2017). Similarly, in mice lacking Cth which
were fed with high fat diet and developed dry AMD-like features, anti-C5a therapy resulted
in reduced microglia recruitment. However, other AMD-like pathologies, including RPE
damage and functional vision loss were not changed after immunotherapy targeting CSa

(Toomey et al, 2018b).

The present results suggest that not only C5aR, but also C3aR should serve as a target for an
immunomodulatory approach, since the latter also serves as a chemoattractant for microglia.
Additionally, Schraufstatter and colleagues found that C3aR translocates into the nucleus
following C3a stimulation (Schraufstatter et al, 2009). Subsequently, prolonged
phosphorylation and nuclear translocation of the mitogen-activated protein kinase (MAPK)
extracellular signal-regulated kinase (ERK) 1/2 was found, which leads to the induction of
pro-inflammatory gene expression (Dang et al, 2014; Kyriakis & Avruch, 2001; Schulte &
Fredholm, 2003). Hence, a dual therapy approach would imply the inhibition of microglia
recruitment concomitant with a suppression of pro-inflammatory gene expression when

blocking C3aR and C5aR.
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4.3. Effect of HTRA1 variants on TGF-B signaling in microglia

Numerous studies found strong correlation between polymorphisms located in the HTRAI
gene and AMD (Fritsche et al, 2016). However, limited understanding of the
pathophysiological role hinders the correct interpretation of genetic data. Faulty HtrAl
expression and the subsequent dysregulated TGF- signaling have been identified as the
underlying mechanism of multiple diseases (Oka et al, 2004). Being a potent silencer of
microgliosis, neutralization of TGF-B by HtrA1 could explain tissue-harming inflammation,
which is a major characteristic seen in the retina of AMD patients. Here, the effect of AMD-
associated HtrAl isoforms on microglia was tested. Surprisingly, the results show no

involvement of HtrA 1 in the TGF-f signaling pathway of microglia.

In order to adapt the situation found in AMD patients first eukaryotic wildtype, proteolytic
inactive and AMD-associated HtrA 1 variants were expressed and purified. The immunoblot
demonstrated bands corresponding to the full length protein concomitant with smaller
fragments which were partly absent in the enzymatic inactive variant and thus could be
attributed to autolytic cleavage. Also, several smaller fragments were present across all
variants, which were in agreement with earlier observations (Lorenzi et al, 2013; Riser et al,
2014). Furthermore, variants, apart from mS328A and hS328A, were proteolytically active,
as expected. Interestingly, increased catalytic activity of hSNP was observed. This result
contrasts earlier findings by Jacobo et al., who reported reduced activity of the same isoform
when compared to the WT protein (Jacobo et al, 2013). It is noteworthy, that the activity
assay was carried out differently. Jacobo et al. used conditioned media from transiently
transfected HEK293T cells that contained HtrA 1, supplemented it with protease inhibitors
and tested for the ability to proteolyze FITC-labeled casein. Rather, similar proteolytic
activity across all active isoforms was expected, since earlier examinations have
demonstrated comparable catalytic activities of full-length HtrA1 and HtrA1 lacking the N-
domain, where the synonymous SNPs are located (Eigenbrot et al, 2012). The reproducible

increase in enzymatic activity for the hSNP isoform can thus be attributed to the risk alleles.

Secondly, IFN-y challenged primary murine microglia were treated with TGF-f in order to

induce TGF-B dependent microglial quiescence. Here, TGF-f treatment significantly
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inhibited IFN-y-mediated iNos and Tnf-a mRNA production and morphological shift
towards an amoeboid phenotype. Similar findings were observed in the BV-2 murine
microglia cell line. The anti-inflammatory effect of TGF-f involves the downregulation of
the STATI and STAT2, the downstream effectors of type II interferon receptors, while
negative regulators of the IFN-y pathway, including SOCS2 and SOCS6, were increased
(Platanias, 2005; Zhou et al, 2015). Furthermore, TGF-p scavenges INF-y mediated NO
release via negative regulating of MAPK including ERK and p38 downstream signaling
(Herrera-Molina et al, 2012). Furthermore, importance of TGF-f signaling in ocular
physiology was demonstrated in a study, where deletion of TGF-f signaling in newborn mice
induced microgliosis concomitant with abnormal vessel including retinal hemorrhages and

microaneurysms (Braunger et al, 2015).

Faulty regulation of TGF-f signaling by HtrAl was discovered to be the underlying
pathomechanism of several diseases. It was hypothesized, that similar mechanisms may
account for AMD ontogenesis, since SNPs in the promotor region of HtrAl lead to an
increase in protein expression in the retina. Interestingly, HtrA 1 expression was found to be
increased under inflammatory conditions in iz vitro and in vivo (Hou et al, 2013; Rangaraju
et al, 2018). These findings point towards an involvement of HtrAl in inflammatory
conditions. However, no significant inhibition of microglial TGF-B signaling was found
when HtrA 1 was applied in high concentrations, which correspond to levels measured in the
aqueous humor of AMD patients (Tosi et al, 2017). After all, the inflammation may be
independent from HtrA1 activity. This may be explained by the possibility that HtrA1
indirectly inhibits TGF-B signaling through digestion of extracellular matrix proteins
(Murwantoko et al, 2004; Oka et al, 2004). Nevertheless, HtrA1 overexpression did not
induce changes in TGF-B expression levels in the RPE/choroid of mice (Vierkotten et al,
2011). Though, not examined in the retina, these findings may point towards a differential

and cell specific role of HtrA 1.

Additionally, the present results show no differences between the WT and AMD-associated
HtrA1l isoform regarding TGF-PB signaling. The synonymous AMD-associated SNPs are
located in the IGF-1 binding domain, and indeed, hSNP was found to have reduced ability to
bind IGF-1 (Jacobo et al, 2013). More interestingly, the hSNP isoform was found to bind less
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efficiently to TGF-f and be less proteolytically active (Friedrich et al, 2015). Despite the fact
that synonymous SNPs do not change the amino acid sequence in proteins they can interrupt
the formation of correct mRNA secondary structures, reduce translational accuracy and
speed, and even alter the start of transcription (Hunt et al, 2009; Hunt et al, 2014; Im & Choi,
2017; Komar, 2007). However, the previously reported finding is challenged by the present
results. Nevertheless, supporting evidence comes from a study, in which recombinant
haplotypes in the currently largest available data set of AMD were analyzed (Grassmann et
al, 2017). The authors demonstrate that genetic variants in or close to ARMS2 but not
HTRAT are responsible for disease susceptibility at the 10q26 locus. By this mean, the
involvement of HTRA1 variants rs1049331 and rs2293870 was excluded. ARMS2 is a
primate-specific gene only, hindering the analysis in rodents due to the lack of a homologous
gene (Francis et al, 2008; Pahl et al, 2012). Furthermore, studies on the localization of
AMRS?2 demonstrate conflicting results (Fritsche et al, 2008; Kanda et al, 2007; Wang et al,
2009b). Proposed function of ARMS2 include regulator of complement meditated
opsonization by binding to the surfaces of dead cells and anchoring properdin resulting in
phagocytosis (Micklisch et al, 2017). More importantly, ARMS2 was found to be expressed
on human monocytes and microglia. Strikingly, immune cells derived from patients
homozygous for the ARMS2 AMD risk variant (rs10490924) lack the expression of the

protein.
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4.4. Perspective

The current study aids to uncover the relationship between heritability due to mutations and
microglia mediated inflammation in AMD. In particular, the potential to use data on AMD-
associated polymorphisms for the development of immunomodulatory compounds was

investigated.

Indeed, microglia play an exclusive role in anaphylatoxin signaling by being the sole cells to
express their receptors in the retina. Even more, increased expression during retinal
degeneration is evident. The current findings together with published results strongly support
the hypothesis that C3aR and C5aR targeted therapy could aid to slow down microgliosis
and disease pathogenesis. However, further experiments using depletion strategies and
pharmacologic blockade of the anaphylatoxin receptors should provide crucial information

on the therapeutic potential.

For the second part of the study the results suggest an absence of HtrAl mediated TGF-3
pathway inhibition in microglia. This implicates, that HtrA1 does not induce inflammation
via activation of microglia. Latest and promising studies hint towards a crucial role of
ARMS?2 in AMD disease pathogenesis, however, the exact functional role of this protein

needs further scrutinizing.
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HtrAl high-temperature requirement A serine peptidase 1, protein
HTRAT1 human gene

Htral murine gene

Ibal Ionized calcium-binding adapter molecule 1
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IGF-1 Insulin-like growth factor 1

IGFBP Insulin-like growth factor binding proteins
IS Inner segments

iNos Inducible nitric oxide synthase

INL Inner nuclear layer
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LD Bright light induced retinal degeneration
LPS Lipopolysaccharide

m Murine/mouse
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MAC Membrane attack complex

MAPK Mitogen-activated protein kinase
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nAMD neovascular AMD
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NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
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Standard error of the mean
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Suppressor of cytokine signaling
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Signal transducer and activator of transcription
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Transforming growth factor-§
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Tumor necrosis factor-o
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