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Abstract

Photoreceptors are highly specialized neurons within the eye and the key retinal cells
sensing light. They are indispensable for our visual perception and loss of
photoreceptors consequently leads to loss of vision, a sense that alone is responsible
for more than 30% of the input to our brain. Vision impairment and blindness is a leading
cause of disability in the industrialized world and is in many cases ultimately due to a
degeneration of the photoreceptors, which cannot be halted or reversed.

Retinal degenerative diseases encompass a heterogeneous group of etiologies,
mainly caused by various mutations in a plethora of proteins involved in the visual
process. Currently, several therapeutic options are being explored, with so far one gene
therapy for a rare inherited blinding condition being clinically approved. However, the
gene therapy approach requires not only the presence of remaining photoreceptors but
the tailoring of the therapy to each individual mutation.

An alternative, more generally applicable approach is to restore vision through
photoreceptor replacement therapy. As such, research on mouse-to-mouse
photoreceptor transplantations has been carried out for many years, though with mixed
results. In the last decade, it has however also become possible to generate large
quantities of human photoreceptors through retinal organoid technology, allowing to
instead transplant human cells. While promising, this field is still in development and
principal conditions for successful photoreceptor transplantation have yet to be defined.

Here, human-to-mouse photoreceptor transplantations were performed and
assessed with the aim to receive insights into retinal cell replacement technology with
specific focus on photoreceptor maturation, polarization and functional integration.
Using a cone-degeneration host line, large-scale incorporation of human photoreceptor
grafts into the murine retina was shown for the first time. It was found that for human
photoreceptors, the choice of developmental stage strongly affects incorporation and
maturation capacity. Furthermore, the results demonstrate the necessity of adequate
graft-host interaction for successful transplant maturation and function, suggesting that
photoreceptor replacement strategies might benefit from transplantation in earlier rather
than late stages of retinal degeneration.

Taken together, this thesis lays important groundwork for the further
development of human photoreceptor replacement strategies to treat retinal

degenerative disease.







Zusammenfassung

Photorezeptoren sind hochspezialisierte Nervenzellen im Auge und
entscheidende Zellen fur die Wahrnehmung von Licht. Sie sind fur unsere visuelle
Wahrnehmung unverzichtbar, und der Verlust von Photorezeptoren flhrt folglich zum
Verlust des Sehvermdgens, eines Sinnes, der allein fir mehr als 30% des
Informationsflusses in unser Gehirn verantwortlich ist. Sehstérungen und Blindheit
gehoren zu den haufigsten Ursachen fiir Behinderungen in Industrielandern und sind in
vielen Fallen letztlich auf eine Degeneration der Photorezeptoren zurlckzufuhren,
welche nicht aufgehalten oder riickgangig gemacht werden kann.

Die degenerativen Erkrankungen der Netzhaut sind bedingt durch eine
heterogene Gruppe von Ursachen, und werden hauptsachlich durch verschiedene
Mutationen in einer Vielzahl von Proteinen verursacht, die am Sehprozess beteiligt sind.
Derzeit werden mehrere therapeutische Optionen erforscht, wobei bisher nur eine
Gentherapie fir eine seltene erbliche Erblindungskrankheit klinisch zugelassen wurde.
Der gentherapeutische Ansatz erfordert jedoch nicht nur die Prasenz verbleibender
Photorezeptoren, sondern auch die Anpassung der Therapie an jede einzelne Mutation.

Ein alternativer, allgemeiner anwendbarer Ansatz besteht darin, das
Sehvermogen durch eine Photorezeptor-Ersatztherapie wiederherzustellen. In diesem
Zusammenhang wird seit vielen Jahren an der Transplantation von Photorezeptoren
von Maus zu Maus geforscht, allerdings mit gemischten Ergebnissen. Im letzten
Jahrzehnt ist es jedoch auch moglich geworden, groRe Mengen menschlicher
Photorezeptoren mit Hilfe der Netzhaut-Organoid-Technologie zu erzeugen, sodass
vermehrt menschliche Zellen transplantiert werden kdnnen. Dieser Forschungszweig ist
vielversprechend, befindet sich aber noch in der Entwicklung, und die wichtigsten
Bedingungen fur erfolgreiche Transplantation von humanen Photorezeptoren missen
noch definiert werden.

In dieser Arbeit wurden Photorezeptortransplantationen von Mensch zu Maus
durchgefiihrt und bewertet, um Einblicke in die Technologie zum Ersatz von
Netzhautzellen zu erhalten. Der Schwerpunkt lag dabei auf der Reifung, Polarisierung
und funktionellen Integration der Zellen. Unter Verwendung einer Wirtslinie mit
Zapfendegeneration wurde zum ersten Mal demonstriert, dass menschliche
Photorezeptortransplantate in grolem Umfang in die murine Netzhaut eingebaut
werden kénnen. Es konnte gezeigt werden, dass die Wahl des Entwicklungsalters
menschlicher Photorezeptoren die Inkorporations- und Reifungskapazitat stark
beeinflusst. Daruber hinaus verdeutlichen die Ergebnisse die Notwendigkeit einer

adaquaten Transplantat-Wirt-Interaktion fur eine erfolgreiche Reifung und Funktion des




Transplantats. Dies deutet darauf hin, dass Photorezeptor-Ersatzstrategien von einer

Transplantation in friheren Stadien der Netzhautdegeneration profitieren konnten.
Zusammengefasst legt diese Arbeit wichtige Grundlagen fur die weitere

Entwicklung menschlicher Photorezeptor-Ersatzstrategien zur méglichen Behandlung

degenerativer Netzhauterkrankungen.
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Introduction

1 Introduction

1.1 The Retina and Light Perception

1.1.1  General structure of the eye

According to the American writer and philosopher Henry David Thoreau, “The
eye is the jewel of the body” (Robertson, 1998). While it may be as beautiful and
mesmerizing, fortunately for us it has a much more intricate and biologically
sophisticated design and function, adapted for the perception of light and ultimately
vision.

From the outside, the mammalian eyeball is protected by the external layer, the
sturdy sclera, appearing white, and the transparent cornea in the front, which is
continuous with the sclera (Figure 1A). Extraocular muscles attached to the sclera rotate
the eyeball in its cavity. Below the cornea lies the anterior chamber containing the
aqueous humor and the lens, a biconvex, transparent structure for light refraction. The
lens is hinged at the ciliary body, connecting it to the highly pigmented choroid, a
vascular tissue and part of the posterior intermediate layer that neighbors the sclera
within the entire globe. The amount of light that enters the eye is controlled by the iris,
a colored circular muscle on top of the lens, which contracts and relaxes to adapt the
size of the opening in its middle, the pupil. Once through the lens, the light traverses the
vitreous and is focused onto the retina or neuroretina, the sensory part of the eye that
lines the inner surface of the globe and the site of visual perception. Behind it lies the
retinal pigment epithelium (RPE), a highly pigmented epithelial monolayer with a
plethora of functions, amongst which are the absorption of scattered light and the

connection of the retina to the choroid (Figure 1A).

1.1.2 General structure of the retina

The mammalian retina itself, whose function is the conversion of light into a
visual signal that is forwarded to the visual cortex, is a densely packed, highly organized
structure (Figure 2B). It contains three nuclear and two synaptic layers. From the vitreal,
i.e. basal side, the inner retina is constituted by the ganglion cell layer (GCL), the inner
plexiform layer (IPL) and the inner nuclear layer (INL) followed by the outer retina,
consisting of the outer plexiform layer (OPL) and, on the most apical side, the outer
nuclear layer (ONL). Beyond the ONL, inner and outer segments (IS, OS), highly
specialized cell compartments of the photoreceptors (PRs) that reside within the ONL,

protrude into the subretinal space towards the RPE.
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A Sclera Choroid RPE B

Figure 1. Schematic Structure of the Human Eye and Retina.

A. Schematic structure of the human eyes. B. Schematic structure of the human retina, showing nuclear layers
and exemplary cell types. Both adapted from (Llonch Armengol, 2018) RPE: Retinal pigment epithelium; IS: Inner
segments; OS: Outer segments; ONL: Outer nuclear layer; OPL: Outer plexiform layer; INL: Inner nuclear layer;
IPL: Inner plexiform layer; GCL: Ganglion cell layer. Yellow arrow represents light path.

Each layer has a particular function that is defined by the neurons residing in it.
The two types of PR, rods and cones, are positioned in the ONL and are the primary
cells responsible for conversion of photon energy into a biological signal (Figure 2B,
grey, blue, green, red). Through synapses in the OPL, they transmit that information to
the secondary neurons, bipolar (BC) and horizontal cells (HC), whose nuclei reside in
the INL (Figure 2B, orange and blue, respectively). Amacrine cells (AC, Figure 2B,
yellow), also present in the INL, modulate the signal upon its transmission in the IPL to
retinal ganglion cells (RGC, Figure 2B, purple), which are the neurons of the GCL whose
axons form the optic nerve that transmits the signal to the brain.

In addition to neuronal cells, the retina contains microglia and two types of
macroglia, astrocytes in the GCL (not shown) and Muller glia (MG), a type of radial glia.
MG nuclei reside in the INL, yet their stem processes span the entire retinal thickness
(Figure 2B, pink). MG anatomy and function is described in more detail in section 1.1.7
The role of Miiller glia in photoreceptor support and light perception.

The composition, distribution and exact function of cell types within the retina
differs in a species-specific manner. Most importantly, primate, including human, retinas
contain a specialized, cone-rich region in the retinal center, the fovea, the point of
highest acuity vision (Kostic & Arsenijevic, 2016; Yan et al., 2020).

As part of the central nervous system, the retina is separated from the systemic
circulation through the inner and outer blood-retina-barrier (BRB, not shown). The inner
BRB is formed between the vascular plexus, a network of blood capillaries extending
from the GCL into the OPL, pericytes and MG. The outer BRB is constructed by the
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RPE monolayer, between the neuroretina and the fenestrated vessels of the choroid.
Transport of nutrients, oxygen and waste products across the BRB is highly regulated

and ensures the relative immune privilege of the retina.

1.1.3  General photoreceptor structure

Rods and cones, the two types of photoreceptors (PR), are highly specialized,
asymmetric neurons, whose function is the capture of light and subsequent signal
transmission to the secondary neurons. While the details of that task differ between the
two, the basic morphology of rods and cones is similar — both have an elongated shape
with three main functional compartments: The inner segment (IS), extending apically
from the nucleus and perikarium in the ONL, the outer segment (OS), extending out
further from the inner segment, and, on the opposite side of the perikarium, the axon,
directed towards the OPL with a synaptic terminal at its end (Figure 2A) (Malhotra et al.,
2021). In the following, the structure and function of the OS and IS will be described in
more detail. For an introduction to the PR synapse and function, refer to section 1.1.5
Signal transmission to the brain.

The OS is the site of photon capture and initialization of the phototransduction
cascade, the perception and conversion of light into a biological signal. It is a highly
modified primary cilium divided into two main portions that differ strongly in morphology.
At the proximal end, the connecting cilium (CC) connects the OS with the IS (Wensel et
al., 2021). While the CC is thin and directly surrounded by plasma membrane, the OS
contains large stacks of membrane discs, providing compartmentalization and vast
membrane area for the phototransduction machinery. The OS discs are formed by
evagination of the plasma membrane around the distal cilium and are continuously
displaced along it towards the apical side (Burgoyne et al., 2015), where older discs are
shed in packets and phagocytosed by the RPE (Kevany & Palczewski, 2010). This
shedding allows for the turnover of the entire OS within 10 days in mice and rats,
ensuring renewal of phototransduction machinery and hence maximum photosensitivity.
In rods, the discs are initially open, but over time their leading edges fuse, resulting in
closed membranous discs within the rod cytosol (Wensel et al., 2021). In cones, such a
fusion does not take place and the lamellar folds are continuous with each other at all
times.

Below the OS and the CC lies the IS, an important support hub for OS function.
The high turnover of membranes and phototransduction proteins in the OS requires
constant supply which is met through the presence of extensive metabolic and
biosynthetic machinery like ribosomes, endoplasmic reticulum and the Golgi complex in

the IS (Molday & Moritz, 2015). In addition, the IS contains a high amount of potassium
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Figure 2. Schematic Depiction of Photoreceptor Structure and Function.

A. Schematic depiction of rod (magenta) and cone (blue) structure, adapted from (Gasparini et al., 2018). B. The
rod phototransduction cascade upon light exposure, image from (Leskov et al.,, 2000). C-D. Interaction of
photoreceptors, bipolar cells and horizontal cells at the rod (C) and cone (D) synapse, both adapted from (Burger
et al., 2021). hv: proton; R: rhodopsin; G: transducin; PDE: phosphodiesterase; GC: guanylate cyclase; cG: cyclic
GMP; HC: horizontal cell; RBP: rod bipolar cell; BP: bipolar cell.

channels and sodium-potassium ATPases (NKA) that, together with other ion channels
in the OS plasma membrane, maintain the membrane potential at -40 mV in the dark
(Baker & Kerov, 2013). As this is an intensely energy-dependent process, IS also
contain large clusters of mitochondria for ATP generation directly below the CC (Ingram
et al., 2020).

1.1.4 Phototransduction

Light perception in the OS is mediated by a G-protein coupled receptor cascade
(Figure 2B). It is initiated by the capture of a photon through the visual pigments, which
consist of the chromophore 11-cis-retinal bound to an opsin. Upon exposure to light, 11-
cis retinal is photoisomerized to all-trans retinal, which induces a conformational change
in the opsin, activating it. The membrane-bound opsin then binds transducin, and the
GDP on the transducin a-subunitis exchanged for GTP, releasing the a-subunit. The a-
subunit activates phosphodiesterase 6 (PDEG) by releasing the inhibitory PDE y-subunit,
allowing hydrolysis of cGMP, decreasing the intracellular cGMP concentration. This in
turn causes closure of cyclic nucleotide-gated (CNG) channels in the plasma
membrane. As these CNG channels control influx of Na* and Ca?*, the cell becomes
hyperpolarized from -40 mV to -70 mV, eventually inhibiting the tonic glutamate release

at the synapse.
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To return to the “dark state”, the (in)activation of the signaling components must
be reverted and the all-trans retinal changed back to its original conformation. The first
can be achieved in the photoreceptors themselves and includes opsin inactivation
through phosphorylation by a G protein-coupled receptor kinase (GRK) and binding of
arrestin, hydrolysis of GTP on the transducin a-subunit, re-establishment of cGMP
levels through guanylate-cyclase (GC) activated by guanylyl cyclase-activating protein
(GCAP) and opening of the CNG channels, depolarizing the cell. To revert the all-trans
retinal back to 11-cis retinal, a process known as the visual cycle, a second cell type is
required. Both rods and cones can participate in the classical visual cycle, mediated by
the RPE. Cones can additionally make use of the cone visual cycle, mediated by MG.

In the classical visual cycle, after photoisomerization, all-trans-retinal is reduced
to all-trans-retinol and exits the photoreceptor. Binding to retinol-binding protein 3
(RBP3, IRBP) in the interphotoreceptor matrix (IPM), the extracellular matrix between
the photoreceptor IS, OS and the RPE, allows shuttling into the RPE. There, all-trans
retinol is esterified, converted back to 11-cis-retinol by retinoid isomerohydrolase RPE65
(retinal pigment epithelium-specific 65-kDa protein) and oxidized to 11-cis-retinal. IRBP
then transports it back to the PR, where it can bind the opsin and be used again in
phototransduction.

In the intraretinal cone visual cycle, 11-cis-retinal is photoisomerized to all-trans-
retinol and transported to MG. In the MG, isomerization, esterification and hydrolysis to
11-cis-retinol take place in a graded, light-dependent manner, before shuttling back to
the cones. The cones are able to oxidize the 11-cis-retinol back to 11-cis-retinal so that
the chromophore can be employed again. The cone visual cycle is particularly relevant
during extended bright light exposure, when the photoisomerization of 11-cis-retinal
exceeds its synthesis in the RPE (Morshedian et al., 2019; Tsin et al., 2018).

Beyond its important role in the visual cycle, the RPE has key functions in
support of phototransduction and the retina per se (Lakkaraju et al., 2020). It is the
interface between the choroidal blood supply on its basal side, and the photoreceptor
OS on its apical side. The RPE is the prime constituent of the outer blood-retinal barrier
(BRB), shielding the retina form the systemic circulation while actively transporting
nutrients, metabolites and waste products. It secretes growth factors, neurotrophic
factors and immune modulatory factors. Quick spatial buffering of K* in the subretinal
space, i.e. the volume between the apical side of the RPE and the apical side of the PR,
ensures proper PR membrane potential changes, while absorption of scattered light by
its strong pigmentation reduces light noise and reduces photo-oxidative stress. The
phagocytosis of the distal OS ends allows the continuous recycling of the

phototransduction components, and thus PR homeostasis.
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1.1.5 Signal transmission to the brain

Before the information about incoming light is forwarded to the brain, it is
modulated and interpreted by computation within the retina itself (Baccus, 2007). The
first relay station is the OPL synapse, where PRs contact bipolar cell (BC) and horizontal
cell (HC) dendrites through PR ribbon synapses positioned in their thickened axon
terminals, the rod spherules and cone pedicles (Figure 2C) (Burger et al., 2021). The
synapses are primarily situated in invaginations of the PR axon terminal into which HC
and BC dendrites extend. On the presynaptic PR side, each invagination is
characterized by the presence of an electron-dense, plate-like structure extending
vertically from the membrane into the cytoplasm, the synaptic ribbon, namesake of the
ribbon synapse. It is the key hub for the machinery required to tonically release
glutamate at the synapse. Tethered to the ribbon are hundreds to thousands of synaptic
vesicles, ready to be released, as well as Ca?" channels that drive their exocytosis
(Heidelberger, 2007). Upon vesicle docking, the glutamate in the synaptic cleft diffuses
away from the release site to different targets at varying distance, with diffusion
physically encoding a temporal filter (Matthews & Fuchs, 2010).

While murine rod PRs only have three major types of direct synaptic targets, two
HCs and the rod ON BC, eleven other BC types exist in mice and receive direct input
from cones (Wassle et al., 2009). They all differ in terms of morphology, stratification,
i.e. the exact localization of their axons in the IPL substrata, receptors, ion channels,
intracellular signaling and output (Masland, 2012). As such, BC can be grouped into ON
and OFF BC, with ON BC expressing metabotropic glutamate receptor 6 (mGIuRG,
encoded by GRM6) and OFF BC expressing AMPA and kainate type receptors.
Glutamate binding to mGIuR6 causes closure of the TRPM1 cation channel (transient
receptor potential cation channel subfamily M member 1), so decrease of glutamate
under light conditions leads to TRPM1 opening and ON BC depolarization. Binding of
glutamate to OFF BC receptor kainate and AMPA cation channels on the other hand
opens them. As glutamate levels decrease upon light exposure, OFF BC channels are
closed and the cell hyperpolarizes. In addition to directionality of the response, the
inactivation kinetics of glutamate receptors differ between cells, allowing further
grouping of BC responses into sustained and transient (Awatramani & Slaughter, 2000).

From the BC onwards, additionally modulated by amacrine cells, the signal is
passed to RGCs through the BC ribbon synapse, which is not invaginated and contains
more numerous yet much smaller ribbons and a lower number of vesicles present and
docked than at the PR ribbon synapse (Matthews & Fuchs, 2010). The connections from

BC to RGC again distribute the signal to various functional targets with distinct functions
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in retinal computation. There is still ongoing debate about the exact number of RGC
subtypes, and a recent review has suggested that roughly 40 RGC types exist (Vlasits
et al., 2019). However, similarly to BC, they can be classified into two main groups, ON
and OFF GC, with transient or sustained temporal response properties for both. In
response to an increased illumination of their receptive field, that is the area of the retina
whose stimulation produces a change in the RGC output, ON RGC are depolarized
while OFF RGC depolarize in response to decreases illumination (M. V. Wyk et al.,
2009).

Rods and cones react to changes in light intensity, yet, as described above, it is
the following connections and computations that determine how these changes are
interpreted. To perform that task, the retina has a spatially distinct layout of specific cell
types in a vast array of interconnections and feedback systems. As such, rods for
example convey their light response in three pathways. The primary pathway connects
rods to rod ON BCs, which relay to All amacrine cells that in turn can modulate cone
BC activity. In the secondary pathway rods connect directly to cones via gap junctions
and feed into the cone signaling pathway at the level of the OPL. In some mammals, a
tertiary pathway exists, in which rods can make direct contact with a subtype of cone
OFF BCs (Euler et al., 2014; Soucy et al., 1998; Tsukamoto & Omi, 2014). These
complex interconnections are thought to play important roles in allowing continuous
signaling over a broad range of light intensities, e.g. modulating color appearance under

mesopic conditions (Grimes et al., 2018).

1.1.6  Major differences between rods and cones

While the general structure and much of the intracellular signaling is similar in
rods and cones, there are important differences between the two PR types.
Morphologically, rods are cylindrical and long, containing up to ~1000 stacked discs in
their OS (Figure 2A) (Burgoyne et al., 2015). Cones on the other hand are shorter and
have a conical OS shape with lamellar folds. Rods largely outnumber cones, with the
human retina containing 120 million rods but only 6 million cones (Molday & Moritz,
2015). Human cones are most abundant in the fovea, the point of highest visual acuity
in the retinal and macular center, from which cone density decreases towards the
periphery. Along that gradient, also cone shape changes, with the slightly tapered cone
OS longest (45-50 um) at the macular center, decreasing in length and increasing in
thickness and taper towards the periphery. In the far most periphery, cone OS are
missing completely (Curcio & Hendrickson, 1991). It is important to note that PR

distribution differs greatly between species, and while cone-rich regions exist e.g. in
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sheep, dogs and pig, a fovea only exists in adult monkeys, apes and humans. Mice do
not harbour a fovea or a site of cone-enrichment (Kostic & Arsenijevic, 2016).

Functionally, rods are able to respond to single photons through signal
amplification during phototransduction, conferring high sensitivity under low light
conditions, the so-called scotopic vision. Due to their reliance on the classical visual
cycle, they have slower pigment recycling kinetics and saturate under higher light
intensities (Mahroo & Lamb, 2004). Cones on the other hand are less sensitive, requiring
4-7 photons to yield a detectable light response exceeding the noise (Holcman &
Korenbrot, 2005). They do not saturate as fast and have quicker recycling kinetics
thanks to the cone visual cycle (J.-S. Wang & Kefalov, 2009), making them mediators
of daylight vision. In addition, cones allow for higher spatial resolution than rods and are
therefore the prime mediators of high acuity vision (Rossi & Roorda, 2010).

The differences in PR functionality are a direct consequence of distinct
expression or composition of proteins involved in phototransduction (Lamb, 2022;
Reingruber et al., 2020), such as the subunits of PDE6 (rods: PDE6GA, PDE6GB, PDEGG;
cones: PDEGC, PDE6H; (Deng et al., 2018), transducin or guanine nucleotide-binding
protein G(t) (rods: GNAT1; cones: GNATZ2; (Mao et al., 2013)) and arrestin (rods: SAG;
cones: ARRS3; Gurevich & Gurevich, 2014). Another main difference between PR types
lies in their pigments, the opsins. In contrast to rods, which only contain a single visual
pigment type, rhodopsin (RHO), with a peak absorbance at 498 nm (green light),
different cone opsin types exist, allowing for color vision (Bowmaker & Dartnall, 1980).
In humans, there are three cone opsins with peak sensitivities at Amax = 420 nm, 534 nm
and 564 nm for short-wave (OPN1SW, blue), medium-wave (OPN1MW, green) and
long-wave (OPN1LW, red) cones respectively (Dartnall et al., 1983). There are however
large inter-species differences, and mouse cones on the other hand contain an
ultraviolet or short and a middle wavelength sensitive cone opsin (Opnisw and
Opn1mw) with Amax =360 nm and 508 nm respectively. Interestingly, the majority of
mouse cones co-expresses both, Opn1sw and Opn1mw opsins, while only a small
subset of 5% is restricted to UVS opsin expression (Peirson et al., 2018).

Rods and cones also differ in their signal transmission to BC and HC and the
signaling pathways employed thereafter (Figure 2C). The rod ribbon synapses are
located in the round rod spherule, with only one invagination present, filled with two HC
and two ON BC dendrite tips. In contrast, the flat cone pedicles can contain up to 20-45
invaginations, each one contacted by one or two BC and two HC dendrites (Wassle et
al., 2003). Additionally, flat contacts outside of the invaginations are made by mainly

OFF BC dendrites. As mentioned abocve, the only BC type receiving direct input from
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rods is the rod ON BC, constituting the first relay station in the primary rod pathway.
Cones on the other hand make connections with all other BC types, except the rod ON
BC.

1.1.7  The role of Muller glia in photoreceptor support and light perception

Miiller glia (MG) are the lastborn cell type in the retina yet they have vital roles
in retinal functioning (Reichenbach & Bringmann, 2020). They are associated with
virtually all retinal cell types and are involved in mechanical tissue maintenance, retinal
water, potassium and pH homeostasis as well as neurovascular coupling, to name only
a few. Their perikarya are positioned in the INL, but as a type of radial glia, their two
stem processes span the entire retinal thickness, contacting all retinal layers and acting
as optical fibers (Franze et al., 2007)(Figure 3). At the basal side, MG footplates form
the vitreal surface of the retina, produce the basal lamina of the inner limiting membrane
and are in contact with the superficial blood vessels of the inner plexus, while also
enwrapping the RGC axons. In the IPL and OPL, perisynaptic MG sheaths are involved
in neurotransmitter uptake, directly regulating synaptic activity and controlling lateral
glutamate spread (Bringmann et al., 2013).

The multitude of roles MG have in the retina include key functions with regards
to photoreceptors (PR), like the cone visual cycle described above (section 7.1.4
Phototransduction). Morphologically, MG interact with PR throughout their entire cellular
length, with dedicated functionality at each location and differing characteristics
depending on retinal region (Voigt et al., 2019). In the ONL itself, MG membrane sheaths

envelop the photoreceptor perikarya. Towards the subretinal space, MG and PR
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Figure 3. Artistic Representation of Miiller Glia Morphology and Interactions.
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together as well as MG and other MG seal the neuroretina through a continuous series
of heterotypic adherens junctions at the base of the inner segments. The resulting outer
limiting membrane (OLM) on the one hand increases the mechanical strength of the
retina, and on the other hand acts as a semipermeable diffusion barrier, separating the
subretinal from the neuroretinal extracellular space (Omri et al., 2010). Furthermore, it
is vital for inner segment formation and homeostasis (Izaddoost et al., 2002; Mehalow
et al., 2003; Pellikka et al., 2002). Apical MG microvilli, making up 80% of the cell
membrane area (Derouiche et al., 2012), extend onward from the outer stem process
between PR inner segments. High sodium-potassium-ATPase activity in the microvilli is
used to deposit potassium taken up at the plexiform layers into the subretinal space
(Newman & Reichenbach, 1996).

MG not only have crucial functions in retinal homeostasis in health, but also and
especially upon injury. Mechanical deformation of the retinal tissue can induce calcium
responses, activation of ERK1/2 and upregulation of c-Fos and bFGF in MG (Lindqvist
et al., 2010). The MG response to low to moderate damage is characterized by
upregulation of intermediate filaments, cellular hypertrophy and absent or moderate
proliferation — conservative gliosis, deemed neuroprotective. On the other hand, upon
severe damage, the MG adapt a more destructive character — massive gliosis, indicated
by MG proliferation and the establishment of a glial scar on the sub- and epiretinal side

follow, ultimately damaging the photoreceptors (Reichenbach & Bringmann, 2020).
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1.2 Retinal Degeneration Diseases and Treatment Options

1.2.1 Retinal degeneration diseases

Vision is the most dominant of all our senses and its absence has grave
personal, societal and emotional consequences. The WHO estimates that every person
with an average lifespan will at some point suffer at least one eye condition. While the
vast majority of the estimated 2.2 billion people worldwide with vision impairment will
experience comparatively mild issues such as refractive errors that can be alleviated or
treated, others will be much more severely affected due to irreversible retinal
degenerative disease (World Health Organization, 2019). One major reason for
blindness is the dysfunction and loss of the central unit of visual perception, the
photoreceptors (PR). The causes for PR degeneration are diverse — age-related
macular degeneration (AMD) for example is a complex disease developing due to a
combination of genetic and environmental risk factors (Fritsche et al., 2014). In 2020,
196 million people were estimated to suffer from AMD alone, with 5.3% (10.4 million) in
advanced stages causing moderate or severe distance vision impairment or blindness
(World Health Organization, 2019).

Besides AMD, a large array of inherited retinal degeneration (IRD) diseases
exists, a collection of conditions based mainly on mutations in more than 280 genes
primarily involved in light perception as of June 2022 (RetNet: Summaries of Genes and
Loci Causing Retinal Diseases, 2022). While each mutation might be comparatively
rare, it is estimated that roughly 1 in 1380 individuals worldwide — 5.5 million people —
are affected by autosomal recessive IRDs such as retinitis pigmentosa (RP), Usher
syndrome, choroideremia (CHM), Leber Congenital Amaurosis (LCA) and Stargardt
disease (Hanany et al., 2020). While mutations in the same gene can cause distinct
clinical phenotypes, IRD pathologies caused by mutations in different genes can
converge into common trajectories, with PRs continuously lost throughout the years,
diminishing visual function. The order of PR degeneration varies, allowing grouping of
the diseases into those that affect cone viability first, such as AMD, other inherited
macular degenerations and cone-rod dystrophy, and those that affect rods first and
cones later, e.g. RP. Primary degeneration of cones generally causes diminished visual
acuity, loss of central vision and impairment of color vision, while rod degeneration
manifests first in night blindness and tunnel vision before subsequent cone damage
additionally affects the visual field and acuity (Veleri et al., 2015).

It is important to note that the culprit cell type causing PR degeneration is not

always the PR itself and various IRD are instead the result of RPE dysfunction. When
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RPE is compromised e.g. with respect to the visual cycle or phagocytosis, PRs die due
to lack of support, such as in AMD, LCA mediated by mutations in RPEG5, and inherited
retinal degeneration mediated by mutations in MERTK, the receptor required to
internalize PR OS (Ben M’Barek et al., 2019).

Regardless of its cause, the loss of PR in IRDs is irreversible, as in contrast to
other species, the human eye is not capable of regenerating and replacing PR.
Particularly in the human retina, gliotic scar formation occurs and neuronal remodeling
takes place in response to PR loss (Jones et al., 2003), yet surprisingly, despite a
somewhat hostile degenerative environment and deafferentation, the inner retina
oftentimes remains, albeit with sometimes extensive changes in structure (Marc et al.,
2003).

1.2.2  Therapeutic approaches to treat retinal degeneration diseases

Given the increasingly large health and societal burden of retinal degenerative
diseases, therapeutic options are greatly needed. Currently, most IRDs cannot be cured
and the main attempts to reduce the risk for developing an IRD are the modulation of
environmental factors, e.g. through quitting smoking or changing the diet, or through the
treatment with neuroprotective agents, such as vitamin A and docosahexaenoic acid
(Duncan et al., 2018). One major exception is the possible treatment of 10-15% of AMD
patients with repeated intravitreal injections of an antibody blocking vascular endothelial
growth factor, anti-VEGF, which slows down photoreceptor loss and preserves visual
function. Another recent success was the FDA approval of in vivo gene augmentation
therapy, using an adeno-associated virus (AAV) to introduce a healthy copy of the
RPEG5 gene into RPE cells of patients with RPE65-associated retinal dystrophy — the
first FDA-approved gene therapy for a disease caused by a genetically inherited disease
(FDA, 2017). While these treatment options represent important milestones, they are
applicable to only a small subset of patients and long-term studies however suggest that
they cannot halt photoreceptor degeneration for long (Bainbridge et al., 2015; Ehlken et
al., 2014; Jacobson et al., 2015). As further research and development of retinal
therapeutics is required, much effort has been invested in identifying potential therapy
options in recent years, especially in the areas of gene therapy, optogenetics, visual
prosthetics and photoreceptor replacement.

Gene supplementation therapy aims at the introduction of genetic material into
target cells to replace mutated genes with their healthy counterparts and restore their
function in the cell indefinitely. This is helpful in case of autosomal-recessive disease,
where already low expression of wildtype protein is often sufficient to rescue the

phenotype. Dominant forms of disease in turn require the causative gene to be silenced
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or rendered harmless, e.g. using RNAIi technology or gene editing tools (Hartong et al.,
2006). Additionally, neuroprotective factors can be (ectopically) expressed, increasing
the viability of the target cells or the surrounding tissue (Sahel & Roska, 2013). To
introduce the protein machinery and potentially the nucleotides for gene editing, vectors
are required. Mostly, recombinant AAVs have emerged as the vector of choice due to
their comparatively low immunogenicity, capsid-specific tropisms (Botto et al., 2022).
While gene therapy is without doubt the farthest advanced approach to treat retinal
degenerative disease, with several clinical trials ongoing (Battu et al., 2022), its large-
scale application to retinal degeneration is complicated by a variety of factors, the most
important of which is the vast heterogeneity in causative mutations. Even the treatment
of mutations within the same gene would require a personalized medicine approach with
meticulous tailoring of the product. Replacement of complete genes to integrate different
patient cohorts is thus far unfeasible due to the large gene size that mostly exceeds
packaging capacity of current vectors. Furthermore, the time window in which gene
therapy would be beneficial is limited, as it requires the presence of viable target cells
that can be edited to be saved, making the approach one to be useful in early rather
than late-stage disease.

A somewhat similar approach that circumvents in particular the last problem is
optogenetics, a technology to control biological activity by light. In the context of retinal
degeneration treatments, optogenetics mostly refers to the ectopic expression of
microbial opsins such as channelrhodopsin or halorhodopsin, light-activated ion
channels and pumps, in residual, electrophysiologically competent cells (McClements
et al., 2020). Stimulation with high-intensity light of a specific wavelength then allows
the hyper-or depolarization of the target cell, yet requires external devices that project
such light onto the retina. Targeting of non-degenerating cells increases the time window
available for treatment, especially given that the inner retina, despite being remodeled
and reduced, retains some functionality throughout most retinal degenerative disease
(Marc et al., 2003). Unfortunately, artificially light-sensitive BC or AC cannot correctly
mimic the intricate computations within the retina that occur under healthy conditions,
allowing only rudimentary perception of light (Sahel & Roska, 2013). Targeting residual
photoreceptors without light perception capacity like the dysfunctional cones present in
RP (Milam et al., 1998) on the other hand has been found to allow some use of residual
networks, potentially allowing for more detailed vision to return (Busskamp et al., 2010).
Similar to gene therapy, clinical trials using optogenetic interventions are ongoing (De
Silva & Moore, 2022).

A third approach to re-establishing light perception in the degenerated retina is

the re-introduction of light-perceiving units. Using a technical approach, visual prosthetic
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devices were already available for implantation into the subretinal or suprachoroidal
space (Duncan et al., 2018; Ostad-Ahmadi et al., 2021). Despite some setbacks with
regards to adverse effects and cost-effectiveness, initial results were promising and
conferred improved light perception in RP patients, providing proof of concept for
recovery of at least a small degree of visual perception upon reactivation of the inner
retinal circuits. Further material and technological developments are likely to improve
device sensitivity, biocompatibility and, importantly, the size of the visual field that can
be covered (Chenais et al., 2021).

Re-introduction of light-perceiving units into the degenerated retina can however
also be achieved with biological material. As such, PR transplantation represents a

promising approach to replace lost cells.

1.3 Cell Replacement as Treatment Approach for Retinopathies

The concept behind PR replacement therapy is simple — if vision is lost due to
PR degeneration, introduction of functional PR into the retina has the potential to restore
it. In cases of PR degeneration as a consequence of RPE loss or dysfunction,
transplantation of RPE has already shown beneficial and multiple clinical trials using
human stem cell derived RPE are currently ongoing, yet as of now, only a few clinical
trials assessing the safety of using PR replacement or cell support therapy exist (Van
Gelder et al., 2022). PR replacement is far more complicated as success requires graft
cell integration into the host retina, concomitant with establishment of mature, functional
PR structures such as light-sensing OS, supporting IS and connections to the host
circuitry through synapses. This multi-faceted goal has not yet been achieved and pre-
clinical research on PR transplantation in animal models is not only evolving but required

before translation of PR replacement therapy into the clinics.

1.3.1  Transplantations of rodent retinal tissue and cells

The first reports of PR transplantations using rodent donor cells date back almost
40 years (del Cerro et al., 1985; Silverman & Hughes, 1989). Already then survival and
maturation of rat derived retinal tissue in the host eye could be shown, with indications
of functional improvements in case of previously light-damaged retina (del Cerro et al.,
1991). Since then, a lot of work has been performed trying to delineate conditions under
which the most extensive restoration of visual function could be achieved.

From early on, intraocular transplantation was performed in one of two ways —
using dissociated cells (Gouras et al., 1991) or retinal sheets (del Cerro et al., 1985;
Kaplan et al., 1997; Radtke et al., 1999). Transplantation of sheets has the advantage

that cells retain their attachments and extracellular matrix surroundings, reducing cell
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death and allowing for faster recovery post grafting. The preservation of the original
polarity, laminar organization and circuitry can however be considered a blessing and a
curse, since it improves graft survival, yet the formation of rosettes in the graft is
common and the graft inner retinal layers present an obstacle for potential graft PR to
host BC connectivity, an issue that has only recently been addressed in more detail
(Matsuyama et al., 2021; Yamasaki et al., 2022). The surgically much more challenging
procedure additionally complicates the use of small animal models such as mice, hence
sheet transplantations are commonly rather performed in large animal models (Shirai et
al., 2016) and rats (Ben M’Barek et al., 2019; McLelland et al., 2018; Seiler & Aramant,
1998; Silverman & Hughes, 1989). Single cell suspension transplantations on the other
hand are easier to perform in mouse eyes, allow a much more finely tuned selection of
donor cells and a better contact between grafted and host cells, making them the
method of choice in the present work. Thus, the further introduction will mainly focus on
reports and observations made using the single cell suspension transplantation
approach.

Intraocular transplantation of rodent PRs and PR precursors cell suspensions
labeled by genetically encoded reporters or injected fluorescent tracers resulted in the
presence of similarly labelled PR with mature structures in the host retina, interpreted
mainly as incorporation of the grafted cells (Young et al., 2000). In 2006, with the help
of the Nrl-GFP rod reporter mouse line, the optimal PR donor age to obtain the largest
number of what was then thought to be incorporated cells in the host retina, postnatal
day (P) 3-6, was identified (MacLaren et al., 2006). It was further shown that populations
enriched for rod precursor cells exhibited an even higher propensity for “incorporation”
(Eberle et al., 2012; Lakowski et al., 2011) and that its extent also strongly depends on
the mouse model and integrity of the retinal environment the cells were brought into
(Barber et al., 2013; Pearson et al., 2010). Most studies since have used such early
postnatal cell populations, enriched via fluorescence- or magnetic-activated cell sorting
(FACS, MACS) leveraging cell type specific reporters or cell surface markers.
Importantly, throughout this time, functional improvements in light-induced retinal and
brain activity were reported as a result of the transplantation into various mouse models
of retinal degeneration (Barber et al., 2013; Pearson et al., 2012; Santos-Ferreira,
Llonch, et al., 2016; M. S. Singh et al., 2013).

In 2016 however, the field was shaken up by the discovery of material transfer
(MT) reported by our and other labs (Ortin-Martinez et al., 2017; Santos-Ferreira,
Llonch, et al., 2016; M. S. Singh et al., 2016), who could show that rather than
integrating, the transplanted cells mainly acted as donors, supplying host cells with

cytoplasmic material. Since this included their genetically encoded reporter proteins,
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endogenous PR acceptor cells were falsely identified as integrated. Experimentally, the
distinction between reporter* cells resulting from material transfer and properly
integrated cells was enabled by an array of methods, such as the detection of
GFP*/dsRed* double-positive cells in the host ONL after transplantation of GFP* PR into
dsRed* retina, and Y-chromosome probing upon sex-mismatched transplantations
(Figure 4).

me Nrl-eGFP DAPI

Host retipa.

Figure 4. Material Transfer occurring in Mouse-to-Mouse Transplantations.

After transplantation of early postnatal Nrl-GFP labeled male rods into a female wildtype retina, a large, GFP*/Y*
cluster can be seen in the subretinal space (b-f). Dim GFP* cells within the host retina are however mostly Y- (g),
and their GFP* is hence a result of material transfer, not true morphological incorporation. Figure adapted from
(Santos-Ferreira, Llonch, et al., 2016).

Further assessment concluded that the amount of properly integrated grafted
cells depended strongly on the mouse model used. Of the host lines compared it was
highest in the Nrl” retina, with a maximum of 23% of GFP+ cells within the ONL resulting
from incorporation rather than MT, while this fraction was only 1% in wildtype host mice
(Santos-Ferreira, Volkner, et al., 2016; Waldron et al., 2018). The structural basis of
material transfer was recently uncovered, identifying nanotubes as the main gateway
for exchange of mMRNA, protein and even organelles such as mitochondria, between
donor and host cells (Kalargyrou et al., 2021; Ortin-Martinez et al., 2021). Interestingly,
a recent study provided first evidence for material transfer also between cones and rods
in the normal, adult retina (Heisterkamp et al., 2022). Importantly, the ability to mediate
material transfer is however not restricted to primary retinal cells, as also PR derived
from murine embryonic stem cells were found to exchange material with host PR upon
transplantation (Waldron et al., 2018).

The high prevalence of material transfer requires a re-interpretation of previous
studies, especially with regards to reported improvements in functionality. Cell
transplantations were found to improve visual function in mouse models of retinal
degeneration, and it was believed that incorporated cells mediated said improvement,
as reporter® cells in the ONL were found to contain the protein that was dysfunctional or
absent in the mouse host (Pearson et al., 2012). Retrospectively, it is likely that the

majority of these cells had rather obtained wildtype protein through MT, supplementing

16



Introduction

them and re-instilling the capacity of light perception. While these findings were
somewhat disillusioning concerning potential graft maturation after transplantation, they
opened another avenue for potential treatment of retinal degenerative disease by cell-

mediated supplementation therapies.

1.3.2  Transplantations of human retinal tissue and cells

While rodent-to-rodent transplantations have yielded important insights into the
possibilities that human-to-human PR transplantations promise, the human and the
rodent retina differ in many aspects, ranging from size to spatial cellular distribution and
details of PR function. It is therefore important to adapt pre-clinical research and make
use of experimental setups that more closely mimic the human biology, like using human
grafts for transplantations into animal models.

As such, human retinal transplantations were first described around 1990, using
mostly human fetal retina grafted into rats (Aramant et al., 1990; Ehinger et al., 1991).
Promising results with regards to graft survival, maturation and connectivity quickly led
to studies transplantating into human RP patients around the millennium, utilizing mainly
fetal or post-mortem retinal sheets (Das et al., 1999; Kaplan et al., 1997; Radtke et al.,
1999, 2002, 2004, 2008; Seiler & Aramant, 1998). Despite the lack of an immune-
suppressive treatment, grafts were mostly well retained and in some cases even an
increase in visual function was reported (Radtke et al., 2004, 2008). Despite these
encouraging results, the tissue source raised important concerns regarding ethics,
supply and safety.

Around the same time, stem cell biology advanced significantly, with the first
human embryonic (hESC) and, a little later, human induced pluripotent stem cells
(hiPSC) generated in 1998 and 2007 respectively (Takahashi et al., 2007; Thomson et
al., 1998). These pluripotent cells were quickly employed for the in vitro differentiation
of retinal cells and in 2006 cultivation of hESC-derived neural progenitors with
detectable retinal-specific transcripts was first reported (Banin et al., 2006; Lamba et al.,
2006). However, mature photoreceptors were not yet obtained with these two-
dimensional protocols.

Regardless, the in vitro neural progenitors were employed in transplantation
studies in rats and mice, where they were reported to survive for up to 16 weeks with
immune suppression using cyclosporine A. While these were promising initial results,
the grafted cells mostly remained in the subretinal space without obvious contact to the
host retina and the staining for photoreceptor-specific markers remained weak whereas
glial and neuronal markers were strongly expressed (Banin et al., 2006). Shortly

thereafter, migration of hESC-derived neural progenitors into the murine retina was
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reported, with concurrent maturation towards photoreceptor fate in as little as 6 weeks
(Lamba et al., 2009). The human cells had been transduced with lentivirus at 5-7 days
before grafting, driving GFP under control of the CMV promoter, and thus intraretinal
GFP™* cells were interpreted as human. Unfortunately, no further proof of human cell
identity was shown and given that the proclaimed human cells exhibited murine
photoreceptor morphology and the same nuclear size as the surrounding mouse rods,
it is much more likely that the GFP" intraretinal cells were instead a result of viral
mislabeling or material transfer rather than true integration events.

In the years to follow, two-dimensional human photoreceptor in vitro generation
protocols were further improved (Osakada et al., 2008) yet the biggest innovation was
published by the Sasai lab in 2011/2012, which provided a new method to generate
three-layered murine and human retinal structures (Eiraku & Sasai, 2011; Nakano et al.,
2012). The process included the provision of complex extracellular matrix (ECM)
components via Matrigel and much more closely mimicked normal development in
conjunction with the formation of optic cups than previous approaches. Subsequently,
the Gamm lab developed a protocol similarly yielding optic vesicle-like structures by
applying a switch from floating to adherent culture, followed by manual lifting of the
resulting eye-field rosettes (Ohlemacher et al., 2015). Protocol improvements in human
retinal organoid (HRO) formation throughout the years continued to increase the
efficiency of HRO induction, PR yield and maturation, and thus enabled the creation of
large numbers of human PRs as cell source for transplantation studies (Cowan et al.,
2020; Kim et al., 2019; Lowe et al., 2016; R. K. Singh et al., 2021; West et al., 2022;
Zerti et al., 2020; Zhong et al., 2014; Y. Zhu et al., 2013).

Current HROs not only contain most retinal cell types, mimicking the native
retinal organization, but are also able to mirror in vivo developmental timing and
trajectories as well as photoreceptor functionality (Cowan et al., 2020; Llonch et al.,
2018; Saha et al., 2022; R. K. Singh et al., 2021). While the plethora of HRO generation
protocols in use generally results in similar outcomes, it is important to note that they do
contain differing cell ratios and developmental timing as a consequence of the HRO
generation method and the cell line used as starting population (Berber et al., 2021;
Cowan et al., 2020; Mellough et al., 2019). This warrants the careful characterization of
outcomes when using new cell lines, adapting the HRO protocol or using HRO cells for
PR replacement research (Capowski et al., 2018; Kruczek & Swaroop, 2020), where,
crucially, the use of HRO PRs circumvents ethic and logistic concerns associated with
the use of fetal material for research and therapeutic applications.

Given the recent advances in gene editing, it has further become possible to

generate patient-specific donor cell lines and rescue the disease-causing mutations.
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Autologous transplantation of such lines further reduces the risk for graft rejection and
potentially allows for the use of milder immune-suppressive paradigms. While
personalized medicine is an appealing prospect, the establishment of super donor lines,
e.g. HLA- homozygous lines, that can be grafted into many people on the other hand
would provide a more efficient treatment potential with respect to both, time and
financing.

Since the availability of in vitro generated human PR, PR transplantation studies
have largely shifted to using HRO PRs as donor population. Due to PR replacement
being considered a last resort in the treatment of IRDs, and in an attempt to circumvent
the complication of material transfer, most research targeted the highly degenerated
mouse or rat retina (Barnea-Cramer et al., 2016; Collin et al., 2019; Gonzalez-Cordero
et al., 2017; Ribeiro et al., 2021; Zerti et al., 2021; J. Zhu et al., 2017). Commonly,
100,000 to 300,000 donor cells aged day (D) 90-D150 of differentiation were grafted. To
reduce xenograft rejection, systemic immune suppression was applied or immune-
deficient animals were used as hosts. However, even in eyes without immune
modulation about half of the eyes that had received grafts were found to still contain
cells after 3 weeks (Gonzalez-Cordero et al., 2017). With immune suppression, that
fraction was reported to increase up to 80%, albeit with low remaining cell numbers
(Zerti et al., 2021). Morphologically, the human cells mostly remained in the subretinal
space, in contact with the residual ONL and/or the remodeled INL, with PR and BC
processes extending from one to the other. Overall graft organization however largely
remained chaotic and despite expression of PR markers, structured PR polarization was
not evident (Gonzalez-Cordero et al., 2017; Ribeiro et al., 2021; Zerti et al., 2021).

To this day, little work on HRO PR transplantation into less degenerated host
animals has been performed. Upon grafting into the wildtype rat retina, D120 PR
enriched by cell surface labelling against CD73" were found to not only survive for up to
10 weeks, but seemed to intercalate with the host ONL cells (Gagliardi et al., 2018).
While expression of both rod and cone opsins was detected, the grafts again seemed
unstructured and poorly polarized and a detailed analysis was hampered due to poor
graft survival with only two eyes with remaining cells at this later time point. Similarly,
transplantation into the cone-rich Nrl”- mouse resulted in largely disorganized subretinal
clusters, with single donor cells occasionally moving into the ONL and exhibiting the
development of prospective IS and OS, albeit at a very low rate (Gonzalez-Cordero et
al., 2017). Here, the authors also investigated the possibility of human to mouse material
transfer through assessment of nuclear size, which differs markedly between human
and murine cones, and Y-chromosome probing after sex-mismatched transplantations.

Gonzalez-Cordero et al. concluded that there was little evidence for such an effect, yet
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they did detect some murine cells expressing GFP. L/M-Opsin-promoter driven GFP
expression had been introduced into the experimental system by viral labelling of the
human donor cells before transplantation and it is important to note that a carry-over of
either GFP itself or viral particles inducing GFP expression in murine cells was indeed
taking place. Importantly, this did not occur in the retinas that had received control
injections of the final wash step from the cells, suggesting that this was not a sufficient
control and that the human cells do mediate some exchange of intracellular or viral
material with mouse host PR (Gonzalez-Cordero et al., 2017).

With hESC/hiPSC PR survival in the mouse subretinal space established, the
focus shifted towards assessment of maturation, integration into retinal circuitry and
functionality of the grafted cells. The latter could recently be shown upon transplantation
of 500,000 PR aged D120 into the rd1 mouse, a quickly deteriorating model of end-
stage retinal degeneration (Ribeiro et al., 2021). Here, the authors reported large cell
clusters, which — despite an overall unorganized structure — bore evidence of maturation
in the form of peripherin 2 (PRPH2)-positive nascent human outer segments and
exhibited a close interaction with the murine INL as evidenced by extension of bipolar
cell processes into the graft. Importantly, this resulted in increased light perception of
transplanted animals as read out by the behavioral light-dark box (LDB) assay and
electrophysiological retinal recordings using multi-electrode arrays (MEA). To control for
the possibility of the graft mediating functional improvements by neurotrophic support of
the degenerating host rather than proper integration, Ribeiro et al. in parallel
transplanted dysfunctional cones, which did not lead to significant changes in light-
dependent behavior and retinal electrophysiological responses (Ribeiro et al., 2021).

While single cell suspension transplantations of HRO PR have yet failed to yield
well organized, polarized human PR layers, availability of HROs has also enabled the
more wide-spread application of hESC/hiPSC-derived retinal sheet transplantations.
Due to size considerations, HRO sheet transplantations have mostly been applied to
rats and larger animal models, such as non-human primates (Lin et al., 2018; McLelland
et al., 2018; Shirai et al., 2016; Tu et al., 2018; Watari et al., 2022; Yamasaki et al.,
2022). Similarly to single cell suspensions, extension of host secondary neuron bipolar
processes into the grafts was observed, and importantly, visual improvements could be
detected by MEA, focal electroretinogram, and cortical recordings from the superior
colliculus (Iraha et al., 2018; Lin et al., 2018; McLelland et al., 2018; Tu et al., 2018).
Structurally, the problematic presence of a graft inner retinal layer could recently be
addressed, allowing for a more direct interaction of graft and host neurons (Yamasaki
et al.,, 2022). One common remaining phenotype observed in all grafted sheets is

however the general disorganization and the development of large, intra-graft rosettes,
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within which the maturing IS and OS compartments are located. Mostly, as a hallmark
of a variety of retinal disorders, rosettes were believed to be a sign of retinal dysfunction
and degeneration (Zweifel et al., 2009), unable to sustain light perception due to the
physical separation of PR and in particular their OS from the RPE. Yet here, they seem
to allow light perception to occur and it will be therefore be vital to examine the longterm
survival and functionality of the grafted, rosetting sheets for future applications.

In summary, transplantation of hESC/hiPSC-derived HRO PRs holds great
promise as a potential treatment avenue to re-establish vision in patients with IRDs.
Given the recent advances in gene editing, it has further become possible to generate
patient-specific donor cell lines and rescue the disease-causing mutations. Autologous
transplantation of such lines further reduces the risk for graft rejection and potentially
allows for the use of milder immune-suppressive paradigms. While personalized
medicine is an appealing prospect, the establishment of super donor lines that can be
grafted into many people on the other hand would provide a more efficient treatment
potential with respect to both, time and financing. However, major challenges before
clinical translation still remain, as better knowledge is required on how to enlarge the
retinal area covered, how to ensure graft longterm survival, and, how to increase the

extent of PR maturation and integration into the host retinal circuitry.
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1.4 Aim of this Thesis

Photoreceptor replacement therapy is an exciting potential treatment option for
retinal degenerative diseases. Introduction of functional photoreceptors into the
dysfunctional retina holds the promise to provide healthy, light-sensing cells, which,
upon polarized maturation and integration into the residual host circuitry, have the
capacity to re-establish vision. With the recent availability of large numbers of in vitro
generated human photoreceptors to use as donor cells, research has been given a
tremendous opportunity and task to understand how such a result can be best achieved.
While promising results have already been obtained, a systematic comparison of the
optimal donor population is still lacking. Similarly, most pre-clinical research on human-
to-rodent transplantations utilized end-stage models of retinal degeneration and little is
known about human graft performance in other degeneration stages.

The aim of this thesis was therefore to evaluate the outcome of human retinal
organoid derived photoreceptor transplantation into the cone photoreceptor function
loss 1 mouse model of cone-only retinal degeneration. With particular emphasis on
effects mediated by donor cell age, the focus lay furthermore on the possibility to detect
and characterize differential outcomes instrumental to ultimately obtaining functional

grafts.
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2 Characterization of Crx-mCherry Human Retinal Organoids as

Photoreceptor Cell Source

2.1 Aims

Since their first isolation, a multitude of human embryonic and pluripotent stem
cell (hESC, hiPSC) lines have been created. Together with improvements in human
retinal organoid (HRO) culture, they now allow the generation of large numbers of
human photoreceptors (PRs). Introduction of cell type specific reporter constructs
further allows for the enrichment of select cell types, as has been shown to be beneficial
in PR transplantation studies. To obtain large numbers of human PRs through HRO
culture and subsequent fluorescence-activated cell sorting (FACS), a previously
published photoreceptor-specific reporter hiPSC line was acquired. To ensure that the
cell line could be used as donor cell line for PR transplantation studies, this part of the
study aimed at characterizing its capacity for HRO formation using the in-house protocol,

as well as assessing the specificity of the reporter construct expression.
2.2 Characterization of Crx-mCherry Reporter-expressing Cells

2.2.1  Crx-mCherry expression overlaps with endogenous CRX expression and

increases over time

To be able to enrich for human photoreceptors, here, the human induced
pluripotent stem cell line Crx-mCherry was used for HRO generation (Gagliardi et al.,
2018). Reprogrammed from post-mortem human Miller glia, the Crx-mCherry line
contains a reporter construct expressing an mCherry fluorescent reporter protein, fused
to a histone 2B fragment for nuclear localization, under the control of the murine Crx
promoter. While the Crx-mCherry hiPSC line was already reported to reliably label
photoreceptors (Gagliardi et al., 2018), the expression timeline and target specificity of
the reporter protein was additionally confirmed by co-staining for endogenous CRX.

The Crx-mCherry reporter primarily labelled cells within the neuroepithelial rim,
which were also found to stain positive for CRX (Figure 5A’). Additionally, Crx-mCherry
expression was detected in less organized HRO regions such as the core or accessory
structures, however also there it was found to co-label with endogenous CRX,
confirming that the Crx-mCherry reporter label was indeed consistent with endogenous
CRX expression (not shown).

Crx-mCherry expression was found to be induced between day (D) 30 and D60

in culture (Shastry, 2020). The percentage of Crx-mCherry* nuclei continued to increase
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Figure 5. Crx-mCherry co-localization with CRX and Increase over Time.

A. Crx-mCherry reporter signal and CRX antibody signal in section through an entire D120 human retinal organoid
(HRO) with a magnification of the neuroretinal rim region (A’). B. Increase in Crx-mCherry* nuclear area in the
neuroretinal rim as fraction of total DAPI area over time. Grey values represent analysis of HRO with poor
structure. Adapted from (Shastry, 2020) Scale bars: 100 um.

until D270, representing roughly up to 75% of all organoid cells in the neuroretinal
region. At later stages, the proportion of Crx-mCherry* nuclei appeared again slightly
reduced (ca. 65% at D380, Figure 5B).

2.2.2  Crx-mCherry organoids contain an outer and an inner nuclear layer

While hiPSC are capable of producing HRO containing all retinal cell types, the
largest group of cells present in HRO besides photoreceptors are Miller glia (MG). In
the retina, MG nuclei normally reside in the inner nuclear layer, extending processes
through all layers. Staining for MG markers such as PAX6 and SOX9 showed the correct
localization of MG nuclei in the inner nuclear layer below the CRX* outer nuclear layer
(Figure 6A, B), while CRALBP*/GLAST* MG processes extended throughout the entire
neuroepithelium (Figure 6C). Note that the nuclear MG labels and the Crx-mCherry

signal were exclusive at the timepoint shown, D150 in culture.
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Crx-mCh

Figure 6. Miiller Glia in D150 Crx-mCherry Organoids.

A, B. In Crx-mCherry organoids, Miiller glia nuclei marked by PAX6 (A) and SOX2 (B) correctly localise to the inner
nuclear layer below the Crx-mCherry* outer retinal layer. C. Miller glia cell bodies extend throughout all organoid
layers. Scale bars: A-C 100 um; A’-C" 10 um.

2.2.3  Crx-mCherry* cells express early and mature rod and cone markers

As an early and continuously active transcription factor inducing photoreceptor
fate, CRX expression should be detectable in retinal progenitor cells, rods and cones.
In HRO cryosections of D300 HROs, Crx-mCherry in the outer nuclear layer (ONL,
Figure 7A) of the neuroepithelium was accordingly found to co-localise with the rod
specific transcription factor NRL (Figure 7B) or surrounded by the cytosolic cone marker
ARRS3 (Figure 7C). As consistent with the in vivo situation, the cones localized to the

outer, and the rods localized to the inner portion of the PR layer. Sometimes, Crx-

Figure 7. Crx-mCherry* Cells express Early Rod and Cone Markers.

A-C. D300 HRO showing Crx-mCherry expression in the ONL (A, A’) colocalizing with NRL expression (B, B’) in the
inner ONL portion. In the outer ONL portion, the Crx-mCherry signal is surrounded by expression of ARR3, a
cytosolic cone marker (C, C’). Crx-mCherry* cells in the HRO core occcasionally also co-label for photorecepotor
markers (A”,C”). Scale bars: A-F 100 um; A’-C’, A”-C” 10 um.
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mCherry* cells that were negative for either rod- or cone marker were detected at this
late stage. This was however usually only the case for low numbers of Crx-mCherry* in
the core structure of the HRO, not the neuroepithelial rim (Figure 7B”, C”).

Mature functional PRs have a highly asymmetric structure, and consist of four
distinct compartments, amongst which the inner and outer segments (IS and OS) are
particularly important for light detection. Within the OS, PR-specific opsin photopigments
are enriched, with rhodopsin (RHO) expressed in rods, and long-, medium- or short-
wave opsin expressed in human cones (OPN1LW, OPN1MW, OPN1SW respectively).
In HRO cryosections, OPN1L/MW staining can be seen in cell bodies surrounding Crx-
mCherry nuclei (Figure 8A) and enriched (bright staining) towards the apical border of
the HRO. Looking at an HRO wholemount from the top, the distribution of OPN1L/MW*
and OPN1SW? cell bodies can be seen, with OPN1L/MW cells appearing to outnumber
OPN1SW cones (Figure 8B).

Similarly, apically enriched RHO staining is also visible in an HRO cryosection
(Figure 8C) and an HRO wholemount co-stained with the pan-PR marker RCVRN

(Figure 8D). While cytosolic RHO staining is present, its strong enrichment towards a

DAPI
DAPI

DAPI
DAPI

Crx-mCherry ««

Figure 8. Crx-mCherry* Cells express Mature Photoreceptor Markers.
A, C. D150 HRO cryosections stained for cone (A) and rod (C) opsins. B, D. D200 HRO wholemounts looking at the
organoid surface (apical PR side) from the top, stained for cone (B) and rod (D) opsins. Scale bars: all 100 pum.
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prospective OS makes the cytosolic label and the association with the Crx-mCherry

nuclei difficult to appreciate (Figure 8C, RHO single channel).

2.2.4  Crx-mCherry* cells do not express proliferation markers

Here, the goal for Crx-mCherry HRO generation was the enrichment for Crx-
mCherry* photoreceptors and their transplantation into the murine retina. Due to the
xenografic nature of the transplantation, survival of the Crx-mCherry* cells in the host
animals requires local immune suppression. This can in turn enhance the risk for
teratoma formation, should proliferative cells be contained in the transplant cell

suspension. Assessment of proliferation in Crx-mCherry organoids showed that in

D120

D140

D200

D270

D300

Figure 9. Decrease in KI67* Cell Number during Organoid Maturation.

A-E. Crx-mCherry and K167 staining of HROs from D120 to D300 with magnifications in A’-E’. The vast majority of
KI67* proliferative cells is Crx-mCherry- (arrows), while only a few nuclei in A’ and B’ show double-labeling
(arrowheads). Scale bars: A-E 100 um; A’-E’ 10 um.
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HROs younger than D200, occasional co-staining of Crx-mCherry with KI67 could be
detected (Figure 9, A’, B’, arrowheads). The majority of KI67 signal was however
exclusive with Crx-mCherry fluorescence (Figure 9, A’-E’, arrows) and overall, the
proliferative potential of the HRO drastically decreased between D140 and D200 (Figure
9).

2.3 Enrichment and Characterization of Crx-mCherry* Donor Cells

2.3.1  Enrichment of Crx-mCherry* cells by FACS

To enrich for Crx-mCherry* cells, HRO were dissociated and submitted to flow
cytometry. Gating out cell debris and duplets by forward and sideward scatter, as well
as dead cells by DAPI exclusion yielded a population of live single cells (see methods
section 8.3.2.2 for details on gating). This population contained true mCherry™ cells, but
also auto-fluorescent cells, as defined by their double-positivity in the mCherry channel
and in a second channel, which was either GFP- or FarRed-detecting. To reliably select
mCherry* cells, mCherry fluorescence was therefore plotted against either fluorescence
channel and only mCherry*/autofluorescence™ cells were selected. The auto-fluorescent
intensity increased with HRO age, yet its percentage decreased over time.

Over the course of HRO development the percentage of mCherry* cells in the
live singlets increased from ca. 30% at D90 to on average 73% at D200, after which it
did not seem to increase further (Figure 10). FACS successfully enriched for mCherry*

cells at all ages, gaining a population with 97% to 99% purity (Figure 10).
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Figure 10. Percentage of Crx-mCherry* cells before and after FACS enrichment.

Percentage of Crx-mCherry* cells as measured by flow cytometry before and after sorting over the course of HRO
development. Note that fewer datapoints are present after sorting, as some samples were only analysed, not
sorted.
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2.3.2  Characterization of Crx-mCherry enriched cells by single cell sequencing

Sorted Crx-mCherry® cells were analyzed for cell identity by single cell
sequencing over the course of development at ages D100, D200, D270 and D370.
Clustering and manual cell type annotation from known marker genes allowed the
identification of cones, rods and Miiller glia (MG, Figure 11A-C, E). Two other clusters
could not be precisely mapped to a specific cell type as they seemed to contain a mixed
population of cells, expressing e.g. bipolar cell (e.g. GSG1, Figure 11D, E) MG genes
as well as transcripts present in late neurogenic human retinal progenitor cells and
cones (e.g. PLP1, SOX4 and DCT respectively, data not shown). Their identification
requires further analysis and the clusters were hence both termed “other”.

Surprisingly, at D100 only 40% of mCherry* cells were found to be clearly
identifiable as photoreceptors, with 37% cones and 3% rods (Figure 11F). A small
fraction (6%) of Crx-mCherry* cells at D100 was found to be MG, while the majority of
cells (54%) at that timepoint were of the “other” type. Importantly, one of the two “other”
clusters consisted almost entirely of D100 cells, as can be seen on the UMAP color-
coded for cell age (Figure 11G, red cluster on the left). At D200, the MG cluster was
reduced to 4%, and completely absent at later stages. The “other” cluster similarly
decreased in number over time, representing only 31%, 19% and 11% of cells at D200,

D270 and D370. Accordingly, the percentage of photoreceptors increased steadily to
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Figure 11. Transcriptome Analysis of HRO Crx-mCherry* Cells by Single Cell Sequencing.

A-D. UMAP plot showing normalised expression levels of representative cell type marker genes allowing the
manual identification of clusters containing mainly cones (A, ARR3), rods (B, SAG) and MG (C, VIM) or a mix of
cells such as bipolar cells (D, GSG1). E. UMAP plot color-coded for cell types as manually identified. F.
Quantification of cell type fractions per HRO age. G. UMAP plot color-coded for HRO age.
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66%, 81% and 89% until D370, at which point there were 66% cones and 23% rods.
The proportion of cones was consistently higher than the proportion of rods across all

timepoints.

2.3.3  Characterization of D200 Crx-mCherry-enriched cells by immunocytochemistry

As single cell sequencing measures the presence of transcripts, it is important
to validate these findings by detecting the presence of the respective proteins. To
assess the donor cell population further, unsorted, positive and negative sorted cells
from HRO at D200 were thus assessed by immunocytochemistry (ICC). ICC confirmed
the enrichment of Crx-mCherry* cells from on average 68% to 94% in the positive
fraction, while the negative fraction only retained 11% of Crx-mCherry* cells (Figure 12).
Similar to the results from single cell sequencing, at D200 65% of the positive fraction
were photoreceptors, as measured by expression of the pan-photoreceptor marker
RCVRN. This represented an increase of 19% from the unsorted fraction. ICC also
confirmed that the majority of D200 Crx-mCherry* photoreceptors were cones, as 35%
of the unsorted and 46% of the positive fraction were labelled with the antibody against
ARRS3. The negative fraction was almost entirely depleted of photoreceptors, as only 3%
of cells were positive for RCVRN and ARR3. Unfortunately, markers for other cell types
could not successfully be stained, leaving the remaining 35% of cells in the positive

fraction unidentified.

_ mCherry* _ RCVRN* _ ARR3*
120 I Lk 1 ) Lk 1 I LLs 1
¥* % %k ok * % % ek n.s. * %k
[ I 1 I 1 1 I 1T 1
100 , S
— #\ Dissociation
% 80 & o KT05-3
(&) m@ A o KT05-4
= \ KT05-5
< 60 A .
% o & A P o KT06-1
3 4 o KT06-2
%- 40 = ca KT06-3
> ) - A o KT06-4
B 20 ! A o KT06-5
e 1w SL03-1
=
=] L09-1
0 . b g | e
uns pos neg uns pos neg uns pos neg
Fraction

Figure 12. Assessment of D200 Sorting for Crx-mCherry by ICC.

Quantification of mCherry and cell type marker expression in D200 cell suspension fractions before FACS
(unsorted, uns), and after sorting for mCherry positive (pos) and mCherry negative (neg). Hollow symbols and
bars show mean=SE, n.s. p>0.05, *p<0.05, **p<0.005, ***p<0.0001, see Table 4 for details on statistical test.
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2.4 Summary

Using the optimized in-house human retinal organoid generation protocol, the
Crx-mCherry human iPSC line can be used to reliably generate human retinal organoids
containing all principle intrinsic cells of the retina mainly organized in the typical layered
tissue architecture. Crx-mCherry* cells robustly express endogenous CRX and the
majority stain positive for various photoreceptor markers, with only a small sub-
population of Crx-mCherry* cells in the organoid core not showing photoreceptor-
specific labelling. At D150 in culture, these cells also do not colabel with markers of
Muller glia, the third most prevalent cell type in organoids generated with the present
protocol.

Upon HRO dissociation and sorting, Crx-mCherry® cells could reliably be
enriched. While at D100, roughly 40% of sorted Crx-mCherry* cells were clearly
identifiable as photoreceptors with the majority being cones, that value increased to
almost 90% over the course of development. The remaining cells could not yet be
confidently mapped to a specific cell type, but preliminary data suggests they might
represent a heterogenous population of immature photoreceptors, Miller glia or bipolar
cells. Immunocytochemistry of D200 single cell suspensions validated the photoreceptor
ratios inferred form single cell sequencing results.

Overall, the Crx-mCherry human iPSC line appears as a highly useful source for
the generation of large amounts of reporter-labeled human photoreceptors for

transplantation experiments.
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3 Transplantation of Human Crx-mCherry® Grafts aged D100,
D200 and D300 into Cpfl1 Mice

3.1 Aims

While several laboratories use human retinal organoid (HRO)-derived
photoreceptors for transplantation studies, the optimal donor cell age allowing robust
donor photoreceptor survival, maturation and integration into the host retinal circuitry
after transplantation has not been determined. In addition, most human photoreceptor
transplantation studies so far were aimed at animal models with end-stage retinal
degeneration, i.e. with near to complete loss of the photoreceptor layer. Human retinal
dystrophies however present with various degrees of photoreceptor degeneration at
different stages and not much is known about human photoreceptor transplantation
outcome in less degenerated models.

The aim of this chapter was therefore to assess which developmental stage of
Crx-mCherry* human iPSC-derived photoreceptors would result in a preferable
transplantation outcome upon delivery into the cone-only degeneration Cpfl1 mouse. As
photoreceptor replacement aims at restoring visual transduction and signal transmission
to the host, the optimally desired outcome was defined as mature photoreceptors that

are fully integrated in the host retinal circuitry.

3.2 Crx-mCherry* Cells of all Ages can be Transplanted and Survive in the Murine

Retina

Human Crx-mCherry* cells from developmental stages D100, D200 and D300
were dissociated, enriched using FACS and transplanted into the subretinal space of
adult Cpfl1 mice (Figure 13A, B). Directly following transplantation and every 4 weeks
thereafter the immunosuppressant triamcinolone acetonide was applied intravitreally to
prevent rejection of the xenograft. At 10, 26 or 41 weeks post transplantation (wpt)
experimental eyes were collected and analyzed. These timepoints were chosen to
account for overall age of the cell, i.e. D100+26 weeks (w) is roughly equivalent in age
to D200+10w at around D270 overall. Similarly, D100+41w, D200+26w and D300+10w
grafts are approximately D370 (Figure 13B).

At time of analysis, grafts were found in 97% of experimental eyes (88 of 91),

which represent a highly successful survival rate using the paradigm described.
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Figure 13. Experimental Setup and Timeline.

A. Human retinal organoid (HRO) cells were dissociated and sorted for Crx-mCherry expression. The mCherry-
enriched single cell suspensions were then transplanted subretinally into the Cpfll mouse host, with local
immune suppression through vitreal application of triamcinolone acetonide. B. Experimental timeline showing all
experimental groups, using donor cells of D100, D200 or D300 old HROs. Following up 10, 26 or 41 weeks also
allowed to compare outcomes between grafts of different donor, but similar total age at ~D170, ~D270 and
~D370. FACS: Fluorescence-activated cell sorting, D: day, w: weeks.

3.2.1 Human grafts can be identified by RCVRN staining

While grafted human cells continued to express the Crx-mCherry reporter, the
signal intensity was highly variable and thus difficult to use for quantifications. To
examine differences in graft size between donor ages, detection of the full graft area via
a cytosolic stain was used instead. Staining for RCVRN allowed to detect the cytosol of
both rods and cones (Figure 14A-A”). Although the antibody used is not specific for
human cells, its signal was much stronger in the transplanted cells than in the
endogenous PR (Figure 14A-A”, arrowheads and arrows respectively), making it a

viable option for graft size quantification.

3.2.2 D100 Crx-mCherry* transplants are larger than D200 and D300 grafts

To assess transplant survival, graft size was quantified by measuring the
RCVRN* graft area of every fourth serial section per eye. The resulting value was
multiplied by four and the section thickness to estimate the full volume. Although each
eye received 1 pl of cell suspension containing 150,000 cells, the graft volume differed
strongly between donor ages, with D100 donors resulting in the largest grafts,

irrespective of follow-up timeframe (Figure 14B). Due to the large variation in the data
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Figure 14. Graft Volumes in D100, D200 and D300 Transplants.

A. Human cells identified by nuclear mCherry signal had a stronger RCVRN fluorescence intensity (A, A’, A”
arrowheads) than murine photoreceptors (A’, A” arrows), allowing identification of their cytosol, D200+26w.
B. Total graft volume per eye as quantified by IHC analysis of RCVRN* volume. Colors symbolize different
experiments, i.e. transplantation rounds. Hollow points and bars show mean+SE,*p<0.05, see Table 4 for details
on statistical tests, only significant results from tests irrespective of experimental origin shown. C. Correlations
between graft volume and donor age, time passed since the first transplantation and estimated transplantation
success. D-E. Representative images of grafts with a total age of D370 (D D100+41w, E D200+26w, F D300+10w)
within full retinal sections. D’-F’ show magnified views of the transplants. Scale bars: A, D'-F’ 100 um; A’, A”
10 um; D-F 1 mm. ONL/INL: outer/inner nuclear layer, cc: correlation coefficient, n.s.: not significant.

and samples partially originating from distinct experimental rounds, statistical testing did
not show significant differences in mean graft sizes, except when treating samples from
different experiments as if they were generated from the same one. Then, the means of
D100+10w and D100+26w as well D200+10w and D200+26w samples were found to
differ significantly (p=0.0369 and p=0.0201 respectively, see Table 4 for details on
statistical tests). Representative pictures of grafts with a total age of roughly D370 are
shown in Figure 14D-F’.

To test which factors may have affected the graft size, a correlation analysis was
carried out. Since mostly females animals had been used, no statement can be made

about differences between female and males host. Of the other factors tested, graft size
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was only negatively correlated with donor age, i.e. younger donor cells yielded larger
grafts (p<0.01, Figure 14C). No other factors were found to correlate with graft size, also
not the time passed since the first eye in that round was transplanted (cc = 0.37, p>0.05)
or the transplantation success, i.e. the estimated volume successfully injected into the
subretinal space (cc = 0.08, p>0.05; note that only eyes where >50% of the cell
suspension was successfully delivered were quantified). This has two important
implications: first, it suggests that cells used for transplantation are robust and were
equally capable of surviving in the host at the beginning as at the end of one
transplantation round (i.e. after several hours on ice and multiple resuspensions).
Second, small changes in transplantation volume (mostly an estimated 10-20%) do not

strongly affect graft size.

3.2.3  Graft volume increase over time is not due to in vivo proliferation

From Figure 14 it is noticeable that graft volume decreased from D100+10w to
D100+26w in the CRX01 experiment, however, graft volume at D100+41w was again
larger, albeit not significantly so (2.5x107 ym3, 1.4x10” yum® and 2.0x10” ym?3
respectively). Here, it is important to note that D100+41w samples originated from a

different experiment than D100+10w and D100+26w samples, and the graft size

D100+10w D200+10w D300+10w

DAPI
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Figure 15. Transplanted Crx-mCherry* Cells are Negative for the Proliferation Marker KI67.

A-C. IHC stainings for the proliferation marker KI67 in D100+10w (A), D200+10w (B) and D300+10w (C) grafts.
Only few KI67*/Crx-mCherry- nuclei were found in D100+10w samples (A’, arrows). No KI67* nuclei were found at
other timepoints (B’, C’). Scale bars: A-C 100 um; A’-C’ 10 pum.
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difference might be due to an experimental batch effect. In D200 experiments, the mean
graft size at D200+10w was however significantly smaller than at D200+26w
(0.4x107 um® vs. 1.3x107 um?3), with samples partially originating from the same
experiments. Graft size decrease can be caused by cell death or a decrease in cell size,
while graft size increase can be caused by cell proliferation or an increase in cell size.
Absence of staining for the proliferation marker KI67 indicates lack of proliferation of
Crx-mCherry* cells at the earliest timepoint investigated, 10 wpt (Figure 15). This
suggests that graft size may instead reflect changes in cell size, e.g. with maturation or
graft reorganization. Interestingly, a similar effect of initial graft size decrease followed
by an increase in the long term in the absence of proliferative or inflammatory cells was

recently observed in human-to-dog transplantations (Ripolles-Garcia et al., 2022).
3.3 Graft Morphology differs with Donor Ages

3.3.1 Human grafts can adopt an intraretinal position

Human Crx-mCherry* grafts were found to adopt a variety of positions in the host
retina. Some grafts were found in the subretinal space, seemingly isolated between the
host inner and outer segments (IS/OS) and the retinal pigment epithelium (RPE, Figure
16A and A’’). Other clusters were situated within the IS/OS layer, coming into closer
contact with the host ONL, as seen by direct apposition of donor and host nuclei (Figure
16A and A”). A third group of clusters was placed within the host retina, intraretinally,
with their nuclei interspersed between host nuclei (Figure 16A and A’, see also Figure
14D-F’ and Figure 22. Human Identity of Intraretinal Graft Clusters.).

It is important to note that the vast majority of Crx-mCherry* cells within the host
retina were true human cells and not a result of human-to-mouse material transfer, as
shown below in section 3.5.1 Intraretinal Crx-mCherry+ grafts are largely a result of true
morphological incorporation. While both isolated and apposed phenotypes are already
known from mouse-to-mouse and human-to-mouse transplantations, this was the first
time that large intraretinal or incorporated clusters of photoreceptors have been

decribed upon the use of human donor cells.

3.3.2  Graft positioning changes over time

For the overall goal of photoreceptor transplantation — functional integration into
the host retina — an intraretinal graft position was deemed most beneficial, as it would
most closely mimic healthy tissue structure and allow for interaction with secondary
neurons. To evaluate which donor ages have the highest chance of yielding such a

position, the percentage of intraretinal graft area was measured across all conditions.
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Figure 16. Quantification of Graft Subtypes by Positioning.

A. Example image of grafts present in three different forms: A’ positioned intraretinally, surrounded by host nuclei
(bright DAPI), A” apposed, directly bordering host nuclei and A’ isolated, without direct contact to host ONL cells
and their nuclei. B. Quantification of graft area present as incorporated. For details on quantification refer to
methods section 8.3.5.2. Hollow circles and bars show mean+SE, *p<0.05, see Table 4 for details on statistical
tests, only significant results from tests irrespective of experimental origin are shown. Scale bars: A 100 um, A’-
A’ 10 um. RPE: Retinal pigment epithelium, ONL/INL: Outer/inner nuclear layer.

While there was almost no intraretinal graft localization in D100+10w and D300+10w
(2% and 1% respectively), D200+10w grafts were already present intraretinally to 10%.
This increased to about a third of total graft area for both D100+26w and D200+26w
samples, and even further to 70% in D100+41w samples (Figure 16B). Statistical testing
did not show those differences to be significant, except when treating samples from
different experiments as if they were generated from the same one. In that case, the
means of D100 samples were found to differ significantly overall (p=0.0379) and when
comparing D100+10w with D100+41w (p=0.0234). Similarly, when disregarding
experimental origin of samples, D200+10w and D200+26w means were significantly
different (p=0.0294, see Table 4 for details on statistical tests).

3.3.3 Qualitative differences in graft morphology between donor ages

In addition to the measured difference in graft positioning, there were also
obvious differences in graft morphology between the different donor ages from visual
inspection (see also Figure 14D-F’). The D100 grafts often appeared as single clusters
that were large, round, and contained highly autofluorescent speckles as well as

occasionally pigment debris (Figure 17A). Several clusters seemed enwrapped by what

38



Transplantation of Human Crx-mCherry+ Grafts aged D100, D200 and D300 into Cpfl1 Mice
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Figure 17. General Morphology of D100 Grafts.

A-D. Typical features of D100 transplants. A. D100 grafts often contained material that was autofluorescent in
the Cy2 channel (A”’). Only few hMITO enriched protrusions were seen (A”’), D100+41w. B. Staining for Miller glia
markers CRALBP/GLAST indicated that D100 grafts might be enwrapped by a gliotic seal (arrow), D100+26w. C.
TEM analysis of a D100+41w sample similarly shows enwrapment by MG processes (Cii, cyan overlay) with apical
microvili and tight junctions. D. Occasionally, D100 grafts seemed to have a negative impact on the neighbouring
RPE and choroid, whose structure and pigmentation were disturbed (region between arrows) in comparison to
regions away from the graft site (arrowhead), D100+26w. Scale bars: A, B, C, D 100 um; A’, A’, B’, Ci 10 um; Cii
1pum.

initially seemed like extracellular matrix material, as it stained unspecifically with
secondary antibodies detecting mouse. Additional staining for Mdller glia (MG) markers
CRALBP/GLAST as well as EM analysis however suggested it could rather be a gliotic
seal enwrapping the graft (Figure 17B, B’, C-Cii). It was further noted that the presence
of D100 derived cells was often accompanied by an aberration in RPE and/or choroidal
integrity (Figure 17D) compared to neighbouring regions without an underlying graft.
Due to constraints in donor material, only two eyes containing D300 transplants
were assessed by IHC. In both cases the grafts were an elongated, thin layer of cells
positioned in the subretinal space (Figure 18), where they extended numerous slim
processes towards the RPE, seemingly even stretching between RPE cells (Figure
18A’). D300 transplants were neither “enwrapped” nor contained noticeable
autofluorescent speckles. Occasionally, grafts were in direct contact with the host ONL

and were able to form mitochondria-rich bulbous outgrowths (Figure 18B, B’, arrows).
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Figure 18. General Morphology of D300 Grafts.

A. D300 grafts were comparatively thin, elongated and mostly positioned in the subretinal space, without Cy2
autofluorescent speckles. Note the extension of RCVRN* processes towards the RPE (A’, arrows). B. D300 grafts
occasionally contacted the host retina and were able to form hMITO-rich outgrowths (B’, arrows). Scale bars: A,
B 100 um; A’, B’ 10 pum.

D200 grafts only occasionally contained autofluorescent speckles or pigmented
structures, and their surface was rarely observed to be as smooth as seen in D100
samples, but rather uneven with many cellular outgrowths (Figure 19A, B). Upon closer
inspection it was found that these outgrowths were highly enriched for mitochondria,
which, in photoreceptors, is a feature of inner segments. While this structure was most
frequently observed in D200 samples, mitochondria-rich outgrowths could principally be

formed by donor cells from all ages (see also Figure 17A”, Figure 18B’).
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Figure 19. General Morphology of D200 Grafts.

A. D200 Transplants exhibited neither autofluorescent speckles in the Cy2 channel nor the enwrapping seen in
D100 grafts, D200+10w. B. Instead, their surface was more rugged and contained many hMITO-rich protrusions,
D200+26w. Scale bars: A, B 100 um, B’ 10 um.
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3.4 Graft Maturation

3.4.1 D200 but not D100 or D300 grafts develop large quantities of inner segments

The accumulation of human mitochondria in bulbous outgrowths directed
towards the RPE (Figure 20A) was highly reminiscent of inner segment (IS) formation,
an important morphological feature towards obtaining properly polarized and potentially
functional photoreceptors. Ultrastructural analysis by EM confirmed the hypothesis that

the mitochondria-rich outgrowths were human IS through their ultrastructural
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Figure 20. Inner Segments in IHC and EM and Their Quantification in D100, D200 and D300 Grafts.
A. Bulbous human mitochondria-rich outgrowths from Crx-mCherry* cells are enriched towards the RPE,
200+26w. A’. Human nuclei are evenly DAPI*, while A” murine nuclei contain a bright inverted nucleus (rods) or
several chromocenters (INL nuclei, most likely bipolar cells), see also section 3.5.1. B. A cluster of human cells,
identified by nuclear size and organization, positioned intraretinally with mitochondria-packed bulbous
outgrowths towards the RPE. B’. Human inner segments (IS) were found to extend from the cytosol of human
cells. B”. Mouse rod nuclei (densely packed heterochromatin) and mouse IS (smaller than human IS, mitochondria
distributed along plasma membrane) for comparison. C. Quantification of IS formation from IHC in D100, D200
and D300, normalized to estimated cell number. *p<0.05, see Table 4 for details on statistical tests, only significant
results from tests disregarding experimental origin are shown. Hollow circles and bars show mean+SE. Scale bars:
A, B20 um; A’, A”, B’, B” 5 um.
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morphology, and additionally by their continuity with the cytosol of human cells identified
through nuclear size and structure (Figure 20B). Human origin of cells in EM was
additionally confirmed by immunogold labeling (Figure 23, see also section 3.5.1).
Quantification showed that D200 grafts indeed generated a much higher number
of IS than D100 transplants at all timepoints examined (D100: 0.001; 0.009; 0.017 IS
per cell at +10w; +26w; +41w; D200: 0.05; 0.13 IS per estimated cell number at +10w;
+26w; Figure 20). This shows that IS formation did not follow the same distribution as
intraretinal positioning, as D100 samples had a larger intraretinal graft area. Importantly,
this suggests that qualitative differences exist between intraretinal grafts of different
donor ages that might affect their maturation capacity. This could be due directly to graft
developmental stage, transplant composition or indirectly due to a varying interactions

with the host tissue.

3.4.2 Innersegment development is associated with close proximity to the host retina

Although intraretinal graft formation did not reliably correlate with IS generation,
IS were mainly observed in graft areas with a direct connection to the host ONL. To
quantify the possible dependance of IS formation on a direct connection to the host
retina, IS counts were binned into two categories, i.e. proximal and distal. Proximal IS

were defined as generated from intraretinal grafts or apposed grafts within 50 um of the
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Figure 21. Inner Segment Development in Proximal and Distal Grafts.

A. Example for IS quantification in dependance on ONL contact. IS can be identified through hMITO and RCVRN
labelling of outgrowths from the Crx-mCherry* and RCVRN* graft. Inner segment (IS) were considered proximal
(light blue x) within 50 um (red bar) of graft-host contact points, and distal (dark blue x) beyond 50 um (A’, A”).
B. Quantification of proximal (pro) and distal (dis) IS normalised to cell number. Hollow circles and bars show
meantSE, grey dotted lines connect data from the same eyes. C. Amounts of proximal IS in percent of total IS
number. *p,qi<0.05, see Table 4 for details on statistical tests, only significant results from test disregarding
experimental origin are shown. Scale bars: A 100 pm; A’, A” 10 um.
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contact point. Distal IS referred to IS formed by subretinal clusters and within apposed
grafts beyond 50 ym of the contact points (Figure 21A). Quantification confirmed that
the vast majority of IS were indeed proximal IS (Figure 21B, C). suggesting that a close

interaction with the host retina is required to form high numbers of IS.
3.5 Human ldentity of Intraretinal Grafts

3.5.1 Intraretinal Crx-mCherry* grafts are largely a result of true morphological

incorporation

It is important to note that vast majority of Crx-mCherry* cells within the host
retina were true human cells and not a result of human-to-mouse material transfer. This
was inferred from several indicators: Nuclear size, nuclear stucture, human-specific
antibody labelling in both immunohistochemistry and electon microscopy, and human-
specific transcriptome of Crx-mCherry* cells re-isolated from the mouse eye (see Figure
33. Single Cell Transcriptome Analysis of Ex Vivo and In Vitro Crx-mCherry+ Cells. See
also sections 4.3.5 and 4.3.6). While the gold standard to detect material transfer is Y-
chromosome probing upon sex-mismatched transplantations, this was not employed
here as both the Crx-mCherry hiPSC line and most host animals were female.

Human PR nuclei are reported to have up to twice the diameter of murine PRs
with 9-13 um versus 6-6.5 um respectively (Collin et al., 2019; Gonzalez-Cordero et al.,
2017; Ribeiro et al., 2021). Here, nuclear size difference was generally assessed
visually by direct comparison of the nuclei assumed to be human with those of
neighbouring murine rods (Figure 22A, B, C). In addition, nuclear diameter was
exemplarily sampled from RCVRN-labeled grafts of two eyes by measuring per cell area
of the nuclear mCherry signal, which yielded an average nuclear diameter of 8.5 um.
Although a more thorough analysis is required to accurately measure the mean graft
nuclear diameter and its distribution in the present data, this measurement confirms
human nuclear size of the cells regarded as human transplant.

Beyond size, human PR and murine retina cells differ strongly with regards to
their nuclear architecture. As such, murine rods, bipolar and ganglion cells exhibit DAPI-
bright heterochromatin speckles (Solovei et al., 2009), a feature not observed in human
PRs (Figure 22A, B). In murine rods, the heterochromatin is even more concentrated,
as it forms a single heterochromatin center in the nuclear core, yielding an inverted
nucleus. This makes murine rods, which are the most prevalent cell type in the mouse
retina, particularly easy to discern from human PRs (Solovei et al., 2009). The striking
difference in nuclear architecture is a helpful indicator of human graft identity in

immunohistochemical stainings (Figure 22C). Additionally, in electron microscopy
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Human Retinal Org.

DAPI Crx-mCherry

Mouse Retina

Figure 22. Human Identity of Intraretinal Graft Clusters.

A. Large human retinal organoid photoreceptors show an even distribution of DAPI staining. B. The smaller mouse
rods show an inverted nuclear architecture with a bright, heterochromatin center. Inner nuclear layer neurons
contain several bright heterochromatin centers. C, C’. Human grafts identified by Crx-mCherry signal are
additionally recognizable by their nuclear size and morphology. Note that nuclei with heterochromatin speckles
in the graft do not exhibit Crx-mCherry fluorescence (C’, arrows). D. Human-specific labelling of an intraretinal
transplant again recognizable through nuclear size and morphology by staining with antibodies against KU80 and
ARR3. E. Human specificity of KU8O antibdy which only labels Crx-mCherry* grafted cells. F. Human specificity of
ARR3 antibody which shows no cone-specific signal in the wildtype mouse retina, despite presence of cones as
detected by OPN1L/MW. Overexposure of ARR3 shows diffuse background labeling only. Scale bars: all 10 um.
Org.: organoid, h.sp.: human specific, ox.: overexpressed.

images, the electron-dense heterochromatin can be seen as well and, together with
nuclear size, allows clear distinction of mouse rods from human cells (Figure 20B’, B”).
In EM, human cell identity was furthermore confirmed by nanogold labeling (Figure 23).

Many antibodies used throughout this study stain both, human and murine
protein. Several antibodies used are however human-specific, most importantly the
antibodies against ARR3 and hMITO. As such, human specificity of the hMITO antibody
can be seen by absence of labeling in the mouse retina (Figure 14D-F’, Figure 18B, B’,
Figure 19B, B’, Figure 20A-A”). Human specificity of the ARR3 antibody is additionally

shown in Figure 22D, where it labels only cells recognizable as human through nuclear
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size and morphology as well as human-specific labeling with anti-KU80. Both KU80 do

not exhibit background staining of the murine retina (Figure 22E, F).

Host Retina

Figure 23. Nanogold Labeling of Human Nuclei in EM.

Murine rods (blue overlay) show dense nuclear packing with long inner and outer segments extending into the
subretinal space, while the material on their left does clearly not consist of murine rods. Here, human cells (orange
overlay) do not show inner segments (D100+26w), yet are identifiable by nanogold labeling against the nuclear-
localized mCherry reporter (black dots in vi, vii). Scale bars: i 20 um; ii, iii 2 um; iv-vii 200 nm.

3.5.2 Rare indications of potential human-to-mouse material transfer

As described above, cell species identity was inferred from several factors,
including Crx-mCherry® signal, human-specific antibody staining and nuclear
architecture, allowing to confidently speak of true human identity and morphological
incorporation for the vast majority of observations. However, on extremely rare
occasions, mismatches between these indicators were observed. As such, strongly
positive RCVRN cell bodies of murine morphology were found to surround nuclei of
murine architecture (Figure 24A, B, arrows in A”, B’). While the RCVRN antibody used
is not human-specific, it labels human PRs much more strongly than mouse PRs (Figure
14A), with its intensity here mirroring that of isolated human cells in the subretinal space
(Figure 24A, B). In one example, the putative recipient mouse cell additionally contained
material positive for human mitochondria labeling (Figure 24A™, arrowheads).
Interestingly, both examples shown mirror the setting observed upon mouse-to-mouse
material transfer (Figure 4), where recipient host cells are mostly located closely
beneath clusters of donor cells in the subretinal space. Here, human cells can also be
identified in close proximity and direct contact to the putative recipient cells (Figure 24A”,
Crx-mCherry signal, B).

While these observations are indicative of human-to-mouse material transfer,
they are no proof and further examination is required to reliably determine whether

human-to-mouse material transfer occurs at all and if so, at what rate.
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Figure 24. Potential Occurrences of Human-to-Mouse Material Transfer.

A, B. Presence of highly RCVRN* cell bodies in the host retina with murine nuclear morphology (arrows) but lack
of Crx-mCherry signal (A’”, B’) indicates potential human-to-mouse material transfer. While not a human-specific
antibody, the RCVRN intensity mirrors that of human subretinal cells, which are positioned in close proximity and
with direct contact to the putative recipient cells (A, A”, B, B’). Co-localization of RCVRN and human mitochondria
(arrowheads in A”) supports the notion of human-to-mouse material transfer having occurred. Scale bars: A, A’,

B 100 um; A”, A’’, B’ 10 um.
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3.6 Summary

Human retinal organoid-derived Crx-mCherry* cells can successfully be enriched
by FACS and transplanted into the mouse subretinal space, where they survive, partially
incorporate and begin to mature. Depending on donor age, the composition of the Crx-
mCherry* cell suspension varies. Consequently, significant differences were found with
regards to transplant morphology, size, positioning and capacity to generate inner
segments when comparing the different donor ages D100, D200 and D300. Inner
segment formation correlated strongly with graft-host proximity, yet despite not having
the highest rate of intraretinal positioning, D200+26w cells produced the highest number
of inner segments, as normalized to the estimated surviving cell number. This suggests
D200 to be the preferential age for transplantation of Crx-mCherry* cells.

While on rare occasions stainings suggested the possibility of human-to-mouse
material transfer, it is important to note that this interpretation awaits confirmation. The
large-scale intraretinal positioning observed was instead mostly a result of true

morphological incorporation of human photoreceptors into the murine host.
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4 In Depth Characterization of Transplanted D200 Crx-mCherry*
Cells

41 Aims

Considering D200 donor cells have the highest propensity for IS formation, they
appear to be of the most promising developmental stage for cell transplantation studies.
However, it is unknown how grafts become positioned intraretinally, which interaction
between graft and host tissue is required for IS formation and whether IS-forming grafts
can mature further. The aim of this part of the study was therefore to better understand
the emergence of graft incorporation and to examine graft polarization and maturation

in more detail.

4.2 Early Post Transplantation Dynamics in Graft Positioning and Graft-Host
Interactions

Integration into the host retina is an important prerequisite for human grafted
photoreceptors to potentially connect with the host, mature and become functional. As
shown in the previous chapter, intraretinal positioning alone does not suffice to generate
large quantities of more mature photoreceptor structures such as inner segments, thus,
specific interactions between graft and host appear to be necessary. Therefore, it was
examined to what extent the intraretinal positioning and graft maturation is also

accompanied by graft-host interactions.

4.2.1 Intraretinal and proximal D200 grafts interact with the host retina while isolated

and distal clusters show only little interaction

In the mature retina, photoreceptors have several interaction partners that
support them structurally and functionally. As such, Mdller glia cells (MG) provide a
scaffold, nutrients and, in the case of cones, an alternative recycling pathway for visual
pigment. Bipolar and Horizontal cells (BC and HC), both second order neurons, receive
input from photoreceptors at the synapses in the OPL. Given the close proximity of graft
and host cells in the case of intraretinal clusters, it was next analyzed which interactions
with host retinal cells occur and how the interactions differ between interactive and
isolated graft types.

A high degree of interaction with cytosolic processes from MG (visualized by
GFAP and GS) and rod BC (visualized by PKCA) extending from the host retina was

evident in many regions where grafted cells were located intraretinally or in close
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GFAP DAPI Crx-mCherr GS DAPI Crx-mCherry PKCA DAPI Crx-mCherr

Figure 25. Isolated Grafts interact less with Host Miiller Glia and Bipolar Cells.

A-C. Retinal sections containing isolated (A’, B’, C’) and intraretinal (A”, B”, C”’) transplants show differing levels
of interaction with the graft depending on its position. MG processes (A-A”, B-B”’) and BC processes (C-C”) are in
direct contact with intraretinal but not isolated grafts. Scale bars: A-C 100 um, A’-C"” 10 um.

proximity to the host (Figure 25A-C, A”, B”, C”). Moving further away from areas of
contact between graft and host neuroretina, these interactions were less frequent

(Figure 25B’, C’) and were mostly absent in completely isolated grafts (Figure 25B’, C’)

4.2.2 Incorporation of D200 grafts is first evident at 8 weeks post transplantation

As was shown in Figure 16, ca. 10% of graft area is positioned intraretinally at
D200+10w. To better understand how morphological incorporation is initiated, earlier
stages post transplantation were assessed. Thus, additional experimental eyes were
sampled at 2, 4, 6, and 8 weeks post transplantation (wpt) to examine changes in the
early timeline. Quantified as before, they are shown together with the previous
D200+10w data in Figure 26. D200+2w samples could not be directly compared due to
a different staining being used.

The average graft volume as measured by RCVRN" area remained mainly in the
same range over all timepoints examined (Figure 26A). It is however important to note
that graft size in CRX12 samples was significantly smaller compared to CRX14 samples,
(adjusted p-value pagi=0.0289) and that the differences between experimental rounds in
total contributed to 32% of the variation in the data, while the follow-up timeframe only
contributed to 6% (Two-way ANOVA, see Table 4. Statistical Analyses for details).

With smaller graft size, the relative incorporated area was also smaller,
representing only 0.7% of the total area in CRX12 D200+8w, but 2.8% of the total area
in CRX14 D200+8w samples. Despite the mean incorporated area increasing over time,
it can also be noted that there was a large divergence between eyes, with some eyes
reaching up to ~30% incorporated area at D200+10w, while others only reached ~2%

(Figure 26B). Statistically, incorporation first became significantly evident in D200+8w
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Figure 26. Graft Size and Positioning in D200 Early Timeline Samples.

A. Quantification of graft size in early timeline eyes shows similar overall size distributions at all timepoints.
B. Intraretinal positioning becomes evident from D200+8w onwards. Hollow circles and bars show meanzSE,
*p<0.05, see Table 4 for details on statistical tests, only significant results from tests disregarding experimental
origin are shown.

samples, reaching on average 2% (6 wpt vs. 8 wpt p=0.0210, 4 wpt vs. 6 wpt and 8 wpt
vs. 10 wpt both non significant, Figure 26B). This suggests that the direct incorporation

process, while possibly initiated before, reaches a turning point between 6 and 8 wpt.

4.2.3 Host Miiller glia extend processes into the graft before host bipolar cells

While the incorporated grafts at later stages interact closely with host retinal
cells, it is unclear how and over which timeframe this interaction is established. Staining
of early timeline samples indeed showed that Miiller glia (MG) can extend processes
into subretinally located transplants as early as 2 wpt (Figure 27A, A’). As soon as
intraretinal transplants were observed, MG processes were also found in those (Figure
27A, A’). Similarly, rod bipolar cells also extended processes into the grafts, however at
D200+2w the neurites were not seen to reach the human cells yet (Figure 27B, B’). By
6 wpt and from then onwards, rod bipolar cell extensions were directly in contact with
both intraretinal and proximal human grafts (Figure 27B, B’). To further uncover the
timeframe of direct host BC to graft contact, repetition of staining for 4 wpt samples is

required.

4.2.4 MG staining in D200 grafts originates from host MG

In the early timeline samples, there was a close proximity between graft and host
cells, established e.g. via the extension of MG processes into the human clusters. This
interaction continued and could still be detected at D200+10w and D200+26w (Figure
28A, B). Here, for intraretinal clusters, the MG staining also showed a continuous line

above the human cells, with MG seemingly incorporating the graft into the retina. In
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Crx-mCherry/ARR3 Crx-mCherry/ARR3

Figure 27. Early Interaction with Host Miiller Glia and Bipolar Cells in D200 Grafts.
A, A’. Human graft interaction with GS* Miiller glia processes. B, B’. Human graft interaction with PKCA* rod
bipolar cell processes. Scale bars: A, B 100 um; A’, B’ 10 um.

addition, SOX2*/Crx-mCherry- MG nuclei were found within the human grafts (Figure
28), with SOX2*/Crx-mCherry” nuclei looking strongly deformed and squeezed (Figure
28A’, B’), while SOX27/Crx-mCherry* nuclei had a round or ellipsoid morphology.

While the absence of Crx-driven mCherry in intragraft MG nuclei suggests they
were murine cells that had migrated into the cluster, there was no human-specific
marker for MG cytosol available. Also, although FACS enrichment of donor cells yields
a highly pure Crx-mCherry population, there was the possibility of a contamination with
human Crx-mCherry" MG. To obtain an unambiguous readout, D200 Crx-mCherry* cells
were therefore additionally transplanted into Hes5-GFP mice, which express GFP in MG
cells under control of the Hes5 promoter and resulting sections were stained for SOX2
and a human nuclei specific antibody (HuNu, Figure 28C). Staining showed co-
localization of SOX2 with Hes5-GFP cell bodies in both intraretinal (Figure 28C”’) and
isolated (Figure 28C’) grafts. Human nuclear labelling and SOX2 signal on the contrary
were exclusive, thus confirming that MG cell bodies and processes within human grafts

originated from the recipient mouse retinal tissue.
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D200+10w

D200+26w

Figure 28. Host MG Nuclei are Present in D200 Grafts.

A-B. Intraretinal D200+10w (A) and D200+26w (B) grafts are pervaded by CRALBP/GLAST* MG processes and
contain SOX2* MG nuclei. C. D200+10w grafts in Hes5-GFP mice show that intragraft MG processes and nuclei are
of murine origin. For MG nuclei, this is additionally confirmed by SOX2* nuclei being negative for HuNu. Scale bar:
A, B, C100 um. A’, B, C’, C”" 10 um. HuNu: Human nuclear antigen; mCh: Crx-mCherry.

4.3 Incorporating D200 Grafts Polarize and form Structures of Mature

Photoreceptors

4.3.1 Grafts and host form an outer limiting membrane (OLM)-like structure

While close proximity of grafted cells and host MG is an interesting observation
and suggests the existence of glial support for the human cells, MG and photoreceptor
interdependencies go much further in the healthy retina. One important interaction is the
formation of the outer limiting membrane (OLM), a continuous band of atypic adherens
junction formed between MG and photoreceptors as well as MG and MG. This common
structure gives the retina mechanical strength but also acts as a semipermeable
diffusion barrier between the subretinal and the neuroretinal extracellular space.

In ultrastructural EM images of intraretinal human grafts, electron-dense
junctions were indeed visible in the subapical region, i.e. at the base of the

photoreceptor IS (Figure 29A). Like in the healthy retina, junctions were formed between
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Figure 29. Intraspecies OLM Formation in Intraretinal D200 Grafts.

A. Ultrastructural assessment of intraretinal grafts showed the close association of human photoreceptors and
host Miiller glia (MG) cells, forming electron-dense junctions reminiscent of an OLM between photoreceptors and
MG (Aiii-Avii) and MG and MG (Ai, Aii). B-D. Immunohistochemistry confirmed the presence of ZO1, an
intracellular component of heterotypic adherens junctions in the OLM in both (B) D200+10w and (C, D) D200+26w
samples mostly costaining with GS* MG processes. Scale bars: A 50 um, Ai-Avii 100 nm, B-D 100 um, B’-D’ 10 um.
mCh: Crx-mCherry.

MG and MG (Figure 29A, Ai, Aii) as well as between human photoreceptors and
endogenous MG (Figure 29A, Aiii-Avii). Costaining of the adherens junction marker ZO1
and the MG marker GS showed that the markers mostly overlapped (Figure 29B),
showing the involvement of host MG also in IHC. Occasionally, a continuous ZO1
staining was visible, yet a colocalization with GS was not apparent (Figure 29D). While
this could represent photoreceptor to photoreceptor junctions, it is more likely that GS*

MG processes here were too thin to yield an observable signal.

4.3.2 Inner segment formation occurs where an OLM is formed

While an OLM was often formed at the border of human grafts towards the
subretinal space, its appearance did not guarantee IS formation in the same location.
However, the generation of IS appeared to depend on the presence of an OLM, as
preliminary staining of human mitochondria and ZO1 showed the presence of an OLM

wherever IS were found (Figure 29E, E’, arrows). This correlation is further illustrated in
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an EM image of a D100+26w subretinal graft, which does not show IS formation (Figure
30B, Bi) except in an inverted fashion by a single cell that has extended a process into
the host retina and formed tight and adherens junctions with murine MG (Figure 30Bii,
Biii, arrows). Although still awaiting confirmation by proper analysis, this correlation of
IS and OLM formation strongly suggests the necessity of endogenous MG interacting
with the host cells for proper IS generation.

DAPI mCh/hMITO

Z01 mCh/hMITO

Figure 30. IS Generation correlates with OLM Formation.

A. While an OLM did not warrant the presence of inner segments (IS), IS formation was only found in regions with
an OLM (arrows and A’). B. The depicted isolated D100+26w graft (demarcated by red line) did not generally show
IS formation (Bi), yet a single cell extending into the murine retina generated an inverted, human mitochondria
rich IS (Bii, Biii), coinciding with the formation of tight and adherens junctions with murine MG processes (Biii,
arrows). Scale bars: A 100 um, A’ 10 um, B 20 um, Bi, Bii 5 um, Biii 1 um. mCh: Crx-mCherry.

4.3.3 Incorporating grafts form outer segment-like structures

Mature human photoreceptors perceive light through phototransduction
occurring in the outer segment, a highly specialized primary cilium protruding onwards
from the inner segment via the connecting cilium. As many IS were found, transplants
were further examined for the presence of outer segments.

In cryosections, markers of cone outer segments were found to be expressed
and accumulated neighboring IS, as shown through staining for OPN1L/MW, a marker
for cone-only OS (Figure 31A, B). It is noteworthy to see that despite similar graft
morphology and positioning, the distribution and intensity of OPN1L/MW staining
differed between D200+10w and D200+26w samples. In D200+10w, OPN1L/MW was
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mainly distributed throughout the cone cytosol, whereas in D200+26w, the signal was
strongly enriched within the OS in many cells, suggesting that human cones require a
certain timeframe for proper maturation (Figure 31A’, B’). Also, in D200+26w samples,
there were still several cells with only cytosolic labelling visible, which could be due to
their OS being present in a different imaging plane or due to them not (yet) having
developed an OS.

Unfortunately, the OPN1L/MW antibody used here was not human-specific. The
OS structures were however shown to be human by direct apposition of the OS signal
with human IS and, importantly, through colocalization with human-specific ARR3
staining (Figure 31A’, B’). Furthermore, in EM images, connecting cilia extending from
human IS (Figure 31C-D’) were detected, and Figure 31E, E' shows a stacked but

disorganized OS in very close proximity to a human IS. While the OS species in Figure

OPN1L/MW

D200+10w

D200+26w

D200+26w

Figure 31. Potential Outer Segment Formation in D200 Grafts.

A, B. Expression of the cone outer segment marker OPN1L/MW in D200+10w (A) and D200+26w (B) grafts. While
not a human-specific antibody, the OPN1L/MW marked OS is considered human due to its close proximity to
human inner segments (IS) and colocalization of the signal with human-specific ARR3 (A’, B’, arrows). C-E.
Transmission electron microscopy of human IS and associated indicators of outer segment formation. C, D.
Connecting cilia extending from human IS in the lateral (C’) and cross-sectional (D’) view. E, E’. Close proximity of
an IS and a disorganized outer segment of unknown species. Scale bars: A-B’ 10 um; C-E 5 um, C’-E’ 500 nm.

56



In Depth Characterization of Transplanted D200 Crx-mCherry+ Cells

31E, E’ is not certain, its position suggests it belongs to a photoreceptor from the human
transplant. Unfortunately, no combined IS/OS structure were seen and further

assessment of EM data is required.

4.3.4 Incorporating grafts form synaptic structures

In the healthy retina, photoreceptors are connected with the following secondary
neurons through synapses at the end of their axons. The rod spherules and the cone
pedicles are the site of the first cell-to-cell signal transmission required for vision.
Similarly, to re-establish vision after cell transplantation, grafted cells need to form
synapses with host secondary neurons in order to integrate into the host retinal circuitry.
Therefore, the possibility of synapse formation was examined in D200+26w samples.

Staining with antibodies for the presynaptic protein CTBP2, a component of the
ribbon synapse, showed presynaptic structures within human grafts in close apposition
to MGLURSG, a postsynaptic receptor typically expressed on ON rod bipolar cells (Figure
32A-A”). Orthogonal views of maximum intensity projected image stacks confirmed the
colocalization of CTBP2 and MGLURG6 with human-specific ARR3 staining also in the z-
plane (Figure 32C, C’). The apparent colocalization of the postsynaptic MGLURG with
the presynaptic cytosol might be due to the insufficient microscopy resolution, unable to
resolve the presynapse itself from the thin bipolar cell processes invaginating the cone
photoreceptor pedicle. However, the presence of other synapses seemingly colocalizing
in the maximum intensity projected stack with the human cytosol but not in the z-view
warrant careful examination of similar stainings (Figure 32C, C”).

In addition to immunohistochemical analysis, presynaptic structures were also
found in electron microscopy analysis (Figure 32B-Biii). Here, ribbons and synaptic
vesicles were found within human cell clusters as identified by nuclear size and structure
(Figure 32B, B’, blue overlay). While this again does not undoubtedly prove human
identity of the presynapses, the localisation strongly mimics the staining pattern seen in
IHC, where synapses were found to accumulate in cytosolic clusters within the human
grafts, away from murine photoreceptors (compare Figure 32A-A”). Additionally, the
phenotype observed is highly reminiscent of that seen upon transplantation of a cone-
specific reporter cell line, where immunogold labeling indeed confirmed the human origin

of the presynaptic ribbons (Gasparini et al., 2022).
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Crx-mCherry CTBP2 MGLURG

'

Figure 32. Formation of Synaptic Structures within Human Grafts.

A. Intraretinal human grafts show dispersed labelling for pre- and and directly apposed postsynaptic markers
CTBP2 and MGLURG within the graft. Notice the characteristic horseshoe shape of the presynaptic label also in A”
and A”. B. EM images confirm the presence of ribbon synapses (magenta overlay, Bi-Biii) in human clusters (blue
overlay for human nuclei, B, B’) with many vesicles docked or present in the near vicinity. The localisation of the
presynaptic structure mirrors the synapse positioning observed in A. C. Maximum intensity projected image with
adjunct side views of the z-stack show that some synapses colocalise with cytosolic human cone staining in z (C’)
while others do not (C”). Scale bars: A 100 um; A’, A”, B 10 um; B’, Bi-Biii 500 nm; C 10 um; C’, C” 1 um.

4.3.5 Transplanted Crx-mCherry* cells become enriched for cones

In order to examine human grafts in more detail beyond immunohistochemistry,
transplanted cells were retrieved from the murine retina, re-sorted for Crx-mCherry*
expression and submitted to single cell sequencing (scSeq). The transplanted, “ex vivo”
cells were then compared with “in vitro” age-matched Crx-mCherry* cells collected
directly from human retinal organoids. The data shown in Figure 33 thus contains the
D200, D270 and D370 in vitro data already shown in Figure 11, now combined and
clustered anew together with the D200-derived ex vivo samples.

As before, cones and rods were clearly identifiable (Figure 33A, B, E), however

now a small subpopulation of bipolar cells was also distinguishable (Figure 33C, E),
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while a negligible number of MG cells was found in the D200 donor cell population only
(Figure 33D, E, H, I). Furthermore, another cluster was defined by low expression of
mitochondrial genes, hence termed “lowMT” (Figure 33E, G). While a portion of lowMT
cells also expressed some photoreceptor markers (Figure 33A, E), their expression level
was generally below that of cone and rod cells with higher mitochondrial content,
suggesting some lowMT cells might represent immature photoreceptors. While detailed
analysis of cell types present in the lowMT cluster is still required, interestingly, it was
found to consist almost exclusively of in vitro cells of all ages (Figure 33G-I), suggesting
that the murine retinal environment might increase photoreceptor-specific gene
expression and mitochondrial metabolism. The few ex vivo lowMT cells on the other
hand might represent immature photoreceptors, e.g. originating from isolated clusters.
Preliminary analysis looking at in vitro versus ex vivo Crx-mCherry* cells showed

a strong difference in relative cell type ratios. While D200 in vitro samples contained

.
o e

ARR3 SAG CA10 VIM
E BC F Cell Type Cones Rods BC lowMT
Rods inVit 200
inVit Q
k= 270 =
lowMT 2 exViv Z
le] @
inVit =
Cones Cell Type 370
Cones exViv
Rod
S 0 20 40 60 80 100
lowMT Contribution [%)]

Origin
® in vitro
' ex vivo

Cell Age [d]
* 200

® 270
@ 370

Figure 33. Single Cell Transcriptome Analysis of Ex Vivo and In Vitro Crx-mCherry* Cells.

A-D. UMAP plots of D200, D270 and D370 in vitro and ex vivo samples coloured for expression levels of exemplary
cell-type specific marker genes for cones (ARR3, A), rods, (SAG, B), bipolar cells (CA10, C) and Miiller glia (VIM, D).
Each dot represents a single cell, coloured by normalised and log-transformed expression levels. E. UMAP plot
color-coded for cell types as manually identified. F. Quantification of cell type fractions dependant on total cell
age and origin. G-1. UMAP plots color-coded for further relevant cell characteristics showing mitochondrial RNA
content (G), total cell age (H) and cell origin (1). BC: bipolar cells; lowMT: low mitochondrial content; inVit: in vitro;
exViv: ex vivo.
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roughly 40% cones and 25% rods, in D270 ex vivo samples (D200+10w) this ratio was
shifted towards 78% cones and only 10% rods (Figure 33F). The divergence was further
increased at D370 (D200+26w), where 96% of ex vivo cells were identified as cones
and only 2% as rods. The single cell sequencing data hence mirrored the previous
immunohistochemical stainings, which showed virtually all transplanted human cells
labelling positive for the cytosolic cone marker ARR3 (e.g. Figure 25, Figure 27).

The surprising increase in the ratio of cones to rods after transplantation could
be due to a better survival of cones within the murine retinal environment or during the
transplantation procedure itself. Increased cell age alone however did not explain the
change in cone to rod ratio, as in D270 and D370 in vitro samples roughly similar
amounts of cones (48% at D270 and 50% at D370) and an even higher amount of rods
at the later stage (18% at D270 and 27% at D370) were detected (Figure 33F).

4.3.6  Higher levels of mature photoreceptor markers in ex vivo compared to in vitro

cones

To detect changes in cone gene expression in dependence on environmental
conditions, differential gene expression analysis comparing D370 in vitro and ex vivo
cones was performed. The resulting genes were used to identify statistically
overrepresented gene ontology (GO) terms, which indicate common functions of
differentially expressed genes. Here, only GO terms of the first hierarchical order are
shown to reduce repetitions (Figure 34A).

GO term analysis of genes upregulated in ex vivo cells identified an increase in
genes required for mitochondrial respiratory chain formation and function, e.g. “electron
transport coupled proton transport (GO:0015990)” or “mitochondrial respiratory chain
complex | assembly (GO:0032981)”, suggesting an overall increase in mitochondrial
number and activity (Figure 34A). Conversely, in D370 in vitro cells, the biological
processes “canonical glycolysis (GO:0061621)” and “positive regulation of ATP
biosynthetic process (GO:2001171)” were more prevalent. This, together with increased
mitochondria numbers in vivo, could indicate a switch in energy metabolism from
glycolysis in vitro to more oxidative phosphorylation after transplantation (Petit et al.,
2018).

The second group of overrepresented GO terms in the ex vivo samples was
linked to photoreceptor segment formation and function, vyielding terms like
“phototransduction (GO:0007602)”, “photoreceptor disc membrane (GO:0097381)” and

”

“G protein-coupled photoreceptor activity (GO:0008020)” (Figure 34A). Surprisingly the
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Figure 34. Differences in Functional Gene Expression between In Vitro and Ex Vivo Cones.

A. GO terms over- and underrepresented in D370 ex vivo samples compared to D370 in vitro cell. B, C. Dot Plots
showing average expression levels of genes involved in GO terms related to (B) photoreceptor segment formation
and visual perception and (C) mitochondrial complex | and IV formation and function. D, E. Violin plots showing
expression levels of exemplary genes from A (D) and B (E). Each thin black dots represents a single cell, diamonds
show means and boxes extend from 25% to 75% quartile, with black bar showing the median and thick black dots
showing outliers. BP: biological processes; CC: cellular component; MF: molecular function; inVit: in vitro; exViv:
ex vivo.

term “photoreceptor outer segment (GO:0001750)” was enriched in in vitro samples,
however this was based on primarily rod-specific genes such as TULP1, CERKL and
RP1, which are likely lacking in ex vivo samples due to the overwhelming majority of
cones in those samples. Overall, the enrichment of terms related to visual perception in
ex vivo cones suggested that transplanted cells were more capable of perceiving light

through outer segment related structures than age-matched in vitro samples. This
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importantly indicated an improved maturation within the mouse neuroretinal
environment compared to retinal organoid culture.

Interestingly, another group of terms upregulated in the in vitro setting was
connected to antigen processing and presentation via MHC class | protein complexes
(MHC-I, also human leukocyte antigen class |, HLA-I), suggesting that MHC-I mediated
antigen presentation is reduced in ex vivo cones. While the immune-suppressive nature
of the retinal environment (Mochizuki et al., 2013) may have affected the MHC-I levels,
MHC-I expression has also been shown to be downregulated in endothelial cells upon
treatment with corticosteroids (Y. Wang et al., 2011), and a similar response may have
been induced here by the intravitreal application of triamcinolone acetonide. However,
beyond its role in antigen processing and presentation, neuronal MHC-I expression has
been implicated in central nervous system development, synaptic refinement, axonal
pathfinding as well as axonal regeneration (Cebrian et al., 2014; Higenell & Ruthazer,
2010) Therefore, the reduced MHC-I expression in ex vivo samples might also be an
inducer or a consequence of related processes during cone incorporation. Interestingly,
this notion is supported by a recent report of photoreceptor sheet transplantation into
immune-compromised rats, where HLA-I expression was found to differ between graft
regions proximal or distal to the endogenous retina, with the proximal grafted cells
expressing no or only low amounts of HLA-I (Yamasaki et al., 2021).

To better visualize the significance and underlying data of the GO term analysis,
several genes of interest involved in the abovementioned GO terms were selected and
compared across experimental conditions, showing their average expression (B, C) and,
for a few representative genes, their expression levels per cell (Figure 34D, E). Here, it
was again noticeable that D370 ex vivo cells, i.e. D200+26w, had the highest expression
level of genes involved in visual perception and outer segment formation (Figure 34B,
D). Similarly, in genes relevant for mitochondrial complex | and IV formation, the average
expression level was higher in D370 ex vivo than D370 in vitro samples (Figure 34C, E).

Interestingly, although not the focus of this comparison, the differential
expression of genes involved in visual perception and mitochondrial function was
already observable at D270 (Figure 33D, E). Here, many of the respective genes were
also expressed more highly in the D270 ex vivo cells than the D270 in vitro samples, yet
at D370, this trend was much more pronounced. Together, this was a strong indicator
of ex vivo cones maturing to a greater extent than age-matched cells kept in the in vitro

setting — importantly despite the xenograft environment.
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4.4 Incorporation and Maturation Capacity depend on the Host Environment

4.4.1 Graft morphology and maturation in C57BL/6JR]j recipients resembles that in
Cpfll hosts

Degeneration of mouse photoreceptors can affect the retinal microenvironment
differently depending on the degenerative cause and dynamics, influencing
transplantation outcome. To assess whether the graft phenotype observed in Cpfi1
hosts is restricted to this mouse strain, which for example exhibits a moderate gliotic
activation of MG, D200 Crx-mCherry* cells were additionally transplanted into age-
matched wildtype hosts. While detailed assessment of graft incorporation, maturation
and interaction are still pending, the general graft morphology strongly resembled that
seen in Cpfl1 animals (Figure 35). As such, the human transplants were able to contact
the host retina, begin inner segment formation in vicinity to the contact points (Figure
35A’) and extend their interaction and inner segment formation over time (Figure 35B,
B’).

4.4.2  Graft morphology and maturation in highly degenerated rd1 and tgCR host lines

differs strongly from the outcome in models with an ONL

To investigate the outcome of Crx-mCherry transplantation in highly

degenerated mouse models, D200 cells were further grafted into retinal degeneration 1

D200+10w D200+26w

Figure 35. D200 Grafts in C57BL/6JR]j Hosts.

A, B. D200 Crx-mCherry* cells grafted into C57BL/6JR]j retina show a similar morphology to transplants in Cpfll
animals at both D200+10w (A) and D200+26w (B), with inner segment formation (A’, B’) . Scale bars: A, B 100 um;
A’, B’ 10 um.
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(rd1) and tg(Cpfl1; Rho-") (tgCR) mice. Rd1 animals exhibit a severe, early onset
degeneration of rod photoreceptors due to aberrations in the Pde6b gene. tgCR animals
are a cross of Cpfl1 and Rho” mice, with Rho’- animals having a deletion in exon Il of
the rhodopsin gene, which causes a lack of proper rod outer segment formation and a
complete degeneration of rods until 3 months of age, with a secondary cone
degeneration. Correspondingly, in adult retinal cross-sections, no outer nuclear layer
can be discerned in either mouse line (Figure 36B, C, compare Figure 36A for adult
Cpfl1 retinal cross-section).

Graft morphology in both rd1 and tgCR animals differed strongly from the
outcome in the Cpfl1 mouse: In Cpfl1 mice, human cells were mostly present in clusters
containing many layers of cells, with mitochondria-rich inner segments (IS) mainly
oriented towards the RPE (Figure 36A, A’). In both rd1 and tgCR mice on the other hand,
the cells were distributed over a larger area in the subretinal space, and only formed
small cell clusters, if any (Figure 36B-C’). They were usually present in a thin layer as a
row of single or only very few cells. Occasionally, grafts accumulated human
mitochondria in what looked like nascent IS (Figure 36E, E’), however this was observed
much more rarely than in age-matched Cpfl1 hosts (Figure 36D, D’) and IS appeared

less oriented.

Figure 36. Qualitative Comparison of Graft Morphology in Cpfil, tgCR and rd1 Mice.

A-C. Retinal cross-sections of cpfll, tgCR and rd1 mice containing RCVRN* D200 grafts show a thick human cell
cluster in the Cpfl1 eye (A, A’, D200+10w), while cells in the tgCR and rd1 eyes are present in a thin layer (B, B’, C,
C’, D200+26w). D,E. Retinal flatmounts facing the subretinal side confirm the appearance of human cells in
clusters in the Cpfll eye (D, D’) and show a large number of inner segments formed while the graft appears as
mostly separated cells in the tgCR eye, with inner only small, occasional inner segments being formed (E, E’), both
D200+10w. Scale bars: A, B, C1 mm; A’-C’, D, E 100 um; D’, E’ 10 um.
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The grafts in animals with strong retinal degeneration were further examined for
their maturation and their interaction with the host. In tgCR mice, the human cells were
found in close proximity to host GFAP* MG processes (Figure 37A, A’), however they
were usually positioned above said processes. Unlike in Cpfl1 hosts, there were no MG
processes extending beyond the human cell bodies, and, correspondingly, there was no
indication of a continuous OLM-like structure being formed. Maturation of human inner
segments was only rarely observed (Figure 36), and similarly, even at D200+26w, no
oriented deposition of cone IPM was evident (Figure 37B, B’). Interestingly, grafted cells
were however found capable of forming presynaptic structures in the tgCR host, as
shown by CTBP2 signal colocalizing with human-specific ARR3 staining (Figure 37C,
C).

In rd1 mice, the interaction with Mlller glia appeared different, as GS* processes
were found to extend beyond the human cell bodies and “include” them in the host retina
(Figure 38A, A’). Furthermore, ZO1" staining colocalizing with the MG cytosol above the
human cells was found (Figure 38B, B’). Further analysis is required to understand

whether this signal is representative of a potential OLM-like structure aiding IS

DAPI

DAPI

DAPI

Figure 37. Graft Interaction and Maturation in tgCR Hosts at D200+26w.

A, A’. Grafted cells are in vicinity to GFAP* host MG processes, yet there is no indication of enwrapment of human
cells by MG processes or an OLM formation. B, B’. Some grafted cells accumulate PNA* IPM, yet there is no clear
directionality towards the RPE. C. Grafted cells occasionally express the presynaptic marker CTBP2 as shown by
CTBP2 staining overlapping with the human-specific marker ARR3 in the maximum intensity projection of a z-
stack in xy as well as in the xz and zy plane (C’, arrows). Scale bars: A-C 100 pm; A’-C’ 10 um.

65



In Depth Characterization of Transplanted D200 Crx-mCherry+ Cells

DAPI

DAPI

DAPI

OPN1L/MW

Figure 38. Graft Interaction and Maturation in rd1 Hosts at D200+26w.

A. Host Miiller glia extend processes beyond the human cells and seem to enwrap them (A’). B. ZO1 stainging
shows the presence of junctions in MG cells (B’, arrows) mostly above the human cells. ZO1 staining in the upper
portion of the magnified image shows junctions between RPE cells (B’, arrowheads). C. Many human cones show
inner segment-like structure and express low levels of OPN1L/MW, some in a punctate fashion in the cytosol (C’,
arrows), however without clearly forming outer segments (compare Figure 31B, B’). Scale bars: A, B 100 um; A’,
B’, C, C' 10 um. mCh: Crx-mCherry.

formation. While inner segments were indeed formed (Figure 38C, Figure 36C), no outer
segments were detected so far (Figure 38C’). The human cells did however express
OPN1L/MW, albeit at low levels, in a mostly even distribution in the cytosol. Sometimes,
an accumulation of OPN1L/MW™ speckles was detected (Figure 38C, C’ arrows), similar
to that in Cpfl1 animals (compare Figure 31B’), which might represent an enrichment of
OPN1L/MW-derived proteins towards OS formation.
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4.5 Summary

Although not showing the highest rate of intraretinal positioning, D200 Crx-
mCherry* grafts generate the most inner segments, both absolute and relative to graft
size, and interact extensively with host Mdller glia and bipolar cell processes. In Cpfl1
mice, instead of sealing human grafts out, host Miiller glia can enter the transplants and
form an OLM in conjunction with the human cells. Inner segment formation relies on the
proximity of human cells to the host retina and possibly also on the generation of said
OLM, underscoring the importance of graft-host interactions for transplanted
photoreceptor maturation.

Human D200 Crx-mCherry* photoreceptors are further capable of polarizing and
developing additional mature structures that are indispensable for proper photoreceptor
function. The presence of outer segments and axonal terminals, that most likely
represent a structural connection to host secondary neurons, shows the capacity of
human photoreceptors to mature and potentially connect with the host. Importantly, as
detected by single cell sequencing, transplanted cones are able to supersede the
maturation level of cones kept in in vitro.

Lastly, comparison of transplantation outcome in the Cpfl1 host versus graft
morphology and maturation in other mouse models again highlights the influence of host
retinal architecture on graft maturation. While grafts in wildtype mice are able to
incorporate and form large quantities of inner segments, transplants in mouse models
with strong retinal degeneration mostly lack proper polarization and maturation, which
has important implications for the potential use of photoreceptor replacement therapy in

end-stage retinal disease.
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5 Functional Assessment of Transplanted Crx-mCherry™ Cells

51 Aims

The photoreceptor polarization and maturation observed in D200 Crx-mCherry*
grafts arguably represents the foundation to potentially re-establish vision through cell
replacement therapy. While important structures for photoreceptor function such as
inner segments, outer segments and putative synapses were found in the human grafts,
the presence of said structures alone however does not confirm their functionality. The
aim of this chapter was therefore to assess potential graft-mediated function by

behavioral and electrophysiological readouts.
5.2 High-Level Function

5.2.1 Light-Dark Box

As nocturnal animals, mice are mostly active in the dark and have an innate
aversion against brightly lit spaces, causing them to preferentially remain in the dark if
they can perceive light. The light-dark box (LDB) assay uses this light-aversion guided
behavior as a readout for visual function. In the present setup (Figure 39A), the animals
were placed in the illuminated compartment of the LDB and were free to explore the
space. After 30 s, a doorway opened towards a dark compartment of the same size and
the animals could move unrestrained between the two parts for an additional 10 min,
the assay time. The fraction of time spent in the dark was then used as a measure of
light aversion.

Here, a light intensity of 620 lux at the bottom of the lit compartment was used,
which was shown to be sufficient to induce light-aversion guided behavior (Costall
1989). Under those conditions, C57BL/6JR] wildtype mice were found to spend on
average 62% of the assay time in the dark (Figure 39B). This value is never 100% as
the light-aversion behavior is balanced by the animal’s propensity to explore the
illuminated compartment, e.g. with respect to food or escape sites. Similarly, untreated
Cpfl1 mice as well as Cpfl1 mice transplanted with Crx-mCherry* cells spent on average
58-66% of the assay time in the dark compartment (Figure 39C). This reflected the fact
that the cone only degeneration Cpfl1 mice possess normal, functioning rods, which can
mediate the light-aversion behavior. Accordingly, no significant difference between any
of the groups compared to the control conditions or between +10w and +26w animals
of the same donor age could be detected (see Table 4. Statistical Analyses for details

on the statistical tests used).

69



Functional Assessment of Transplanted Crx-mCherry+ Cells

A B C57BL/6J C Cpfl1
ctrl ctrl D100 D200 D300
=100 =100 : ' If
s ol
= <]
s 80 s 80
© <] :
2 e &&; | o© | &
£ 60 £ 60| @ | o o 3
5 & %ﬁ q) @ A
o (=] yi [ |'
£ 40 £ 40 |
= & E
2 a
$ 20 $ 20 @notp
g g | oaem| |
no tp no tp 10 26 10 26 10

Weeks post Transplantation

Figure 39. Light-Dark Box Results of C57BL/6Jrj and Cpfl1 Animals

A. Schematic depiction of light-dark box (LDB) with a bright and a dark compartement connected by a doorway,
from (Gasparini et al., 2018). B, C. Light aversion of experimental animals as measured by percent of assay time
spent in the dark compartment in untreated C57BL/6Jrj wildtype (B) and untreated or transplanted Cpfl1 (C) mice,
separated by donor cell age. Statistical analysis showed no significant difference between any group compared to
the Cpfll control data or between different weeks post transplantation within the same donor age. No significant
differences found, see Table 4 for details on statistical tests. Hollow symbols and bars show meanzSE. ctrl: control,
tp: transplantation, D: day.

In contrast to Cpfl1 animals, rd1 and tgCR mice beyond 4 weeks and 3 months
of age respectively lack endogenous rods, which should greatly reduce their light-
aversion guided behavior. In the LDB, tgCR control animals consequently spent only
54% of the assay time in the dark compartment. Transplantation of Crx-mCherry* cells
however did not increase that value, as the time spent in the dark remained at 48-50%

(Figure 40A). This did however mirror the little evidence for inner and outer segment
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Figure 40. Light-Dark Box Results of Strongly Degenerated Animals.

A, B. Light aversion of experimental animals as measured by percent of assay time spent in the dark compartment
in untreated or transplanted tgCR mice separated by donor cell age (A) and treated rd1 mice separated by weeks
post transplantation of D200 donor cells or sham transplantation (B). Statistical analysis showed no significant
difference between any group compared to the tgCR control data (A) or between rd1 treatment groups of the
same follow-up timeframe (B). No significant differences found, see Table 4 for details on statistical tests. Hollow
symbols and bars show mean4SE. ctrl: control, tp: transplantation, D: day.
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formation of the grafted cells in these mice, which was likely insufficient to re-establish
vision-guided behavior.

Rd1 animals on the other hand reacted differently to the LDB paradigm
depending on whether they had received subretinal injections of Crx-mCherry* cells or
buffer only. At the timepoints examined, animals treated with cells in one or both eyes
on average spent more time in the dark (56%, 56%, 59% at 4, 10 and 26 wpt respectively
compared to 49%, 37% and 51% for sham injected animals, Figure 40B). While this
trend was observable at all timepoints measured, the difference was not significant
except at 10 wpt (Figure 40B). This suggests rd1 animals might regain some visual
function through D200 Crx-mCherry* cell transplantation. It is however important to note
that behavioral assays are inherently variable, which can be seen in the standard error
of each experimental group, but also in the fluctuation of values for the sham-
transplanted animals over time. The values from the 10 wpt sham group for example lie
below the 4 wpt and 26 wpt sham groups. While this could reflect true biology, it could
also be an effect of sample size and requires further repetitions. Regardless,
transplanted rd1 animals did show a trend towards increased light susceptibility

compared to sham-injected controls.

5.3 Tissue-Level Function

5.3.1 Multi-electrode array assessment of D200+26w grafts in Cpfl1 mice

Behavioral assessment of visual function is difficult as it is affected by many
factors. The animal’s behavior in the LDB assay is for example influenced by its anxiety
and curiosity in addition to its visual function, making the response of the cohort overall
highly variable and requiring large animal numbers to obtain solid data. These
confounding factors can however be bypassed by reading out visual function on a tissue
level, e.g. by directly measuring the response of downstream neurons to optical stimuli
through electrophysiological approaches. Here, multi-electrode arrays (MEA) were used
to record the graft-mediated response of retinal ganglion cells (RGC) to light stimulation.
All MEA assessment and analysis was performed by Miriam Reh in the laboratory of Dr.

Gunther Zeck at the Naturwissenschaftliches und Medizinisches Institut Tubingen.

5.3.2 Isolation of cone-mediated RGC response through photopic light stimulation

and L-AP4 addition

To analyze the response of RGCs to light in transplanted versus untransplanted
retinal regions, Cpfl1 retinas were explanted, placed onto the MEA and stimulated with

different intensities and patterns of green light. As Cpfl1 mice do not exhibit cone
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function but have morphologically normal and functional rods, potential re-establishment
of vision by the transplant was only assessable for cones. To isolate the cone response,
a photopic stimulation regime was used. However, cells were still found to exhibit a
photopic light response in transplant-free control samples when fluorescent light was
applied beforehand (Figure 41), a measure required to locate the graft in transplanted
samples. As this was most likely caused by an aberrant rod activation (Tikidji-
Hamburyan 2017), L-AP4 was applied, blocking mGIluR6 metabotropic ion channels.
MGIuR6 channels are mediators of the ON-pathway, which is the main pathway
responding to rod activation, while cones signal through both, the ON- and the OFF-
pathway. L-AP4 application indeed abolished the photopic light response after

fluorescence (Figure 41) and hence allowed to isolate the OFF-pathway responses.
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Figure 41. Rod Response after Fluorescent Light Exposure in Untransplanted Cpfll Retina.

MEA electrodes detecting RGC activity upon stimulation of a transplant-free Cpfll retina with mesopic and photopic
light. While there is no photopic response initially, exposure to fluorescent light, as used for localisation of the cell mass

in transplanted retinas, induces a photopic response, which is suppressed upon application of L-AP4.

5.3.3  Graft-containing retinal portions exhibit cone-mediated light responses

For each experimental retina, a transplant region containing the human graft,
and a non-transplant control region, isolated from the retinal side opposing the graft,
were analysed by MEA. Different types of RGC responses were identified (ON and OFF,
sustained and transient, Figure 42) and the percentage of RGCs of either type was
expressed as percentage of all responsive RGC (Figure 42E, F).

Under mesopic and photopic conditions without L-AP4, ON and OFF RGCs were
detected in both transplant and control regions (Figure 42A,C). Interestingly, the number
of ON and OFF RGC was consistently higher in transplant regions (Figure 42E,F). When
samples were stimulated using photopic conditions with L-AP4 application, the ON RGC
response was completely abolished as expected (Figure 42B, D, E), irrespective of the
presence or absence of human grafts. OFF RGC responses on the other hand could be

detected in 31% (5 of 16) of transplanted samples, with on average 6% of all previously

72



Functional Assessment of Transplanted Crx-mCherry+ Cells

detectable RGCs showing OFF RGC activity (Figure 42D, F, only regions from OFF
RGC responsive retinas shown). On average, this represented 25 responding cells.
While rods can in principle also signal through the OFF RGC pathway, no OFF RGC
responses were detected in control regions without a transplant upon photopic
stimulation with L-AP4 (Figure 42B, F, only control samples of responsive retina shown),
suggesting that there was no rod interference in the present setup and that the OFF
RGC responses in transplant regions were indeed brought about by cones.

The presence of cone mediated OFF RGC spiking in transplanted regions of the
otherwise cone-dysfunctional Cpfl1 retina strongly suggests that the human grafts were
indeed able to drive light-induced responses. Also, the increase in light-responsive
RGCs upon mesopic and photopic stimulation implies additional human graft-mediated

reactions that require further assessment.
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Figure 42. Increased OFF RGC Activity in Transplanted Cpfl1 Retinas.

A-D. Receptive fields of ON and OFF RGCs upon photopic stimulation before (A, C) or during (B, D) application of
L-AP4. Receptive field are superimposed on the explanted mouse retinas on the MEA chips they were recorded
from. While ON RGC responses are absent in both, non-transplant and transplant regions (B, D), OFF RGC
responses remain in the latter (D), and partially overlap with the graft. E, F. Quantification of the proportion of
light-responsive RGC in transplant and non-transplant regions upon stimulation with mesopic and photopic
conditions, as well as upon photopic stimulation with L-AP4 addition. Responses are separated into ON RGC (E)
and OFF RGC (F).
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5.4 Summary

As human retinal organoid D200 Crx-mCherry* grafts show strong evidence for
polarization, maturation and incorporation upon transplantation into Cpfl1 host mice,
vision could potentially be improved. Vision-based behavioral assays such as the Light-
Dark Box (LDB) test represent a potential read-out of graft-mediated function, however
the LDB paradigm does not show differences between transplanted and control Cpfl1
animals. With the LDB test relying on light-aversion behavior that is in a large part
mediated by rods, this is most likely due to normal rod morphology and function in Cpfi1
mice, and thus the LDB test requires adaption in order to be used as a read-out of cone
function only.

To circumvent interference by endogenous rods, the LDB test can be performed
on rod-cone degeneration mouse lines containing human grafts. Although only
moderate levels of polarization and maturation are observed in tgCR and rd1 mice,
transplanted rd1 mice show a trend towards improved vision-guided light-aversion
behavior compared to shame-injected controls, implying some functional vision
restoration through the human cells.

In multi-electrode array (MEA) analysis of transplanted retinas, it is possible to
separate rod- and cone-mediated light responses by the exposure to specific light
intensities, the inhibition of rod-mediated visual pathways, and thorough analysis of the
detected spike characteristics. In MEA, graft-mediated retinal ganglion cell responses
can clearly be identified in Cpfll recipients, showing that human Crx-mCherry*
D200+26w grafts are not only able to morphologically incorporate and mature in the
murine environment, but that they also functionally connect with the host retina to

mediate light-induced responses on the tissue level.
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6 Discussion and Future Perspectives

Retinal degenerative diseases impeding vision represent an increasing health
burden to worldwide society. Conditions under the umbrella term of inherited retinal
degenerations (IRDs) alone were estimated to affect 5.5 million individuals in 2020, yet
no cure exists for most of them. Despite a diverse array of causative mutations, IRDs
ultimately encompass the dysfunction and death of photoreceptors and hence the
irreversible loss of the main light-sensing cell in the human eye, leading to blindness.
Photoreceptor (PR) replacement therapy has thus emerged as a potential future
treatment strategy as its capacity to restore vision in pre-clinical animal models was
researched. Due to scarcity of human PR donor material, a substantial amount of the
work so far depended on the use of rodent cells. Yet thanks to improvements in cell
culturing methods, it is now possible to reliably generate and isolate large numbers of
high-quality human PRs from human retinal organoids (HROs).

Using these cells in a meaningful way will require in depth knowledge about the
optimal conditions to obtain the highest possible amount of mature, functional and
properly integrated PR after transplantation. The overarching aim of this work was
therefore to provide a better understanding of human PR transplantations and how their
outcome is affected by factors such as donor cell developmental stage and the host

retinal environment.

6.1 Human grafts can morphologically incorporate into the moderately

degenerated mouse retina

In the past, most research has been performed assessing mouse-to-mouse
photoreceptor (PR) transplantation. Human-to-mouse transplantation on the other hand
is a younger discipline, as true in vitro generated PRs have only recently become
available at large scale thanks to human retinal organoid (HRO) culturing. Generally,
HRO PR single cell transplantations have focused mainly on targeting highly
degenerated animals. While this focus on end-stage degeneration is understandable
given that photoreceptor replacement therapy is generally considered a last resort after
cell rescue or protecting interventions like gene therapy, human retinal degenerative
phenotypes present in various gradations of photoreceptor loss (Wert et al., 2014). ltis
thus important to understand better how grafted cells behave under different
circumstances and one main aim of this thesis was therefore to extend the knowledge
in the field by examining human PR transplantations into a less degenerated mouse

model in more detail.

75



Discussion and Future Perspectives

Detailed reports about transplantations into less degenerated hosts are rare. As
such Barnea-Cramer et al. transplanted into C57BL/6Jrj wildtype hosts, yet only to
establish the setup and without showing the data (Barnea-Cramer et al., 2016). A few
pictures of cell-surface marker enriched D100 PR grafted into C57BL/6Jrj were shown
by Lakowski et al., but the grafts were only assessed for human cell identity and cell
type specificity, not with respect to maturation or function (Lakowski et al., 2018). In
another publication where immune-deficient host animals without retinal degeneration
were used, the authors reported human graft integration as identified by virally labeled
reporter fluorescence. While single cells may have been incorporated, the interpretation
overall was likely inaccurate, as the figures rather suggest aberrant fluorescent labelling
of endogenous host photoreceptors, given their murine size, morphology and
positioning (J. Zhu et al., 2017). Similarly, in the retina of P4 Rag1”/xCrb” mice
integration of patient-derived rod precursors was described, yet the outcome was not
controlled for material transfer (Tucker et al., 2013).

In this work, for the first time, an extensive bulk morphological incorporation of
grafted human cells into the host retina was shown, accompanied by maturation of high
numbers of inner segments. Both incorporation and maturation were increased beyond
10 weeks after transplantation and upon use of D200 donor PR in cone only
degeneration hosts. In previous reports grafting into highly degenerated retinas, human
cells were found in contact with the residual INL, yet never intercalated to the same
extent with murine cells as shown here. This observed difference is most likely due to
the fully degenerated state of the host retina in the other studies. It could additionally be
due to different donor cell ages and shorter follow-up times, as grafts were mostly
assessed at 3-10 weeks, rarely 16 weeks, a timeframe in which incorporation and
maturation here were still proceeding (Collin et al., 2019; Gagliardi et al., 2018;
Gonzalez-Cordero et al., 2017; Ribeiro et al., 2021; Zerti et al., 2021).

6.2 Intraretinal grafts mostly represent true incorporation events, not material
transfer

It is important to note that the large scale incorporation shown in the present
work was not an effect of material transfer through nanotubes as observed in mouse to
mouse transplantations (Kalargyrou et al., 2021; Ortin-Martinez et al., 2021; Santos-
Ferreira, Llonch, et al., 2016; M. S. Singh et al., 2016; Waldron et al., 2018). The vast
majority of intraretinal Crx-mCherry* cells, especially in multi-cell clusters, were of
human origin. Here, true human identity of Crx-mCherry* cells was confirmed by

qualitative assessment of nuclear size, inner segment size and morphology when
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applicable, as well as single cell sequencing of Crx-mCherry* cells retrieved from
experimental eyes.

Occasionally, immunohistochemical stainings indicated that material transfer
from human to mouse may have occurred, as single cells within the murine retina
showed human-specific ARR3 labelling or strong RCVRN positivity and Crx-mCherry*
expression despite having a morphologically murine nucleus. However, this was only
observed rarely and within the first 10 weeks after transplantation. Further analysis is
needed to examine whether these cells were indeed a result of inter-species material
transfer, for example by detecting mouse-specific chromosomal regions or Y-
chromosome probing after sex-mismatched transplantations. While human-to-mouse
cytoplasmic transfer might be possible, only one report assessed this option and came
to the conclusion that material transfer did not occur (Gonzalez-Cordero et al., 2017).
Similarly, there was no evidence of material transfer in human-to-dog transplantations
(Ripolles-Garcia et al., 2022). It is conceivable that the capacity for material transfer is
reduced in inter-species conditions, but it is also possible that human PR are in general
less prone to exchange material. Species-specific material transfer characteristics could
be assessed, e.g. through in vitro transplantations of human photoreceptors into human
retinal organoids or transplantations into animal models closer to the human eye such
as pigs or non-human primates. Understanding the potential for human-to-human
cytoplasmic transfer could provide relevant insights impacting cell support strategies

that use transplanted cells as neurotrophic depots rather than for cell replacement.

6.3 Graft Maturation depends on graft-host interaction

A second novel observation of the present work was the extensive and correctly
oriented formation of a large numbers of inner segments (IS). A similar degree of IS and
outer segment (OS) formation was, until now, only described in transplantations of
human retinal organoid sheets, not single cells. Interestingly, in those cases the
segments were formed almost exclusively within neural rosettes of the grafted structure
rather than oriented towards the RPE (Iraha et al., 2018; McLelland et al., 2018; Shirai
et al., 2016; Watari et al., 2022). While IS and OS have been reported as a result of
human single cell suspension PR transplantations into end-stage degeneration models,
they were commonly positioned within graft clusters, without a clear orientation
detectable and relatively infrequent (Ribeiro et al., 2021). Arguably, the proper
orientation of inner and prospective outer segments and their proximity to the RPE is
however required for continued support of photoreceptor function, making the

phenotype observed in the present work much more intriguing.
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Importantly, particularly high numbers of IS were found upon close contact with
the host retina, either in cases of intraretinal positioning or close proximity of graft and
host ONL. In the case of intraretinal grafts, IS formation was further associated with the
presence of an outer limiting membrane- (OLM) like structure, suggesting that the
interaction with host MG might be beneficial or potentially even necessary for IS growth.
In flies, a continuous OLM is required for proper stalk membrane formation and
photoreceptor morphogenesis (Izaddoost et al., 2002; Pellikka et al., 2002). If the OLM
is disrupted in mice, e.g. through mutations in the Crb1 gene, a component of OLM
adherens junctions, both IS and OS development is disturbed and photoreceptors are
lost over time (Mehalow et al., 2003). Further assessment is required to unequivocally
delineate the order of events in the relationship between OLM and PR segment
formation in the present transplantations. Irrespectively, the apparent necessity of an
OLM-like structure for segment homeostasis also after grafting of human cells has
important implications for the selection of the proper patient retinal environment to allow

promising post-transplantation segment maturation.

6.4 Establishment of graft-host interaction and graft incorporation

While many grafts were found interacting with the host retina or even
incorporating into host neuroretinal layers, this was not always the case. Curiously, even
within the same eye a portion of the graft may have been found intraretinally, while
directly next to it, a second cluster may have remained in the subretinal space. At this
point, it is unclear how this differential graft behavior arose and how the incorporation
process itself took place, yet a better understanding of the process and hence the
potential to encourage it could be key to improving PR replacement approaches.

In an effort to better characterize the incorporation process, D200 cells were
grafted and experimental eyes were analyzed at early stages thereafter. A time window
between 6 and 8 weeks post transplantation was identified in which the incorporation
process seemed to advance from a contacting to an intraretinal stage. Also, it was found
that already as early as 2 weeks after transplantation, human and mouse retinal somata
could be in close apposition, allowing murine MG processes to extend into the graft.
While mouse bipolar cell neurites were also extending towards the human cells, they
were only found reaching them as early as 6 weeks after transplantation. More detailed
assessment of earlier samples is required to further narrow down the timing of bipolar
cell contact to the grafts.

Itis tempting to speculate about the mechanics of incorporation, especially since
the early reaction of MG to the grafting suggests a key involvement of these retinal

macroglia in the process. MG have a plethora of roles in maintaining retinal health and
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are known to sense and react to a variety of stimuli (Reichenbach & Bringmann, 2020),
including retinal detachment. As such, massive gliosis, entailing extensive MG
proliferation and the formation of a glial scar on the periretinal surfaces, is a detrimental
response to retinal insult that ultimately damages the photoreceptors and results in a
barrier, inhibiting neurite outgrowth. Conservative gliosis on the other hand is deemed
neuroprotective, characterized by the upregulation of intermediate filaments and cellular
hypertrophy, yet only no to moderate proliferation. Such an environment can conversely
support neurite outgrowth, as in human samples of retinal detachment, rods were found
to sprout neurites preferentially along hypertrophied MG trunks, seemingly using the MG
as a scaffold (Sethi et al., 2005). Although it remains to be elucidated whether the graft
intraretinal positioning is at all the results of an active photoreceptor migration into the
host retina, it is conceivable that the grafted human photoreceptors here use similar
tracks to move into the host retina along MG appendices.

Interestingly, MG response to injury is not homogenous, and neighboring MG
were found to react differently to the same stimuli, e.g. in NMDA-damaged chick retina
(Fischer & Reh, 2003). Similar differences in response to human grafts might therefore
also account for the presence of intraretinal and isolated grafts in close vicinity to each
other.

Beyond the direct MG reaction to the human graft and the retinal detachment,
various other factors might play into the human graft incorporation. The physical barrier
introduced by the presence of the human graft between endogenous PR and RPE is
likely to negatively affect the PR in particular. Graft presence in the subretinal space
further disturbs the natural geometry of the tissue and thus the pressure exerted on
neighboring cells and cell-cell connections. Signaling from the grafted cells could induce
retinal remodeling in both the short and the long term, with potentially damaging signals
arising from a wave of initial graft cell death, as well as continued signaling by the
surviving cells. All these factors might play into the host response to the grafting and at
this point, it is impossible to disentangle. Therefore, pilot experiments were initiated to
characterize the transcriptomic reaction of host cells to the graft, comparing cells in the
grafted area with distant control regions of the same eye. Hopefully, this approach will
yield a clearer picture of the host reaction to the grafted cells and their interaction with

each other.
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6.5 D200 Crx-mCherry* cells are the preferable donor population compared to

D100 and D300

A main aspect of this study was to determine the preferable donor cell age for
human-to-mouse PR transplantations. By comparing the transplantation outcome using
donor cells aged D100, D200 and D300, D200 cells were identified as those yielding the
most inner segments and thus potentially also the best chances for outer segment
formation.

Despite a higher proportion of PR in D300 HRO cell suspensions, D300+10w
samples did not show any intraretinal position and only very limited areas of interaction
with the host. This was corroborated by previous findings from our group using PR
generated from a human cone-reporter iPSC cell line, in which incorporation and
maturation of D250 grafts was also strongly reduced (Gasparini et al.,, 2022).
Additionally, D300 cells showed a decreased viability before sorting, possibly due to
increased vulnerability of older and more mature photoreceptors to the (shear) stresses
employed during dissociation. Overall, D300 Crx-mCherry* cells were thus deemed less
suitable for PR replacement than D200 donors.

D100 grafts on the other hand showed the highest propensity for intraretinal
positioning, yet these cells generated far fewer inner segments relative to graft size than
D200 grafts, even when comparing samples of the same total cell age. This was
especially surprising given the vicinity of graft and host being an important factor in inner
segment development.

One possible reason for the difference in apical maturation is the younger
developmental stage of D100 Crx-mCherry* cells at the time of transplantation. Upon
preliminary single cell sequencing analysis, 60% of D100 cells could not be clearly
mapped to a specific cell type as they expressed markers from various cell types. Some
of those markers are however expressed in cone precursor cells and late neurogenic
retinal precursor cells which give rise to photoreceptors (Lu et al., 2020). It is therefore
possible that these “other” cells were indeed neurogenic retinal progenitor cells that had
not yet adopted their mature photoreceptor fate. Perhaps these cells therefore show
different maturation trajectories within the murine environment than more developed
photoreceptors, reducing their propensity for inner segment formation in a direct (lack
of required gene expression profiles) or indirect fashion (differential interaction with the
host environment ultimately inhibiting inner segment formation). This is corroborated by
the observation that despite the same total age of roughly 370 days, phenotypes differed
between D100+41w and D200+26w samples, indicating the high relevance of the time

of transplantation. It would be interesting to examine whether enrichment of more
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mature Crx-mCherry® photoreceptors from D100 organoids, e.g. through additional
expression of a reporter driven by a promoter expressed in mature cones, would resolve
the difference between D100 and D200 transplantation outcome.

Another possible reason for a lack of inner segment formation in D100 grafts due
to differential interaction with the host environment is the presence of a border seemingly
encasing the vast majority of D100-derived grafts. Inner segments, when present, were
found primarily in regions where this enwrapment was absent, such as at some contact
points of graft, murine ONL and the subretinal space. Understanding the exact nature
of this border could therefore help to increase PR maturation from younger grafts. While
it on one hand stained unspecifically for secondary antibodies targeted against murine
IgG, it also stained positive for markers of MG cytosol, and was thus reminiscent of a
gliotic MG seal. Although continuity with endogenous MG processes suggests the
presence of murine MG cell bodies in human transplants, in D100 grafts, ca. 6% of all
donor cells were identified as MG. This leaves the possibility of MG cytosol in D100-
derived grafts originating from human cells and co-staining with human-specific MG
markers is required to be certain. A similar phenotype was observed of full dissociated
HROs in human-to-dog (Ripolles-Garcia et al., 2022) as well as human-to-macaques
transplantations (Aboualizadeh et al., 2020) where, in both cases, the graft itself
developed a gliotic seal, isolating it in the subretinal space and impeding direct graft-
host interactions. Interestingly, both studies used similarly young (dog: D133, macaque:
D74 or D96) yet unsorted donor cells and the phenotype was only observed in the
wildtype, not the retinal degenerative host.

If the enwrapment indeed originates from human cells, removing MG from the
donor cell suspension could improve the transplantation outcome. Should such a
removal lead to a phenotype similar to that of D200 donor cells, it would allow to greatly
reduce cell culture time before transplantation, simplifying the logistics of potential PR
replacement interventions. If the enwrapment however originates from murine cells, it
could be beneficial to examine in more detail how the D100 cells differ from the D200
cells with respect to e.g. secretion of factors modulating MG responses. Similarly,
detailed assessment of differences between D100 and D200 donor cells, e.g.
considering extracellular matrix deposition, could yield additional clues which pathways
might help D200 cells to incorporate better and whose manipulation would allow to

further improve the incorporation process.

6.6 Cones show preferential survival post grafting

After transplantation, the cellular composition of the grafts was observed to

change. At D200, the Crx-mCherry* donor cell population contained ca. 25% rods, yet
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after 26 weeks in vivo, only 2% of all Crx-mCherry* were found to be rods. Similarly,
staining of the human grafts showed widespread labelling for the cone cytosol marker
ARRS3, supporting the rod loss.

It is currently unclear why cones show this preferential survival. It could be due
to differential vulnerability to the dissociation and sorting process during the
transplantation itself. However, in D200+10w samples, roughly 10% of graft cells were
still identified as rods according to single cell sequencing, suggesting that some rods do
survive until that point and that the decrease in rod number occurs over a more
prolonged timeframe than during the transplantation procedure alone.

In the healthy retina, both rods and cones use the canonical visual cycle to
recycle pigment. The closely apposed RPE receives all-trans retinol and recycles it to
11-cis retinal, which is shuttled back to the photoreceptors. There is however also an
alternative, cone-specific visual cycle, which relies on the close interaction between
cones and MG, allowing cones to recover from bleaching in the absence of RPE, while
rods do not. Cone recovery is strongly reduced upon physical separation of the their
inner and outer segment from surrounding cells as well as upon pharmacological
disturbance of MG homeostasis and cones require physical association with MG for dark
adaption (J.-S. Wang & Kefalov, 2009). As grafted human cells and endogenous MG
are in close contact from an early timepoint on, it is possible that murine MG are able to
better support cone than rod function, giving the cones homeostatic advantages over
the rods and leading to a gradual loss of the latter.

A close association of MG and cones has also been found in reaction to retinal
detachment in cats. Upon subretinal injection of viscous buffer, MG processes positive
for intermediate filaments grew into the subretinal space and were always found
superimposed on cone sheaths detected by PNA within 3 days (Lewis & Fisher, 2000).
While the mechanism of this association is not clear, it is conceivable that cones and
MG are in particularly close contact due to cone signaling, surface molecules or cone-
specific ECM. With roughly half of the grafted cell mass at D200 consisting of cones,
MG outgrowths contacting the graft might also associate easily with the cones, quickly

establishing cell support.

6.7 Functional analyses of transplanted animals

The present human PR transplantation into the Cpfll mouse yielded
morphological incorporation, maturation and putative synapse formation, indicative of
the grafts’ capacity to functionally integrate into the host retinal circuitry. However, these
observations alone are no proof of graft-mediated vision, and functional assessment is

required. Although mice are nocturnal animals who rely primarily on olfactory and tactile
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cues to navigate the world, visual function in mice can nowadays be assessed at various
levels: examining the physiology of the relevant cells, analyzing the direct downstream
signaling on the tissue level, recording the response in brain activity to a stimulus on the
cerebral level and by observing changes in visual-guided behavior. While the first and
second currently require post-mortem extraction of the tissue for electrophysiological
recordings or Ca?* imaging, the latter two can be performed in live animals. As such,
recording of visually-evoked brain activity from the superior colliculus in live animals has
been used to detect graft-mediated function in rats (McLelland et al., 2018), yet this
method is used rarely, as it is a complex and invasive procedure. Instead, multi-
electrode array (MEA) and electroretinogram (ERG) recordings, reflex-based tests like
pupillometry and optokinetic tracking, and behavioral assays, such as the light-dark box
(LDB) assay or the visual-guided watermaze are more commonly employed.

Here, transplanted Cpfl1 retinal tissue was sampled and submitted to MEA
analysis, which measures the RGC activity in response to light stimulation. As Cpfl1
mice have normal rods but degenerating, non-functional cones, any cone-mediated light
response could be assumed to be primarily initiated by the grafted cells. Under both
mesopic and photopic stimulation conditions, the percentage of responsive RGC was
higher in regions containing a transplant compared to those without. Isolation of the
cone OFF BC-mediated OFF RGC signal (by illumination with a photopic stimulus while
blocking activity of mGIuR6 with L-AP4) further showed active RGCs in retinal regions
containing a transplant. It is important to note that while OFF RGCs are innervated by
cone OFF BC, rods are also able to signal into the cone pathway. Indeed, three rod
signaling pathways exist: The primary pathway, which messages via rod BC and All
amacrines to the cone circuitry, the secondary pathway, formed by rod/cone gap
junctions, and the tertiary pathway, in which rods signal directly to cone OFF BC (Grimes
et al.,, 2018). Therefore, it is theoretically plausible that Cpfl1 rods could have
participated in the OFF RGC response. However, under the same conditions as
described above (photopic light, mGIuR6 inhibited by L-AP4) no response in
untransplanted control regions could be detected. This strongly suggests that the OFF
RGC response observed in transplanted regions was indeed induced by the grafted
human cells, which in turn implies the presence of functional synaptic connections
between graft and host as well as the grafts’ capacity to mediate visual function after
transplantation.

To evaluate whether this tissue-level function also translated to changes in
vision-guided behavior, animals were submitted to the LDB assay. As nocturnal animals,
mice prefer to avoid brightly lit spaces, and, given the possibility to move freely between

a dark and a brightly lit compartment, the time they spend in each portion is the result

83



Discussion and Future Perspectives

of a balance between their light-aversion and exploratory behavior. Naturally, light-
aversion behavior relies on visual function. Despite the presence of well-matured
transplants in Cpfl1 mice and a graft-mediated electrophysiological response as read
out by MEA, it was unfortunately not possible to detect changes in light-aversion
behavior using the LDB. This was because the baseline light-aversion behavior of Cpfl1
animals was found to mirror that of wildtype C57BL/6Jrj animals, with both spending 60-
65% of their assay time in the dark. Physiologically, this is due to Cpfl1 animals having
normal rod morphology and function, which play an important part in light-aversion
behavior.

The extent of light-aversion in wildtype animals represents a more general
problem with the LDB conditions used. Despite theoretically being sufficient to induce
light-aversion behavior (Costall et al., 1989), illumination of the light compartment with
620 Ix in the present setup caused C57BL/6Jrj wildtype animals to only spend roughly
60-65% of the assay time in the dark. This value represents the strongest light-aversion
behavior that is expectable from previously blind mice on a C57BL/6Jrj background with
restored vision — a mere 10-15% above chance. With an assay as inherently variable,
detecting changes in such a small range would therefore require higher animal numbers
to be assessed. To reduce variability, the application of reflex-based test that do not rely
on higher level cognition such as pupillometry might serve beneficial. Irrespectively, in
the future, the LDB setup should be adjusted in order to increase the chances of
detecting minor improvements within blind treated mice. Changes could include different
light intensities to induce stronger baseline light-aversion behavior in seeing and
potentially rescued mice, or the use of specific light wavelengths to activate only certain
photoreceptor subtypes.

Interestingly, LDB assessment of untransplanted and transplanted animals of
the two strongly degenerated mouse lines tgCR and rd1 showed slightly different results.
Transplanted tgCR animals remained at baseline, which mirrored the low amount of IS
or OS formation observed by immunohistochemical assessment of the animals.
Transplanted rd1 animals however continuously showed a trend towards increased light
aversion compared to sham-injected controls, albeit mostly statistically not significant.
The reason for the visual improvementin rd1 but not tgCR animals is currently not clear.
Histologically, transplant survival, distribution and maturation appeared similar in both
lines. The grafts in rd1 animals differed only slightly from those in tgCR eyes, in that
they appeared “included” into the host retina by GS* MG processes and a ZO1* OLM-
like structure above the graft, which was not observed in tgCR eyes.

An alternative explanation for improved visual-guided behavior despite the lack

of extensive graft maturation is the support of otherwise degenerating cells through the
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transplant. At the time of transplantation, roughly 1-3 rows of photoreceptors still remain
in both rd1 and tgCR mice (Santos-Ferreira, Vdlkner, et al., 2016; M. van Wyk et al.,
2015). These residual cells are mostly cones, which in tgCR animals are inherently
dysfunctional but do still mediate ganglion cell responses in rd1 until 24 weeks of age
(M. van Wyk et al., 2015). Thus, cell support of these cones might provide an alternative
explanation for the slight difference in LDB outcome between the two highly
degenerated strains.

To properly delineate whether the slight visual function increase is caused by
the human grafts themselves or a cell support mechanism, experiments transplanting
non-functional but otherwise normal human photoreceptors are the method of choice.
As such, Ribeiro et al. showed that despite the complete absence of light-
responsiveness in MEA analysis, rd1/Fox™ mice that had subretinally received 500,000
non-functional human cones showed a non-significant but noticeable increase in time
spent in the dark (Ribeiro et al., 2021). Further analysis of the relevance of potential cell
support effects in rd1 animal transplantations is therefore highly advisable and additional

studies using improved testing conditions will be necessary.

6.8 Future clinical translation

Research into human PR transplantations as a potential treatment for retinal
degeneration diseases has been taking place for roughly 40 years. Already early on,
numerous trials with few patients employed human fetal donor tissue for transplantation.
Also today, there is high interest in clinical translation of the research findings, especially
given the recent availability of donor material from HRO. Despite important advances,
clinical translation however still faces major challenges, particularly considering
potential immune responses, the optimal donor material to obtain function and the best
timepoint for an intervention.

As with all transplantation studies, there is a risk for the rejection of grafted cells
by the host, possibly accompanied by an immune response that further damages the
endogenous tissue. Initial human-to-human studies commonly only provided topical
immune suppression to mitigate the effects of the surgical procedure, and rarely aimed
at a systemic modulation of the host immune system to prevent graft inflammation and
rejection. Somewhat surprisingly, the fetal grafts were mostly found to survive in spite
of that, supporting the notion of the subretinal space as an immune-privileged
compartment and fetal material as hardly immunogenic (Kaplan et al., 1997; Radtke et
al., 1999, 2002, 2008).

Since then, research has primarily focused on in vitro-derived material

transplanted into rodent hosts, introducing another level of complexity due to inter-
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species xenografting. In that setting, and similarly in a recent report grafting into dogs,
systemic immune suppression or immune-deficient host animals were widely used, and
indeed increased the chances for graft survival (Gonzalez-Cordero et al., 2017; Ribeiro
etal., 2021; Ripolles-Garcia et al., 2022). Upon transplantation into non-human primates
systemic immune suppression was employed as well, yet without comparing graft
survival to the non-immune suppressed condition (Aboualizadeh et al., 2020; Shirai et
al., 2016; Tu et al., 2018). In the present thesis, monthly local immune suppression with
vitreally applied triamcinolone acetonide was used for the first time in a human-to-mouse
PR grafting study and was found sufficient to retain human grafts. While the reduction
of the systemic burden and its infrequent application thanks to its depot function are
highly beneficial, its use must be carefully titrated, as triamcinolone acetonide can also
have detrimental side effects to the visual system (Kumar et al., 2013; Schlichtenbrede
et al., 2009). Similarly, further examination of the immune suppressive treatments
required upon in vitro-derived human-to-human clinical translation are vital to ensure
graft survival at the lowest systemic and local burden possible. In that context, it is also
important to consider potential differences arising from the use of diverging material in
research and application, such as the widespread presence of reporter proteins in
research cell lines, which can induce cytotoxicity and immunogenicity (Ansari et al.,
2016).

While the immune response to human grafts differs between varying host
species, it is also strongly affected by the transplanted cells themselves. To reduce graft
rejection, the use of autologous hiPSC-derived cells would be optimal, yet difficult to
achieve at a large scale, as it requires the generation, editing, quality control and
differentiation of patient-derived donor cells, which is a cumbersome, expensive and
variable process (Wiley et al., 2016). Improvements in the methods and automation
used will however make it more efficient and will allow for the possibility to use this
personalized medicine approach in selected cases (Mullin et al., 2021).

To instead provide a more general donor cell population, the application of
allogeneic, human leukocyte antigen (HLA)-matched cells has been proposed. HLA is
the human counterpart to human major histocompatibility complex (MHC) antigens that
are present on the cell surface in all mammals and whose recognition as foreign induces
an immune response against the HLA-carrying cell. Matching the major MHC/HLA type
in donor and host material has been shown to reduce the risk of immune-rejection in
central nervous system transplantations (Morizane et al., 2017) and the use of banked
HLA lines would provide a consistent donor cell production applicable to a large number
of patients. In Japan, it is estimated that cell lines from 70 donors would suffice to cover

80% of Japanese patients (Okita et al., 2011), although it is worth noting that the
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required number of banked lines will likely be higher in more heterogeneous populations.
In the eye, HLA-matched allogeneic iPSC-derived RPE cells have been reported to
survive without systemic immune suppression, and only occasional local immune
suppression was required to ensure graft survival for at least one year (Sugita et al.,
2020).

Another relevant factor to consider is the immunological capacity of the tissue to
be grafted. hESC- and hiPSC-derived retina and RPE have been shown to exhibit low
immunogenicity, low expression of HLA cell surface markers and strong immune-
suppressing capacities partially mediated by TGF-B secretion in an in vitro assay
(Yamasaki et al., 2021). Interestingly, dissociation of retina decreased its immune-
suppressing capacity, suggesting that sheet transplantations might have preferable
characteristics in that regard, yet it is not yet clear whether those differences play a large
role in vivo. Overall, the host immune reaction to ocular transplants and the
immunogenicity of the grafts require further research. Given inter-species differences,
such efforts would profit from the use of humanized mouse models or larger animal
models with a higher resemblance to humans with respect to retinal morphology,
pathology and immune system.

With respect to the optimal donor cell population, several questions are not yet
answered. It is for example still unclear whether single cell suspension or sheet
transplantations are the path forward. Functional rescue could be shown in rodents
using both approaches, and recent improvements in sheet transplantations include
generation of HRO with a reduced INL (Yamasaki et al., 2022) and quality control of the
material to be grafted (Watari et al., 2022).

To progress single cell suspensions to clinical use, a lot more work needs to be
done. While enrichment of PR was shown to be beneficial (Gonzalez-Cordero et al.,
2017), fluorescent reporters cannot be employed for the use in human patients but only
few cell surface marker panels have been proposed for the selection of human cones
or PR (Gagliardi et al., 2018; Welby et al., 2017). An alternative and more GMP- (good
manufacturing practice) friendly approach to select PRs is sorting by marker-free
strategies (Herbig et al., 2022; Stone et al., 2020). Most importantly however, the
present work suggests that PR replacement strategies with single cell suspensions
might greatly benefit from grafting at a stage when residual PRs are still present. This
requires further validation in other intermediate degeneration stages and in other animal
models, yet if it holds true, has the potential to greatly impact the choice of possible
recipient patients in both clinical studies and ultimately treatment. Crucially, these
findings represents encouraging evidence that human photoreceptor transplantation,

integration and large-scale maturation might indeed be possible in the long term.
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6.9 Major contribution to other work

As mentioned above, there is a need for marker-free sorting strategies to provide
an enriched, transplantable PR population for clinical use in the future. In the past, our
lab has shown the possibility to detect murine rods in a primary retinal cell suspension
by morpho-rheological fingerprinting using real-time deformability cytometry (Santos-
Ferreira et al., 2019). Part of my thesis work focused on progressing that approach from
cell suspension analysis to cell suspension sorting. In collaboration with Maik Herbig
and the lab of Jochen Guck, we could apply label-free flow cytometry to enzymatically
dissociated retinal tissues and advance the technology through a series of
computational, physical and methodological improvements. This study allowed to
successfully enrich and transplant murine rods, providing proof-of-concept that marker-
free enrichment of PRs is indeed possible and could in the future potentially by applied
to human PRs as well (Herbig et al., 2022).
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7 Final Conclusion

Human photoreceptor replacement therapy represents a promising approach to
potentially treat blinding diseases that encompass photoreceptor loss. The recent
availability of large numbers of donor photoreceptors from human retinal organoid
culture enabled extensive assessment of this strategy in pre-clinical research. Indeed,
studies have shown maturation and partial rescue of visual function after retinal single
cell or sheet grafting into mice, rats and non-human primates. However, most research
has targeted models of end-stage degeneration, and little was known so far about the
outcome in less degenerated models. On the donor cell side, systematic comparison of
optimal graft conditions was not available.

Here, | assessed both these issues by transplanting human retinal organoid
derived Crx-mCherry* photoreceptors of different cell ages into the Cpfl1 mouse model
of cone-only degeneration. Analysis of graft survival, interaction with the host retina,
incorporation and maturation concluded that while cells at 100 days of differentiation
yielded the largest grafts, cells at 200 days of age exhibited the highest degree of
maturation as determined by the number of inner segments formed. As the ultimate goal
of photoreceptor replacement is the presence of functionally mature cells that are able
to perceive light, inner segment formation is an important step in the process.

Furthermore, my data showed that inner segments were mostly formed in graft
regions with close contact to the host retina, and that a high degree of interaction
between graft and host took place. The close proximity with host Muller glia in particular
and the capacity to form a common outer limiting membrane-like structure appeared
vital for inner segment formation. Grafted photoreceptors were found to mature further,
additionally generating outer segments and increasing the expression of genes involved
in visual transduction characterizing mature photoreceptors, even beyond their age-
matched in vitro cultured counterparts. Importantly, the grafts were found to form
putative synapses with host bipolar cells, and electrophysiological readout confirmed
their functionality, as graft-mediated light responses in retinal ganglion cells could be
detected. Comparison with transplantation outcomes in highly degenerated animal
models further suggest that an earlier intervention, while more host photoreceptors
remain, could be crucial to improved graft incorporation, maturation and function.

Overall, the present work has made valuable contributions to the field of
photoreceptor replacement strategies by characterizing important factors to be
considered upon grafting human photoreceptors. These insights provide important
knowledge to allow a more informed way forward in translating photoreceptor

replacement strategies to clinical practice.
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8 Materials and Methods

8.1 Study approval

All animal experiments were approved by the ethics committee of the TU
Dresden and the Landesdirektion Dresden (approval number: TVV 16/2016 and TVV

38/2019). All regulations from European Union, German laws (Tierschutzgesetz), the

ARVO statement for the Use of Animals in Ophthalmic and Vision Research and the

NIH Guide for the care and use of laboratory work were strictly followed for all animal

work.

8.2 Materials

8.2.1 Materials and Chemicals

The following table contains important Materials used, grouped and in the order

they appear within the methods section below.

Table 1. Materials and Chemicals.

Material Company Identifier
o | RelLeSR StemCell Technologies 05872
5 | DMEM/F12 Gibco 31331-028
s N2 Gibco 17502-048
g FBS, heat inactivated, origin south america Thermo Fisher 10500-056
‘s | penicillin/streptomycin Gibco 15140-122
S | GlutaMAX Gibco 35050-038
2 | Amphotericin B Gibco 15290-026
O | NEAA Gibco 11140-035
B27 without Vitamin Gibco 12587-010
B27 with Vitamin Gibco 17504-044
Neurobasal A Gibco 21103-049
B-mercaptoethanol Gibco 31350-010
Matrigel, growth factor reduced Corning 354230
Ultra low-attachment 6-well plates Nunclon Sphera 174932
6-well plates Corning 3516
Dispase StemCell Technologies 07923
10 cm low attachment dishes Greiner 664970
10 cm low attachment dishes, Nunclon Sphera Thermo Fisher Scientific 174945
EC23 Tocris 4011
c  PBS* Gibco 10010-023
2 | DNasel Thermo D5025-150KU
£ | 0.22 ym PVDF filter Millipore SLGVO33RS
§ Papain Worthington LK003176
2 | EBSS Worthington LK003188
S | Ovomucoid Worthington LK003182
= | 0.2 ym PES filter Thermo Scientific 566-0020
T | Trypan Blue Stain, 0.4% Gibco T10282
® | Triamcinolone acetonide suspension, sterile, University Clinic Pharmacy,
S | 80 ug/ulin NaCl, preservative-free Dresden none
5 Ketamin 10% medistar 04-03-9264/23
'S Medetomidin hydrochloride Orion Pharma Domitor®
% | Medetomidin hydrochloride CP-Pharma Cepetor®
=) Atipamezole hydrochloride Orion Pharma Antisedan®
0.9% NaCl, sterile Fresenius Kabi B306175/03
Dilating eye drops University Clinic Pharmacy,
2.5% phenylephrine/0.5% tropicamide Dresden none
Moisturizing eye gel Bausch+Lomb Vidisic®
Hamilton Microliter syringe, 5 pl Hamilton 065-7634-01
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8.2.2 Cell Line

Material Company Identifier
Hamilton Microliter syringe, 10 pl Hamilton 065-7635-01
Hamilton removable needle, blunt, 34-gauge, 12 mm Hami .
length amilton special request
30G needle BD Biosciences 30400
Coverslips Menzel-Glaser 24x50mm#1,5
Coverslips Epredia 24x50mm#1,5
Diamond pen Roth 1530.1
Stereotaxic adaptor for mouse head fixation World Precision Instruments 505242
Micromanipulator M1 with flat metal base H. Saur Laborbedarf M1
Transplantation microscope Leica M651 MSD
L-AP4, 50 uM Tocris 0103

« | FlexiPERM micro12 Sarstedt 94.6011.436

§  PDL, poly-D-lysine hyrdrobromide Sigma-Aldrich P7280-5MG

g Laminin Invitrogen 23017-015

8 | Isoflurane Isoflurane Baxter -

2 PFA Electron Microscopy Sciences 15714

< | 6-well insert, standing Corning 353090

L% NEG-50 Richard-Allan Scientific 6502

- | Methylbutane Sigma-Aldrich M32631-1L

S | Liquid nitrogen Provided by the CMCB -

S | Aqua Polymount Polysciences 18606

o Hydrophobic pen Vector Laboratories H-4000
Shandon Plastic Coverplates Epredia 12766807
Shandon Sequenza Immunostaining rack Epredia 73310017
BSA Serva 11926
Normal donkey serum VWR/Uptima UPTIUP77719A
Triton X-100 Serva 37240
Starfrost Advanced Adhesive Slides Engelbrech_t Medizin- und 11270

Labortechnik

The Crx-mCherry cell line was a kind gift from Olivier Goureau. Derived from
human retinal Miiller glia cells (Slembrouck-Brec et al., 2019), the human induced
pluripotent stem cells were edited using CRISPR/Cas9 to harbor the transgene in their
AAVS1 locus (Gagliardi et al., 2018). Containing the mCherry gene fused to an H2B
histone motif under control of the murine Crx promoter, the transgene thus led to nuclear

mCherry expression in photoreceptor cells. All experiments used a homozygous clone.

8.2.3 Mouse Lines

Adult mice of various lines were used as recipients for cell transplantations and
are described in more detail below. All mice were maintained in a 12-hour Light/Dark
cycle with ad libitum access to food and water.

C57BL/6J — Wildtype: Inbred wildtype mice of the JAX mice strain without known
retinal dysfunction were supplied by Charles River (https://www.criver.com/products-
services/find-model/jax-c57bl6j-mice?region=23). Females of 9-10 weeks were used as
recipients.

Cpfl1 — Cone photoreceptor function loss 1: Cpfl1 mice with the official name
B6.CXB1-Pde6c®'/J are the result of spontaneous mutations in the Pde6c gene within
the CXB1 strain, which were backcrossed onto the C57BL/67J background. Cpfi1

animals are homozygous for a 116 bp insertion between exons 4 and 5 as wellasa 1 bp
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deletion in exon 7, leading to a frame shift and a premature stop codon. The mutations
cause a lack of detectable cone function as well as cone degeneration while both rod
structure and function remain normal. At baseline, Cpfl1 Muller glia exhibit a slight
upregulation of glial fibrillary acidic protein.

Both males and females aged 6-25 w were used as recipients, with 90% of
animals younger than 19 w. As males were found to be at a higher risk of unexpected
death over the course of the experiments, later experiments were limited to females. All
Cpfl1 animals originated from the colony maintained at the CRTD animal facility which
had been founded from mice kindly provided by Bernd Wissinger (Institute of Ophthalmic
Research, Tubingen, Germany).

Rd1 — Retinal degeneration 1: The Pde6b™' mutation is a common mutation in
various laboratory and wild-derived inbred strains, containing a murine viral insert as
well as a mutation in exon 7 of the Pde6b gene. While exact timelines vary depending
on further genetic background, Pde6b™ generally causes severe early onset rod
degeneration and secondary cone degeneration. Here, C3H/HeOudJ mice obtained from
Charles River were used, which quickly lose all rods until 3-4 w of age and retain only
2-3 rows of cones at 3 w and 1 row at 23 w. Cone outer segment counts are reduced by
roughly half at 12 w and decrease further until 24 w (M. van Wyk et al., 2015). Female
rd1 animals aged 7-8 w were used as recipients.

tgCR — cone-rod dystrophic mice: tgCR mice were generated in the animal
facility at CRTD by crossing age-matched Cpfl1 animals (see above) with Rho” mice,
originally on a 129S2/SvHsd background (Santos-Ferreira, Volkner, et al., 2016).
Dysfunctional from birth, the photoreceptors quickly degenerate until at 10-12 w only
one row of photoreceptors is retained. tgCR animals of both sexes aged 7-18 w were
used as recipients.

Hes5-GFP — Miiller glia reporter mice: Hes5-GFP animals express GFP under
control of the Hes5 promoter, leading to cytosolic labeling of the Miller glia with an
otherwise normal retina (Basak & Taylor, 2007; Nelson et al., 2011). One male at 24 w

and females aged 27-32 w were used as recipients

8.2.4  Antibodies

The following table lists all primary antibodies used, sorted alphabetically by the

abbreviation used to refer to them within the thesis.

Table 2. Primary Antibody Details.

Abbreviation | Target Host . Catalogue Producer Dilution Antlgen
Species Number Retrieval
. ) Gift from
ARR3 Eor?gr?rsre:tcli?i’c mouse (1\3/3(7'? etal., Peter 1:100 no
Y p MacLeisch
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Abbreviation | Target HOSt. Catalogue Producer Dilution Antlgen
Species Number Retrieval
Cone arrestin Novus .
ARR3 human specific goat NBP1-37003 Biologicals 1:100 no
Retinaldehyde- L 1:100-
CRALBP binding protein 1 mouse MA1-813 invitrogen 19200 no
Cone-rod . (Y. Zhu et al., Gift from Elly .
CRX homeobox protein rabbit 2013) Tanaka 1:500 no
CRX Cone-rod . mouse H00001406- Abnova 1:200 no
homeobox protein MO
EDTA buffer
C-terminal binding . pH 8.0,
CTBP2 protein 2 mouse 612044 BD 1:2500 30 min at
70°C
GFAP Glial fibrillary acidic | 345860 Millipore 1:500 | no
protein
GFP Green fluorescent | picken ab13970 Abcam 1:500 | no
protein
Astrocyte cell
GLAST surface antigen-1 Mouse 130-095-822 Miltenyi 1:200 no
ACSA-1
Gs Glutamine mouse 610517 BD 1250 | no
synthetase Biosciences
hMITO human mitochondria | mouse ab92824 abcam 1:500 no
hMITO human mitochondria | mouse ab3298 abcam 1:500 no
HucHup | HuC/D biotin- mouse A-21272 Invitrogen 1:100 | no
conjugated
Allograft
IBA1 inflammatory factor rabbit 019-19741 Wako 1:500 no
1
XRCC5, ATP-
dependant DNA
KU80 helicase Il or DNA mouse ab119935 abcam 1:500 no
repair,
human specific
Metabotropic ES 'gAObuﬁer
MGLURG6 glutamate receptor rabbit AGC-026 Alomone 1:2000 go m-in’at
6 70°C
NRL INe“'.ra' retinal goat AF2945 R&D 1:200 | no
eucine
Long- and medium . - )
OPN1L/MW wave opsin rabbit AB5405 Millipore 1:1000 no
OPN1SW Short wave opsin goat sc-14363 Santa Cruz 1:200 no
PKCA Proteinkinase C | oyt $c-208 SantaCruz | 1:300 | no
alpha type
Carbohydrates in o Vector .
PNA cone-specific IPM biotinylated | B-1075 Laboratories 1:1000 no
PRPH2 Peripherin, PRPH2 rabbit 18109-1-AP Thermo fisher | 1:200 no
RCVRN Recoverin rabbit AB5585 Millipore 1: 1500 no
Rhodopsin (opsin . .
RHO RET-P1) mouse 04886 Sigma 1:1000 no
SCGN Secretagogin sheep RD184120100 | Biovendor 1:300 no
SOX2 Transcription factor goat sc-17320 santa cruz 1:200 no
SOX-2
Tight junction . L .
Z01 protein ZO-1 rabbit 617300 invitrogen 1:200 no

The following table lists all secondary antibodies used. All secondary antibodies

were produced by Jackson ImmunoResearch Europe Ltd, raised in donkey and diluted

1:1000.

Table 3. Secondary Antibody Details.
Target Fluorophore | Identifier
Chicken IgY | Cy3 703-165-155
Goat IgG Cy2 705-225-147
Goat IgG Cy3 705-165-147
Goat IgG Cy5 705-175-147
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Target Fluorophore | Identifier

Mouse IgG AF488 715-545-151
Mouse IgG Cy2 715-225-150
Mouse IgG | Cy3 715-165-150
Mouse IgG Cy5 715-175-150
Rabbit IgG Cy2 711-225-152
Rabbit IgG Cy3 711-165-152
Rabbit IgG Cy5 711-175-152
Rat IgG AF488 712-545-153
Rat IgG Cy2 712-225-153
Rat IgG Cy3 712-165-153
Rat IgG AF647 712-605-153
Sheep IgG Cy2 713-225-147

8.3 Methods

8.3.1 Cell culture

8.3.1.1 Human iPSC culture
The Crx-mCherry iPSC line was cultured by the Stem Cell Engineering Facility
at CMCB, Dresden, using Matrigel-coated plates, mTeSR1 medium and splitting after

incubation with room temperature ReleSR.

8.3.1.2 Human retinal organoid generation

For human retinal organoid (HRO) generation, at day 0 (D0) Crx-mCherry iPSC
cultures at 60-80% confluence were briefly washed with 1 ml PBS and detached from
the 6-well culture dish for ca. 3 min at 37°C using a thin film of ReLeSR. Usually, 8 wells
of iPSCs were used per round. Small colony clumps were collected in DMEM/F-12 and
centrifuged for 3 min at 88 rcf at room temperature. The supernatant was removed and
clumps were carefully resuspended, first by delicately tapping the tube, then by slowly
mixing in 10 yl N2B27 medium (1:1 DMEM/F-12:Neurobasal A media, 1% B27 with
VitaminA, 0.5% N2, 1% penicillin/streptomycin, 1% GlutaMAX, 0.1 mM j-
mercaptoethanol) per starting well. The cooled clumps were embedded in 150 pl
Matrigel, growth factor reduced, per starting well, by adding the Matrigel, carefully mixing
and then allowing the mix to become viscous at room temperature for 4-7 min. After
breaking up the gel into smaller chunks by pipetting up and down with an additional
12 ml N2B27 medium, the chunks were transferred to 12 wells of low-attachment 6-well
plates already containing 1 ml N2B27 medium each. Cells were fed by adding 2 ml
N2B27 medium on D2.

Within 5 days, the cell clusters inside the Matrigel chunks developed into cysts.
The chunks were then collected, the medium replaced completely with fresh N2B27
medium and the chunks were distributed into double the amount of 6-wells coated with

Matrigel. After distributing the chunks in the wells, they were allowed to settle and attach
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to the dish. Until D13, the medium was completely replaced with fresh N2B27 medium
every second day without disturbing the cells.

At D13, attached cysts were lifted from the dishes: they were washed with
prewarmed DMEM/F-12, incubated with 1 ml Dispase per well for 10-15 min at 37°C
and collected in DMEM/F-12. The aggregates were again washed carefully with
DMEM/F-12 and then distributed in B27 medium (DMEM/F-12, 1% B27 without Vitamin
A, 1% penicillin/streptomycin, 1% GlutaMAX, 1% NEAA, 0.1% Amphotericin B) into
10 cm low attachment dishes. From now on, B27 medium was renewed by half-media
changes on Mondays, Wednesdays and Fridays. At D25, floating aggregates were
changed from B27 to B27/FBS medium (B27 medium, 10% FBS) containing 0.3 uM
EC23, a photostable synthetic analog of all-trans retinoic acid.

Around D30, once bright neuroepithelial regions became visible, organoids were
cut into smaller organoids, retaining those containing neuroepithelial regions. Until
D100, the organoids were keptin B27/FBS medium containing 0.3 mM EC23. Then, the
medium was changed to RM2 (DMEM/F12, 1% N2, 10% FBS, 1%
penicillin/streptomycin, 1% GlutaMAX, 0.1% Amphotericin B) with 0.3 mM EC23 until

D120, after which the organoids were cultured in RM2 only.

8.3.2 Transplantations

8.3.2.1 Dissociation of HRO

All following steps were carried out in a sterile environment. HRO were collected
and washed three times in 37°C PBS” to remove excess protein. Up to ten HRO at once
were transferred to 1 ml 37°C Papain at 20 U/ml in EBSS (Papain reconstituted in fresh
sterile EBSS to 20 U/ml with heating 5 min at 37°C, used fresh or aliquoted and stored
at -20°C for up to 3 months) and samples were enzymatically dissociated for 1.5-2 h on
a horizontal shaker at 70-100 rpm, 37°C. Afterwards, 50 yl DNase | solution (DNase |
dissolved in 0.15 M NaCl in H20O to an activity of >10.000 KU/ml at a concentration of
5 mg/ml, sterile filtered through 0.22 ym PVDF, used fresh or aliquoted and stored
at -20°C) were added to a final activity of >480 KU/ml, samples were inverted once and
incubated at RT for 5 min. To each ml of HRO/Papain, wash mix containing 520 pl
EBSS, 60 yl Ovomucoid solution (Ovomucoid resuspended in 32 ml sterile EBSS per
bottle, stored at 4°C) and 60 ul DNase | solution was added and HRO were manually
triturated carefully by slowly pipetting up and down ca. 10x using a narrow Pasteur
pipette. Separate vials of dissociated HRO were combined at this point and the mixture
was overlaid on top of 1 ml Ovomucoid solution at RT per ml Papain used. After

centrifugation for 6 min at 600 g, RT, the supernatant was removed, and the tube
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carefully flicked to loosen up the pellet before resuspension of the cells in MACS
buffer/DNasel (MACS buffer: PBS™, 2 mM EDTA, 0.5% w/v BSA, sterile filtered through
0.2 ym PES; MACS/DNasel: MACS buffer with 2% DNase | solution yielding a final
activity of >200 KU/ml) to ca. 4-6x108 cells/ml. From then on, cells were kept on ice in
the dark.

8.3.2.2 Sorting of HRO-derived photoreceptors

Human Crx-mCherry expressing photoreceptors were sorted on Aria Il or Aria Ill
cell sorters (BD Biosciences) with support from the CMCB Flow Cytometry Core Facility.

Before sorting, the HRO cell suspension was filtered through a 35 ym mesh and
dead cell marker DAPI was added (final concentration 0.02 pg/ml). Then, the sample
was loaded onto the pre-cooled sample holder and a small sample volume was
assessed. The gating hierarchy was defined as follows: 1) FSC-A vs SSC-A was used
to gate for cells and exclude debris. 2) Doublets were removed by gating for singlets
using FSC-A versus FSC-H and SSC-H versus SSC-W sequentially. 3) Live cells were
selected through absence of DAPI signal in the FSC-A versus DAPI plot. 4) Finally, the
mCherry"9"/GFP"°* target cell population was selected in the mCherry versus GFP view.

Human photoreceptors were sorted cold using a 100 ym nozzle into 15 ml
Falcon tubes containing pre-cooled MACS buffer. The flow rate was set to 1-2. For
sorting quality control, a small volume of sorted cells was removed from the collection

tube and re-analysed in the FACS machine.

8.3.2.3  Preparation of sorted photoreceptors for transplantation

Sorted cells were centrifuged 6 min at 600 g, RT, resuspended carefully in circa
300 pl MACS/DNasel and transferred to a 500 pl tube. Live and dead cell numbers were
quickly counted in a Neubauer chamber using Trypan exclusion (2 pl cell suspension,
13 ul PBS, 5l 0.4% Trypan Blue). Cells were centrifuged again as before and
resuspended in MACS/DNasel to 1.5x10°cells/ul. For easier access during
transplantation, the cell suspension was transferred to the tube lid, the tube closed and
placed on a tissue on ice, protected from light. Transplantation was performed

immediately afterwards.

8.3.2.4  Subretinal injection

The materials and methods used to dissociate, sort and subretinally inject HRO-
derived photoreceptors are described in detail in the book chapter “Micromanipulator-
assisted subretinal transplantation of human photoreceptor reporter cell suspensions

into mice”, which is accepted for publication as of now (Tessmer et al., 2022).
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Briefly, host mice were anesthetized by intraperitoneal injection of anesthesia
mix (C57BL/6JRj background: 1 mg/kgbw medetomidine hydrochloride and
30 mg/kg bw ketamine; 129 background: 1 mg/kg bw medetomidine hydrochloride and
80 mg/kg bw ketamine). Upon movement loss, pupils were dilated by application of 1
drop of dilating eye drops. After 2-5 min, the drop was taken off and replaced by Vidisic
eye gel to keep the cornea moist. Once the mouse was fully anesthetized, it was secured
in a stereotaxic head holder, placed under the transplantation microscope and oriented
with the eye facing up. A small piece of a glass coverslip was placed on top of the Vidisic
gel as a window. Using a 30G needle, an incision was made into the ora serrata in the
temporal portion of the globe. The cell suspension was mixed carefully by slowly
pipetting up and down and 1 pl of cell suspension then 0.2 pl of air were loaded into a
5 pl Hamilton syringe with a blunt 34-gauge needle. The Hamilton syringe was mounted
onto a Micromanipulator, its needle inserted through the hole and carefully, using the
micromanipulator controls, steered to very lightly touch the retina on the site opposite of
the incision. There, the retina was pierced with the blunt needle and the 0.2 ul air were
inserted into the subretinal space, creating a pre-bleb, followed by the cell suspension.
The syringe was carefully retracted, with the injection site sealing itself. The
successfully delivered cell volume was estimated and potential bleedings — vitreal
bleeding from a disruption of the inner plexus or subretinal bleeding from disruption of
the blood-retina barrier on the RPE side — were noted. The needle was flushed with
sterile distilled H,O and PBS™.

Directly after transplantation, triamcinolone acetonide filtered through a 35 ym
mesh was resuspended and 1 yl was drawn up in a 10 pyl Hamilton syringe with a blunt
end needle. The needle was inserted handheld through the incision site and
triamcinolone acetonide was deposited in the temporal portion of the vitreous. The
needle was cleaned with sterile PBS”. The animal was released and anesthesia was
reversed by intraperitoneal injection of anesthesia reversal compound (10 mg/kg bw
atipamezole). Until waking up, the animal was placed in a warm cage and monitored
carefully. Usually, triamcinolone acetonide was re-applied every four weeks using

anesthesia as described above.

8.3.3  Functional analyses

8.3.3.1 Light-Dark Box

For light-aversion testing, animals were submitted to the Light-Dark Box (LDB)
assay (TSE Systems, Bad Homburg). The LDB setup consists of two chambers, one
brightly lit with 620 Ix at its bottom, and one dark, connected by a doorway. Upon

doorway opening, the dark chamber is illuminated by incident light of 2.5-6 lux. For
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assessment, the animals were placed in the lit chamber with the doorway closed for
30 s before actual trial start. Then, the doorway was opened and the animal allowed to
roam for 10 min, freely choosing between both sides. The percentage of time spent in
the dark chamber after doorway opening was used as a measure of light aversion.
Animals that took >5 min until the first cross into the dark compartment or that made
fewer than 3 crosses in total were excluded from analysis. Except for the longitudinal

study using rd1 mice, animals were tested once without prior training.

8.3.3.2  Electrophysiology with multi-electrode array

All multi-electrode array (MEA) recordings were performed by Miriam Reh at NMI
Tldbingen, in the laboratory of Ginther Zeck. For full methods and analyses see
(Gasparini et al., 2022).

MEA setup

Experimental mice were euthanized, enucleated and the eyes were transferred
to carbonated (95% O-, 5% CO2) Ames’ medium. After incision with a small needle, the
lens was removed and the globe cut in half. A Leica M80 stereomicroscope with a
fluorescent illumination unit was used to locate the human cells, then the retina was
trimmed and isolated carefully from the remaining RPE, sclera and vitreous. The retina
was transiently placed on a filter paper (RGC layer facing up) and from there transferred
to the pre-coated Glass MEA, RGC layer facing down. The Glass MEA contained 256
recording electrodes (256MEA100/30iR-ITO, Multi Channel Systems MCS) situated in
an array of 3 mm x 3 mm, spaced 200 um apart with an electrode diameter of 30 ym.
With the retina located on top of the electrodes, the MEA was placed into a recording
headstage (MEA256-System, Multi Channel Systems MCS), located below an objective
for light stimulation. The MEA chamber was kept at 36°C during the entire RGC activity
recording and perfused with 36°C carbonated Ames’ solution at a rate of 2-4 ml/min.

MEA light stimulation and recording

To evoke retinal activity, the explant was stimulated with green light (peak
wavelength 550 nm, Figure 43) binary checkerboard white noise, generated by an oLED
display controlled by the GEARS software (Szécsi et al., 2017). The stimulation
paradigm, a pseudo-random binary checkerboard of 30 x 30 green and black pixels,
lasted 25 min with a temporal frequency of 38 Hz and a total illuminated area of 3.2 mm
x 4.2 mm. The stimulation was repeated with light intensities increasing from scotopic
via mesopic to photopic (full-field illumination equivalent to P=0.7x102 W,
P=0.7x10"" yW and P=0.7 pyW respectively, with P=0.7 uW yielding photoisomerizations

on the level of ca. 1x10° R*/photoreceptor/s for both rods and m-cones). Then the
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metabotropic glutamate receptor blocker L-AP4 was added at 50 uM to the Ames’ buffer
to isolate OFF RGC responses and recording was repeated under photopic conditions.
The MCRack software was used to record extracellular voltages, which were

then filtered with a 2nd order Butterworth highpass filter (300Hz) before spike detection.
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Figure 43. Absolute Irradiance and Full Spectrum of Light used during MEA Stimulation.
Figure reproduced from (Reh, 2021) with permission.

Further processing of MEA samples

After recording, samples were detached from the glass MEA, fixed in 4% PFA,
and shipped back in PBS for embedding, cryosectioning and immunohistochemistry as
described above.

MEA spike detection, spike triggered average and receptive field calculations

For detailed methods on spike detection, spike triggered average and receptive
field calculations, see (Gasparini et al., 2022).

In summary, a threshold was calculated from the first 10 seconds of spontaneous
activity and used to determine true spike events upon light stimulation. The spikes were
then clustered to identify single cell activities. Spike-triggered averages (STAs) were
calculated by averaging all stimuli that induced a spike within 600 ms before spiking,
allowing to determine the type of stimulus that the RGC responded to. STAs were further
filtered to ensure they represent a stimulus resulting in a robust cell response.
Additionally, fitting and averaging of the recorded STA images 80-24 ms before spiking

allowed to determine the receptive field of the reacting RGC.

8.3.4 Immunohistochemistry and Immunocytochemistry

8.3.4.1 Tissue collection for cryosectioning

Experimental animals were deeply anesthetized by isoflurane inhalation and
decapitated. Eyes were enucleated and placed in 4% PFA/PBS for 1 h at 4°C. Then,
cornea, iris, lens and excess muscles were carefully dissected away in PBS and the
remaining eye cup was placed in 30% sucrose/PBS at 4°C over night. For freezing,

sucrose solution was removed and replaced with cryoprotectant by swirling the eyecup
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in NEG-50, also ensuring replacement of the solution within. Eyecups were then
embedded in moulds filled with NEG-50 and frozen over a methylbutane bath in liquid
nitrogen. Frozen blocks were stored in sealed bags at -80°C. Before cutting, blocks were
allowed to come to -20°C for at least 1 h and cut into 12 ym or 20 um thick sections
using an Epredia™ CryoStar™ NX70. Sections were collected on Starfrost Advanced
Adhesive slides in four series (A-D), and every new slide per series was considered a
new level marked by numbers. As such, a section was placed in the first row of slide 1A,
then 1B, 1C, 1D then in the second row on 1A, 1B, 1C, 1D, and so on until the slide was
full, then collection was continued on the next level, in this case 2A, 2B, 2C, 2D, and so
forth. As a consequence, each series contained every fourth section of the entire
eyecup. Slides were air dried for 20-30 min at 37°C and either directly stained or stored
at -80°C.

8.3.4.2 Tissue collection for retinal flatmounts

Animals were anesthetized, killed and enucleated as for retinal cryosectioning.
The globes were fixed in 4% PFA/PBS for 20 min at 4°C. Then, the cornea, lens and
ciliary muscle were dissected away in PBS after a circumferential cut right below the ora
serrata. The RPE and choroid was carefully torn with two tweezers and the retina was
incised in a cloverleaf fashion. The retina was transferred to a standing 6-well insert
using a wide cut plastic Pasteur pipette, and any residual liquid was carefully removed,
flattening the retina in the process with the inner retina facing the membrane. If
necessary, the flattening was helped with a thin brush. The retina flatmount was further
fixed for 20 min through the addition of 4% PFA below the membrane, so that the retina
was touched but not covered by the liquid. Flatmounts were stored at 4°C in PBS until

staining.

8.3.4.3  Cell collection for immunocytochemistry

Single cell suspensions for immunocytochemistry were either spotted onto
microscopy slides before or after fixation. For spotting after fixation, samples were fixed
in dilution by addition of 4x volume 4% PFA/PBS and incubation for 15-25 min at room
temperature. Cells were washed by filling the vial with PBS and centrifuging 10 min at
600 g. The cell pellet was resuspended in ddH-O, small drops placed onto microscopy
slides and allowed to dry overnight. Samples were circled with a hydrophobic pen and
submitted to staining as described below.

Spotting cells before fixation first required the preparation of microscopy slides.
Slides were equipped with sterile-treated FlexiPERM micro12 and resulting wells were

precoated with PDL at 50 pyg/ml for 2 h at 37°C, which was then washed away with
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sterile water. The cells were centrifuged 6 min at 600 g and resuspended in 100 yl RM2
(see organoid culture protocol) per well. Laminin was was added to a final concentration
of 5 yg/ml and the mix placed in the well. After 30-120 min in the cell culture incubator,
200 pl 4% PFA/PBS were added to each well, fixing the cells for 15 min at RT. The wells
were washed by very slowly removing 200 pl volume and adding 200 upl PBS and stored
in a sealed container at 4°C until staining in the wells as described below. For staining,
it was crucial to never pipette fast, as cells were easily dislodged. After staining, the

silicone mould was removed and the slides mounted as described.

8.3.4.4  Immunofluorescent staining

Immunohistochemistry samples were rehydrated in PBS and where necessary
(see Table 2. Primary Antibody Details.), antigen retrieval was performed. Samples were
then permeabilized and blocked in blocking solution for 1 h at room temperature and
incubated with primary antibodies diluted in blocking buffer at 4°C over night. See Table
1 for primary antibody dilutions and details. After 3 washes with PBS, secondary
antibodies diluted in PBS containing 0.2 yg/ml DAPI were added to the slides and
allowed to incubate for 1-1.5h at room temperature. See Table 3 for details on
secondary antibodies used. Samples were washed with PBS as before, rinsed with
ddH;O and mounted between the microscopic slide and a coverslip using
AquaPolyMount. Mounting medium was allowed to harden over night at room
temperature before storage at 4°C.

Mostly, cryosectioned samples were stained using the Epredia Shandon
Coverplate system. Here, coverplates were positioned on the slide after rehydration and
dissolution of NEG-50 or antigen retrieval and installed in the Epredia Shandon
Sequenza Immunostaining rack. Correct positioning was ensured by inspecting the flow-
through speed of PBS. Then sections were permeabilized, blocked and stained as
described above, by adding 300 pl PBS for washing and 120 pl antibody suspensions
into the reservoir. After the final washing step in ddH20, the assembly was removed
from the rack, coverplates were carefully detached and the slides mounted as described.

Occasionally, samples were stained lying flat. In that case, samples were
rehydrated, excess liquid removed and the sections isolated by circling with a
hydrophobic pen. After allowing the hydrophobic seal to dry, slides were placed in a
moist chamber and staining was performed as above. To reduce the risk of spillage,
liquid volumes were adjusted so that the samples were fully covered without creating a

large dome. Washes were carried out 5 instead of 3 times.
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Staining of flatmounts was performed in 24-well plates on a horizontal shaker at
80-100 rpm. Incubation times were extended as follows to allow full penetration of the
tissue: 1 h permeabilization/blocking, 2-4 d primary antibody incubation, 1 d secondary
antibody incubation, 1 h per wash step. For mounting, flatmounts were placed on a
coverplate with the outer retina facing the coverplate and flattened carefully with a very
thin brush. AquaPolyMount and the microscope slide added on top, facing the inner

retina.

8.3.4.5 Antigen retrieval

Where antigen retrieval was necessary, slides were washed in PBS to dissolve
NEG-50 and rehydrate the sections. Slides were then slowly inserted into chambers
containing the respective 70°C antigen retrieval solution and incubated for 30 min in a
waterbath of the same temperature. Afterwards, containers and slides were allowed to
cool to RT for ca. 20 min, washed in PBS and stained as described above. Antigen

retrieval solutions and antibodies requiring antigen retrieval can be found in Table 2.

8.3.5 Imaging and image processing

8.3.5.1 Imaging

Immunohistochemistry samples were generally imaged on an Axio Imager.Z1
with ApoTome.2 enabled using an HXP120 lamp as light source (all Zeiss). For
quantifications, the A-series of each cryosectiond block, i.e. every fourth serial section
traversing the entire eye, was first assessed for human graft presence using the
Imager.Z1 microscope. All graft-containing sections were then imaged with an
AxioScanZ.1 by the Light Microcopy Facility at CMCB, Dresden. In both cases images
were usually taken as z-stacks and presented as a maximum intensity projection.

Images were processed using Zen Blue Software (Zeiss), FIJI Version
2.3.0/1.53q (Schindelin et al., 2012) and Affinity Designer (Serif Europe Ltd.).

8.3.5.2  Image quantifications

Graft-containing sections imaged with the AxioScan.Z1 were quantified using the
ZEN Blue Software and its image analysis wizard or manual measurements in the
Measure tab. Data was processed and visualized using Microsoft Excel for Mac and
RStudio.

Graft volume quantification

Graft volumes were determined based on RCVRN staining using the Image
Analysis Wizard of the ZEN Blue software, with a new image analysis setup for each
image. Briefly, a manual region of interest (ROI) was drawn closely around the strongly

RCVRN* human cells. Then, foreground and background pixel intensity cutoffs were

103



Materials and Methods

adjusted manually to best reflect RCVRN* area. Erroneous segmentation, e.g. due to
fluorescence intensity differences within slides, was manually corrected through deletion
or addition of areas where necessary. RCVRN* areas were exported and summarized
per eye. To infer graft volumes, the measured areas were multiplied by the section
thickness and by 4, correcting for only every fourth section being quantified. Values from
unquantifiable, e.g. missing or folded, sections were extrapolated by averaging the
values from the neighboring sections.

Quantification of incorporation

Extent of incorporation was quantified based on RCVRN staining using the
polygon contour tool in the Measure tab of the ZEN Blue Software where human graft
cells were present amongst host photoreceptors. The human cell clusters were traced,
with the apical border represented by an assumed OLM, i.e. the place where the OLM
would be if no human cells were present. As described above, the resulting area was
summarized per eye, multiplied by 4 and the section thickness and missing values were
imputed. The total incorporated volume per eye was expressed as percentage of the
total graft volume in the respective eye. Note that this approach on one hand potentially
underestimates the incorporated volume, as it disregards human cellular structures such
as inner segments that oftentimes extend beyond the assumed OLM. On the other hand
in cases of loosely packed grafts the incorporated volume is likely overestimated, as
small holes within the graft were included in the measurement of incorporation area, but
excluded during total graft volume quantification.

Quantification of inner segment formation

Presumptive inner segments (IS) in the shape of bulbous, hMITO* outgrowths
were manually counted using the number tool in the Measure tab of the ZEN Blue
Software. IS were further characterized based on the graft type they were associated
with: isolated (IS present in a graft cluster without contact to host retina nuclei in this
section), touchFar (IS in a graft cluster with contact to host retina nuclei but more than
50 um away from the contact site), contact (IS in a graft present in the subretinal space
within 50 um of graft cell contact to host nuclei or IS directly neighbouring host ONL
nuclei without a visible cell body) and incorporated (IS sprouting from an incorporated
cluster). IS of the contact and incorporated type were both considered to be interacting
with the host retina, while IS of the isolated and touchFar were both considered isolated.

IS counts per eye were summarized and multiplied by 4 to approximate the total
number of IS per eye. As above, values for unquantifiable sections were imputed by

averaging the neighbouring sections.
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8.3.5.3  Electron microscopy

Electron microscopy sample preparation and imaging was carried out by the
Electron Microscopy Facility at CMCB, Dresden.

Transmission electron Microscopy (TEM)

TEM was performed as previously described (Vélkner et al., 2019, 2021). Briefly,
eyes were retrieved from the animals as described above for cryosectioning. Globes
were fixed in 4% PFA/PB (PFA diluted in 100 mM phosphate buffer) at 4°C for 20-24 h,
with the cornea punctured after the first hour. Then, cornea, iris, lens and muscles were
dissected away as described above. The region of interest (ROl) was detected by
human cell reporter fluorescence and cut out under a Leica MZ10F fluorescence
stereomicroscope. Samples for epon embedding and TEM were postfixed in Modified
Karnovsky’s Fixative (2% glutaraldehyde, 2% paraformaldehyde in 50 mM HEPES) at
least overnight at 4°C and samples for CLEM were directly stored in 1% PFA/PBS, 4°C
until further preparation.

For TEM, the ROI was then postfixed in a 2% OsOs solution (2% OsO4, 1.5%
potassium ferrocyanide, 2 mM CaCl; in water), followed by incubation in 1% aqueous
thiocarbohydrazide, another contrasting step in 2% aqueous OsOs, en-bloc contrasting
with 1% uranyl acetate in water, dehydration in a graded ethanol series from 30% to
100% (on molecular sieve) and stepwise infiltration in the epon substitute EMBed 812.
Samples were washed with water in between all steps until dehydration and were cured
at 65°C overnight after embedding. The Z-plane of the ROls in the blocks were identified
by scoring semithin sections stained with toluidine blue/borax. Subsequently, ultrathin
sections of 70 nm thickness were cut using a Leica UC6 ultramicrotome and a diamond
knife (Diatome). Sections were collected on formvar-coated slot grids followed by
staining with lead citrate (Venable & Coggeshall, 1965) and uranyl acetate. TEM
imaging was performed with a Jeol JEM1400 Plus transmission electron microscope
(camera: Ruby, Jeol) running at 80 kV acceleration voltage.

Correlative light and electron microscopy (CLEM)

For CLEM, the selected ROIs in 1% PFA/PBS were dehydrated in a graded
series of ethanol, before infiltration and embedding in Lowicryl K4M at progressively
lower temperatures, from 4°C to -35°C (Carlemalm et al., 1982). Lowicryl K4M was
polymerized for 48 h by UV-irradiation at -35°C. Ultrathin sections were cut with a
diamond knife (Diatome) and mounted onto formvar-coated mesh grids. CLEM of
immunolabeled sections was performed as described previously (Eberle et al., 2012;
Fabig et al., 2012). The sections were then labelled by sequential blocking with
1% BSA/PBS, incubation with the primary antibody, a bridging antibody, protein A
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10 nm gold for immunogold labelling, and a fluorophore-conjugated secondary antibody

for immunofluorescence. DAPI was used for nuclear counterstain and samples were

washed with PBS or water in between all steps. Finally, the labeled grids were mounted

in glycerol-water (1:1). A Keyence Biozero 8000 fluorescence microscope was used for

fluorescent imaging and selection of ROIs for TEM. The chosen grids were then

demounted and washed in water before contrasting with uranyl acetate and drying for

electron microscopy.

8.3.6  Statistics

The below table details all statistical tests used to compare quantitative results,

ordered by the figure they relate to.

Table 4. Statistical Analyses

Figure 12. Assessment of D200 Sorting for Crx-mCherry by ICC.

Comparing percentages of subpopulations for each
staining, with samples from the same dissociation
round matched:

Mixed-effects analysis with Geisser-Greenhouse correction
plus Tukey’s multiple comparisons test with individual

variances computed for each comparison.

Figure 14. Graft Volumes in D100, D200 and D300

Transplants.

Figure 16. Quantification of Graft Subtypes by Positioning.
Figure 20. Inner Segments in IHC and EM and Their Quantification in D100, D200 and D300 Grafts.

Comparing D100-derived means,
acknowledging experimental round:

Ordinary 2-way ANOVA with main effects only plus Sidak’s
multiple comparisons test with individual variances computed
for each comparison.

Comparing D100-derived means,
irrespective of experimental round:

Brown-Forsythe and Welch ANOVA tests plus Dunnet's T3
multiple comparison test with individual variances computed
for each comparison.

Comparing D100-derived means one by one,
irrespective of experimental round:

Unpaired t-test with Welch’s correction.

Comparing D200-derived means,
acknowledging experimental round:

Ordinary 2-way ANOVA with main effects only plus Sidak’s
multiple comparisons test with individual variances computed
for each comparison.

Comparing D200-derived means,
irrespective of experimental round:

Unpaired parametric t-test.

Comparing between D370 means,
irrespective of experimental round:

Brown-Forsythe and Welch ANOVA tests plus Dunnet's T3
multiple comparisons test, with individual variances
computed for each comparison.

Figure 21. Inner Segment Development in Proximal and Distal Grafts.

Comparing proximal and distal IS counts within
each timepoint, acknowledging experimental round:

Ordinary two-way ANOVA plus Sidak’s multiple comparisons
test with individual variances computed for each comparison.

Comparing proximal and distal IS counts (values
paired per eye) within each timepoint, irrespective

Paired t-test, parametric.

of experimental round:

Figure 26. Graft Size and Positioning in D200 Earl

y Timeline Samples.

Comparing between timepoints,
acknowledging experimental round:

Ordinary two-way ANOVA with main effects only plus
Tukey’s multiple comparisons test with individual variances
computed for each comparison.

Comparing timepoints separately, irrespective of

Unpaired Mann-Whitney test for each sequential comparison

experimental rounds (only for B: Incorporated Area)

(4v6,6v8, 8wptv 10 wpt).

Figure 39. Light-Dark Box Results of C57BL/6Jrj and Cpfl1 Animals
Figure 40. Light-Dark Box Results of Strongly Degenerated Animals., A: tgCR animals
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Comparing all means with the control: Ordinary one-way ANOVA plus Dunnett’s multiple
comparisons test with single pooled variance.

Comparing +10w with +26w means within the Ordinary one-way ANOVA with Sidak’s multiple comparison

same donor cell age: with single pooled variance.

Figure 40. Light-Dark Box Results of Strongly Degenerated Animals., B: rd1 animals
Comparing all means with matching repeated Mixed-effects model plus Sidak’s multiple comparisons test
measures of the same animals: with single pooled variance

8.3.7 Single cell sequencing

8.3.7.1 Dissociation and sorting of samples for sequencing

In vitro HRO samples were dissociated as described above (section 8.3.2.1
Dissociation of HRO). For recollection of the ex vivo samples, i.e. human cells from
transplanted murine eyes, animals were deeply anesthetized by isoflurane inhalation,
decapitated and enucleated. Globes were kept on ice in the dark. Cornea, iris, lens,
excess muscles and the optic nerve were quickly dissected away in PBS. After transfer
to the lid of a 1.5 ml tube containing 1 ml 37°C Papain at 2 U/ml in EBSS with 20 pl
DNasel solution, the eye cups were roughly chopped with microscissors. The tube was
briefly inverted to mix and incubated at 37°C for 20 min in the dark, inverting once every
5 min. After dissociation, samples were carefully triturated, washed, overlayed onto
Ovomucoid, centrifuged, resuspended and filtered as described above (section 8.3.2.1
Dissociation of HRO).

Cells of interest of both in vitro and ex vivo samples were sorted directly into
384-well plates containing 0.5 pl lysis buffer (nuclease free water, 0.2% Triton-X 100,
4 U murine RNase Inhibitor (NEB)), otherwise using the same FACS conditions and
gating strategy as described above (8.3.2.2 Sorting of HRO-derived photoreceptors).

Single cell cDNA and library preparation

Single cell processing from cell lysis until provision of read count matrices was
performed by the Dresden concept Genome Center at CMCB, Dresden, according to
the SmartSeq2 protocol as described in (Willenborg et al., 2022).

Briefly, following cell lysis, 0.5 yl dT-buffer (5 mM dNTP (Invitrogen), 0.5 uM dT-
primer'), was added to each well and RNA was denatured by 3 min incubation at 72°C.
RNA was reverse transcribed by addition of 1.5 ul Reverse Transcription Buffer (Final
concentration: 1 U RNase Inhibitor (NEB), 1x superscript Il buffer (Invitrogen), 1 M
betaine, 5 mM DTT, 6 mM MgCI2, 1 uM TSO-primer?, 9 U RNase Inhibitor, 90 U

' C6-aminolinker-AAGCAGTGGTATCAACGCAGAGTCGACTTTTTTTTTTTTTTTTTTT-
TTTTTTTTTTTVN
2 AAGCAGTGGTATCAACGCAGAGTACATIGIrGrG
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Superscript 1) and incubation at 42°C for 90 min, after which the enzyme was heat
inactivated for 15 min at 70°C.

The cDNA was amplified by cycling using Kapa HiFi HotStart Readymix (Peqlab;
1x final concentration) and 0.1 yM UP-primer® (Program: 98°C, 3 min; 23x [98°C, 20
sec; 67°C, 15 sec; 72°C, 6 min]; 72°C, 5 min), bead-purified and eluted in 12 ul nuclease
free water. cDNA concentration was measured with a Tecan plate reader Infinite 200
using AccuBlue Broas range chemistry (Biotium).

Tagmentation for library preparation was done by desiccating and rehydrating
up to 700 pg cDNA in 1 pul Tagmentation mix (Tagmentation Buffer and BLT
transposome from the lllumina DNA BLT library prep), incubating for 5 min at 55°C.
Barcoding during library amplification used 1x concentrated KAPA Hifi HotStart Ready
Mix and 300 nM dual indexing primers (72°C, 3 min; 98°C, 30 sec; 13x [98°C, 10 sec;
63°C, 20 sec; 72°C, 1 min], 72°C 5 min).

Libraries were quantified with the AccuBlue Broad range chemistry, equimolarly
pooled and bead-purified twice. Sequencing was done on the NovaSeq 6000 with

1.5 mio paired-end 100 bp reads per cell.

8.3.8  Bioinformatic analysis

8.3.8.1 Pre-processing

Data pre-processing, alignment and count matrix generation were carried out by
the bioinformatics team at Dresden concept Genome Center at CMCB, Dresden.

Basic quality control of the resulting sequence data was done with FastQC
(v0.11.6, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the degree of
mouse contamination was assessed with FastQ-Screen (v0.9.3, https://www.-
bioinformatics.babraham.ac.uk/projects/fastq_screen). Reads originating from mouse
were removed with xengsort (v2021-05-27) (Zentgraf & Rahmann, 2021). Reads were
aligned to the human reference genome hg38 using the aligner gsnap (v2021-05-08)
(Wu & Nacu, 2010) with Ensembl 104 human splice sites as support. Uniquely mapped
reads were compared based on their overlap to Ensembl 104 human gene annotations
using featureCounts (v2.0.1) (Liao et al., 2014) to create a table of fragments per human

gene and cell.

3 AAGCAGTGGTATCAACGCAGAGT
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8.3.8.2  Analysis

Single cell sequencing data was analysed running R using the Seurat pipeline in
a jupyterlab notebook run on the High Performance Computing Cluster at ZIH, TU
Dresden (Butler et al., 2018; Hao et al., 2021; Satija et al., 2015; Stuart et al., 2019).

Filtering, normalization and clustering

All read counts were combined in one table and a Seurat object created, with
min.cells = 3, min.features = 50. During initial quality control, cells with >25%
mitochondrial read content and >25% ERCC read content were removed to retain only
viable cells. Further, an outlier sample (cells from one of four organoids from in vitro
D270) was removed as it continuously generated a separate UMAP cluster later on,
without showing any cell-type specific gene expression. After filtering for the
experimental conditions of interest, the reads were normalized and scaled
(normalization.method = "LogNormalize", scale.factor = 1e4). Then, variable feature
detection (selection.method = 'vst', nfeatures = 2000), principal component analysis and
visualization using ElbowPlot with ndims = 50 was used to pre-select dimensions for
uniform manifold approximation and projection for dimension reduction (UMAP). UMAP
clustering was repeated with various combinations of parameters for dimensions,
resolution and number of neighbors, and the resulting clustering was manually
evaluated for reproducibility across different conditions, as well as the possibility to
identify cell types in the resulting clusters. Ultimately, organoid-derived samples only
were clustered using dim = 20, resolution = 1.2, n.neighbors =20. For comparison of in
vitro D200, D270 and D370 samples with age-matched ex vivo samples (D200+10w and
D200+26w) the parameters were set to dim = 20, resolution = 0.7, n.neighbors = 30.

Following quality control of UMAP clustering, clusters were manually annotated
based on marker gene expression as detected by Seurat (only.pos = FALSE, min.pct =
0.25, logfc.threshold = 0.25) shown in a heatmap, as well as plotting of additional known
marker gene expression levels on the UMAP plot. While cone subclusters were
identified with the clustering conditions used, they were addressed combined for
simplification as analysis could not yet be completed and hence the implications of the
subclusters were not yet clear.

Differential gene expression between D370 in vitro and ex vivo samples

For detection of differentially expressed genes between cones of D370 in vitro
and ex vivo samples, the Seurat object was subset to only contain cells assigned to
cone clusters. The active.ident was set to the experimental condition and marker genes
of the respective conditions were identified using the FindMarker function (min.pct =

0.25). Differentially expressed genes with an adjusted p value pag; < 0.001 were used as
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input to gprofiler (Raudvere et al.,, 2019) and panther (Mi et al., 2021) for gene
enrichment analysis using the statistical overrepresentation Fisher's exact test corrected
with calculated false discovery rate in an ordered query based on increasing padj (lowest
Pagj = highest importance). GO terms reported here were of the first hierarchy level only
to reduce repetitive pathway findings, filtered for a fold enrichment > 10 as displayed by
panther and used only if they were detected with both gprofiler and panther. Dot plots
and violin plots were generated with the respective Seurat functions using a selection of
differentially expressed marker genes that were found to contribute to the GO term
detection as shown by gprofiler, as well other as genes found to be differentially
expressed under similar conditions with a different, cone-specific reporter cell line
(Gasparini et al., 2022).
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10 Appendix

10.1 Appendix 1: Erklarungen zur Eroffnung des Promotionsverfahrens
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