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3. Summary/Zusammenfassung

Summary

The visual perception of our eyes is likely the most fundamental sensory input we have
from the surrounding world. Therefore, the loss of the eyesight has a severe impact on
the life quality of a human being. Several causes for blindness concern the ablation or
dysfunction of the retina, for example in retinitis pigmentosa (RP) and Leber’s
congenital amaurosis (LCA). Here, the degenerative blindness is based on a
progressive loss of photoreceptors caused by mutations in a various number of genes.
Amongst the most frequent causative genes is CRB7, which is involved in
photoreceptor and epithelial polarity among others. For developing future therapeutic
approaches which could treat these diseases, it is necessary to elucidate the
underlying pathomechanisms in suitable disease model systems. In that course, the
discovery of self-forming and self-organising retinal organoids (RO) derived from
induced pluripotent stem cells opens new possibilities for in vitro retina models. These
retinal organoids contain all known retinal neural types including rod and cone
photoreceptors and one type of glia. Even more astonishing, they present a correct

layering, synaptic connections and light sensation.

In this thesis, | established the differentiation of induced pluripotent stem cell- derived
retinal organoids according to previously published protocols based on a combination
of adherent and suspension cell culture. To study the effect of retinitis pigmentosa
caused by a CRB17 mutation, iPSC lines from two patients (RPA, RPB) harbouring a
single-amino acid exchange (C948Y) in the CRB1 gene were created. Evaluation of 2
controls and 2 patient retinal organoids was held out by using immunocytochemistry
(ICC), transcriptomic analysis using an array-based qRT-PCR system, electron
microscopy and calcium imaging. For quantification of ICC staining signals, an ImageJ
and R-based analysis procedure was designed in order to create profiles from

individual ICC images allowing a position-dependent signal analysis.

Altogether, the main achievements of my work are |) the establishment of a valid retina
in vitro model based on iPSC- derived retinal organoids and setting the hallmarks of
differentiation using bona fide cell markers and transcriptomic analysis. II) The
establishment of novel methods analysing the differentiation and the functionality of

these RO including FACS-based single cell transcriptomics, electron microscopy and

XV
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calcium imaging. lll) The usage of the RO model to model retinitis pigmentosa caused
by a CRB1 mutation showing a differential CRB1 expression pattern, alongside with
potential changes in signalling and photoreceptor functionality. Still, | could not find any
signs of photoreceptor degeneration even after one year of culture. Finally, IV) based
on this work, a microfluidic chip was created allowing the interaction of adherent iPSC
derived retinal pigmented epithelial cells and photoreceptor segments from three-

dimensional retinal organoids.

This thesis sets the groundwork of for an analysis procedure, which could be used for
any retina-related disease modelling, compound testing or mechanistic study in vitro.
Moreover, it shed light on some of the pathomechanisms of retinitis pigmentosa
caused by a CRB1 mutation. In the future, the obtained results could contribute to a

better understanding and treatment of the disease.
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Zusammenfassung

Die Wahrnehmung von Lichtreizen durch unsere Augen ist vermutlich der
fundamentalste Sinn, der einem Menschen zu Verfigung steht, um mit seiner Umwelt
zu interagieren und diese zu erleben. Gerade deshalb ist der Verlust des Augenlichtes
ein extremer Einschnitt in die Lebensqualitdt eines jeden Menschen. Zwei der
haufigsten erblichen Erkrankungen, die zur Erblindung fuhren, sind Retinitis
Pigmentosa (RP) und die Leber'sche Kongenitale Amaurose (LCA). Bei diesen
degenerativen Retina-Erkrankungen flhrt das progressive Absterben von
Photorezeptoren zu einem unaufhaltsamen Verlust der Lichtwahrnehmung. Einer der
haufigsten genetischen Ursachen dafur sind Mutationen im CRB71 Gen, welches
vermutlich normalerweise an der Polarisierung und Stabilitat von Epithelzellen und
Photorezeptoren beteiligt ist. Um zuklnftig Therapieformen zu entwickeln, die eine
Linderung oder gar Heilung erreichen konnten, muissen die pathologischen
Veranderungen, die mit der Krankheit einhergehen, genauestens studiert und

verstanden werden.

Eine neue und vielversprechende Moglichkeit dies zu erreichen, ist die Entwicklung
von selbstformierenden und selbstorganisierenden retinalen Organoiden (RO), die aus
induziert pluripotenten Stammzellen (IPSZ) abgeleitet werden kdnnen. Diese retinalen
Organoide beinhalten alle Zelltypen einer menschlichen Retina inklusive Stabchen,
Zapfen und retinalen Muller Glia Zellen. Daruber hinaus verfugen sie Uber eine
fortgeschrittene Form der Organisation, die ahnlich einer menschlichen Retina in
spezifischen Schichten angeordnet ist. Des Weiteren beinhalten die RO physiologisch

relevante synaptische Verknupfungen und kénnen sogar auf Lichtreize reagieren.

In dieser Arbeit habe ich auf Basis publizierter Protokolle die Differenzierung von RO
aus induziert pluripotenten Stammzellen etabliert, die auf einer Mischung aus
Adharenz- und Suspensionskultur basiert. Um die Effekte von Retinitis Pigmentosa mit
zugrundeliegender CRB1 Mutation zu untersuchen, kreierte ich iPS Zelllinien von zwei
RP Patienten (RPA, RPB), die eine homozygote C948Y Mutation tragen. Die daraus
generierten RO wurden mithilfe von Immunzytochemie (ICC), Transkriptom- Analysen
mittels qRT-PCR sowie ultrastruktureller Bildgebung mittels Elektronenmikroskopie
und funktioneller Evaluierung durch Calcium Imaging analysiert. Um ICC Farbungen
effektiv und objektiv quantifizieren zu kénnen, wurde ein Analyseverfahren entwickelt,

das auf verschiedenen Imaged und R-Macro Programmen basiert. Die wichtigsten
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Resultate dieser Arbeit sind erstens die Etablierung eines validen iPSZ-basiertes in
vitro Retina Modells und zugleich die Analyse der wichtigsten Differenzierungsschritte
mithilfe von bekannten Zellmarkern und transkriptomischen Analysen. Zweitens, die
Entwicklung einer neuartigen Methodik um Fluoreszenzbilder von retinalen
Organoiden einfach und objektiv zu quantifizieren. Drittens, die Nutzung der RO fur
das Modellieren von Retinitis Pigmentosa, verursacht durch CRB1 Mutationen. Hierbei
konnte ich vor allem ein verandertes CRB1 Expressionsmuster feststellen, sowie
deutliche Hinweise auf veranderte Signalwege und darlUber hinaus eine verminderte
Lichtaktivitat von retinalen Photorezeptoren. Dennoch war es selbst nach einem Jahr
Kultur nicht moglich, deutliche Zeichen von Photorezeptordegeneration zu
beobachten. Aufgrund dieser Limitierungen und um das Modellieren von
Retinaerkrankungen in Zukunft moglicherweise zu verbessern, kreierte ich, aus den
im Rahmen dieser Arbeit entstandenen Daten, ein Organ-on-a-chip System, welches
eine bisher nicht kontrolliert mogliche Interaktion zwischen Photorezeptor und retinaler
Pigmentepithelzelle erlaubt. Zusammen mit dem hier prasentierten Krankheitsmodell
modchte ich damit in Zukunft zum besseren Verstandnis von degenerativen
Retinaerkrankungen beitragen und dariber hinaus eine Verbesserung von in vitro

Retinamodellen erzielen.
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Introduction

4. Introduction
4.1. The eye
For man, the eye is the most important sensory organ for providing information about

our surrounding environment.

What we sense as vision is based on the detection of light waves by a specialised
tissue at the back of the eye called retina (Figure 1). The retina is the innermost layer
of the eye and in addition, the mammalian eye has two more layers: the external layer
is made of the sclera and the cornea, the intermediate layer makes up the iris, the
ciliary bodies and the choroid. The cornea is the outermost epithelium, which connects
with the outside world. Together with the lens, which is variable in shape, it refracts the
light to focus on a specialised structure of the retina, the area centralis (fovea centralis

in humans) (1).
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Figure 1- The mammalian retina

In mammalians, the retina is situated at the back of the eye (left image, green) behind the vitreous body
(grey). The retina displays a highly organised layering (right image) with the retinal pigmented epithelia
(RPE) in the outermost layer, followed by photoreceptors with inner and outer segments, retinal
interneurons (bipolar cells, horizontal cells, amacrine cells), ganglion cells and the retina-specific type
of glia (Muller glia), spanning the whole retina. For the light sensation by the photoreceptor outer
segments, the light has to travel through all retinal layers (except for the RPE). Adapted from Achberger
et al. 2018 (2).
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4.2. The vertebrate retina

4.2.1. Composition

The retina is a circular plane sheet coating the back of the eye. It reaches from the
centre, the area centralis to the rim transition zone, the ora serrata. The circular retina
sheet has a diameter of 30-40 mm and the retina itself is approximately 0.5 mm thick
(3). Based on the embryonic development, it can be divided into an inner neural retina
containing the retinal neurons and glia and the outermost epithelia layer of cells
containing pigmented melanosomes, which are therefore called retinal pigmented
epithelia (RPE) cells (4).

The neural retina (NR) is built of six major types of retinal neurons with a variety of
subtypes and glia cells, mainly represented by the Muller glia, and can be further
subdivided into distinct layers (3,5). A depiction of the retinal composition is shown in
Figure 1. Since the NR is inversed in composition, the light has to pass the whole retina
until two types of photoreceptors (PRCs), the rods and cones, in the outermost layer,
finally detect it. Their cell bodies lie in the outer nuclear layer (ONL), whereas their
apical processes, the inner and outer segments, are located in a separated segment
layer. A tight junction belt, the outer limiting membrane (OLM), divides both layers. In
the layer below the ONL, the synapse containing outer plexiform layer (OPL), the PRCs
form synapses with interneurons, which are situated in the inner nuclear layer. These
neurons namely bipolar cells (BCs), horizontal cells (HCs) and amacrine cells (ACs)
are responsible for early processing of the light induced signals. The bipolar cells are
finally passing on the processed information to ganglion cells (GCs). The correlating
synapses between BCs and GCs are located in an inner plexiform layer, whereas the
nuclear bodies of GCs form a separate ganglion layer. Then, the axons of the ganglion
cells, which are located in the innermost layer of the retina, are condensed to the optic
nerve, which ultimately project to the visual cortex in the brain. The already mentioned
OLM and the inner limiting membrane (ILM) separating the GC axons from the vitreous

body are, at least to current knowledge, produced by the Muller glia.
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4.2.2. Photoreceptors
4.2.2.1. Rods and cones
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Figure 2- Photoreceptor cells

The principle makeup of a photoreceptor. The soma and nuclei of PRCs are found in the outer plexiform
layer, whereas the inner and outer segments are located in the segment layers. The outer limiting
membrane separates both layers. The outer segment contains membrane disks, which harbour the
chromophores rhodopsin and opsin and, amongst others, the proteins of the phototransduction cascade.
The inner segment is filled with apically oriented mitochondria. Inner and outer segments are connected
by a cilium (connecting cilium). The end-feet of rod and cone photoreceptors form the presynaptic
compartment of the ribbon synapses and connect the PRCs with the ON- and OFF-bipolar cells as well

as horizontal cells.

The average human retina harbours around 92 million rods and 4.6 million cone

photoreceptors (6). Their distribution pattern is strictly determined with a domination of
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rods in the periphery and a tight packing of cones mainly in the centre of the retina.
Here, a specialised structure can be found, the fovea centralis, which is exclusively
made up by cones. Due to a more than one-to-one connection to bipolar cells and
being the focus of the refracted light, it represents the field of the highest resolution
(1,7).

The photoreceptor cells can be subdivided into four different cell types: one type of rod
cells (black/white, for low light conditions) and three different cone cells, detecting light
of different colour wave lengths (8). Both rods and cones share a common basic
makeup (Figure 2): Their cell bodies are located in the ONL, both have an inner and
outer segment with a connecting cilium (CC) (9) and both have a distal end-foot making
up the terminal synapse connecting the PRC to the interneurons (10). However, in
detail they exhibit some major differences: The rods photoreceptors are, as the name
indicates, long and rod shaped and react maximally on 500 nm light waves due to the
expression of the light-sensitive pigment rhodopsin (9,11). The rod cell is highly
sensitive to a low amount of photons and therefore important for vision in dark-dim
conditions (12,13). In contrast to that, the cones are shorter and have a conical
segment. By their ability to detect a certain light spectrum, they can be divided in three
different types: short wave (s)-cones, which detect blue light with a maximum of 420
nm, middle wave (m)-cones detecting green light (530 nm) and long wave () cones for
red light (560 nm) (11). The difference in light wave detection is coupled to the
expression of specialised opsins (S-,M-,L-opsin) and enables colour vision and
discrimination (14). Nevertheless, cones are less sensitive to light (15). Still, their high
concentration in the fovea centralis and their higher temporal resolution make them the

dominant photoreceptor type under bright light conditions (16).

4.2.2.2. Inner and outer segments
The makeup of both rod and cone inner and outer segment (IS, OS) is quite
comparable. The inner segments of both PRC types harbour a high amount of
endoplasmic reticulum, ribosomes, Golgi apparatus and high numbers of mitochondria
directly adjacent to the OS (9,17). The inner segment is separated by a