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Summary

Summary

Retinitis pigmentosa (RP) is characterized by progressive loss of photoreceptor cells leading to
night blindness, tunnel vision and ultimately blindness. While mutant rod photoreceptors are
primarily affected, secondary changes in cones, inner retinal cells, retinal vasculature and the
retinal pigment epithelium (RPE) have been reported. So far, there is no cure for RP, but
therapeutic strategies (e.g. gene therapy or transplantation) are being intensively developed and
tested. However, current methods treat only a fraction of diseased cells resulting in a mosaicism

of both healthy and mutant rods.

To study the effect of healthy rods on neighboring mutant rods, we used an RP mouse model with
deficiency in the beta subunit of the rod-specific phosphodiesterase 6 (Pde6b). These mice contain
a LoxP flanked STOP cassette on both alleles (Pde6bsToP/ST0P) resulting in lack of PDE6B. Partial
rescue of Pde6b was achieved by Pax6aCre recombinase, which recombines LoxP sites resulting
in PDE6B expression in parts of the retinal periphery. To visualize Pax6aCre recombinase activity,
Pde6bSTOF/STOP Pax6aCre mice were crossed with two-color fluorescent reporter mice. These
reporter mice express EGFP in Cre-recombined cells and tdTomato in non-recombined cells. Using
this approach, we generated retinas with zones of EGFP-positive, Cre-recombined (“healthy”)

rods in the periphery and tdTomato-positive, non-recombined (“mutant”) rods in the center.

After partial PDE6B rescue by Pax6aCre in the EGFP-positive periphery, rod degeneration was
successfully prevented in this region. On the other hand, in the tdTomato-positive center, PDE6B
expression was absent leading to progressive degeneration of rods. Interestingly, with disease
progression, we observed stepwise PDE6B expression in tdTomato-positive rods bordering the
EGFP-positive zone. As a result, the outer nuclear layer, which contains the photoreceptor nuclei,
was graded in its thickness from periphery to center. Since Cre protein and Cre RNA were absent
in adult photoreceptors, the PDE6B expression in tdTomato-positive rods appears to be due to
Pde6b transfer from healthy to mutant photoreceptors. To evaluate this possibility, small
extracellular vesicles (EVs) were isolated and characterized. We found that EVs from partially
treated retinas contained Pde6b RNA. Next, we demonstrated that remodeling of inner retina, RPE
and retinal vasculature was partially prevented in the central region, suggesting that these
structures were positively impacted by healthy rods in the periphery. Importantly, the function of

partially rescued retinas was almost normal.

Taken together, these data highlight the cellular communication and interaction between healthy

and mutant rods, with positive consequences for retinal homeostasis and function.
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Introduction

1 Introduction

1.1 The mammalian eye

Eyes are the sensory organs of the visual system, which enable organisms their sense of sight.

They detect light, convert it into electrical signals and send it to the visual cortex of the brain [1].

1.1.1 Anatomy of the eye

When light enters the eye, it first passes through the protective cornea and the lens, which collect
the light and focus the image via contraction or relaxation of the ciliary body through connected
zonule fibers (Fig. 1). The iris, which is located between the cornea and the lens, controls the
incidence of light by change in diameter and size of the pupil. Together these four structures build
the anterior segments of the eye. In the posterior segment of the eye, the light first passes through
the vitreous body, which maintains the ocular shape. After, the signal reaches the retina where it
is converted, bundled and transmitted via the optic nerve (ON) to the visual cortex of the brain. In
this region of the retina, called the optic disc, no light-detecting photoreceptors are present and
the corresponding part of the field of vision is invisible. Retinal photoreceptors in the back of the
eye are closely connected with the monolayered retinal pigment epithelium (RPE), which has
important functions in protection of the retina but also in transport between the retina and the
choroidal blood stream underneath. The outmost layer of the eye is the sclera, that helps to
maintain and protect the shape of eyeball [1-3]. On the sclera, the ora serrata marks the transition
from the non-photosensitive anterior segments to the retina [4].

Compared to humans (Fig. 1 left), mouse eyes (Fig. 1 right) share most anatomical characteristics
although a few differences can be observed as they are nocturnal animals with accordingly
developed eyes. The most prominent difference is the proportional larger lens and subsequent
smaller vitreous body enabling mice to focus a wider field of view. In addition, mouse eyes lack
the oval-shaped pigmented area in the center of the retina called macula and the fovea centralis
therein, which is responsible for sharp central vision in humans due to closely packed cones, while
rods are completely absent. Moreover, humans have three different cone opsins whereas mice
lack red-light detecting L-opsins [5]. Since the retinal functional features of human and mouse
eyes are very much alike, mice are suitable animals to study pathologies of eye diseases and

subsequent treatment in vivo.
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Human eye Mouse eye
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Figure 1: Anatomy of the eye in human and mice.
The human (left) and mouse (right) eye present a similar anatomic structure. The most prominent
difference is the proportional larger lens and subsequent smaller vitreous body as well as the missing

macula in mice. Scale bars, 2 mm. Created with BioRender.com

1.1.2 Retinal layers

The neural retina is a 100-300 pum thick tissue, which consists of three nuclear layers of densely
packed nuclei and two plexiform layers containing synapses and dendrites (Fig. 2). Photoreceptor
cell bodies form the outer nuclear layer (ONL), the following inner nuclear layer (INL) contains
nuclei of bipolar, horizontal, amacrine and Miiller cells, while ganglion cell nuclei are located in
the ganglion cell layer (GCL) [6].

Incoming light first passes the whole retina until it reaches the outer segments (0OS) of rod and
cone photoreceptors, where the phototransduction cascade takes place. The signal is then
bundled through rod and cone bipolar cells, whose dendrites are connected with photoreceptor
synapses in the outer plexiform layer (OPL). After, it is forwarded to the ganglion cells, whose
dendrites are located in the inner plexiform layer (IPL) connected to bipolar cell synapses. The

axons of ganglion cells merge together in the nerve fiber layer to form the optic nerve sending
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action potentials to the visual cortex of the brain [7]. In the outer plexiform layer, also the
dendrites of horizonal cells are located, which provide inhibitory feedback to rods, cones and
bipolar cells [8]. Similarly, dendrites of amacrine cells can be found in the inner plexiform layer,
that transfer signals from rod bipolar cells via cone bipolar cells to ganglion cells [9].

In addition, three different types of glial cells, Miiller cells, microglia and astrocytes reside in the
retina to support neuronal functions. Miiller cells span across the entire retina and have a major
role in regulating the extracellular environment as well as maintaining the stability of the retina
[10]. Microglia are resident immune cells localized in both plexiform layers and play a role in
neuronal development and homeostatic functions of the central nervous system (CNS) [11].
Astrocytes, located in the ganglion cell layer, are involved in retinal vascularization and
homeostasis. Together with Miiller cell end feet, astrocytes form the inner limiting membrane

(ILM) separating the retina from the vitreous body [10,12].

’.. .. . .,.}Choroid

Bruch's membrane

Retinal pigment epithelium (RPE)

Cone —
Rod — -
— Outer nuclear layer (ONL)
Microglia 3 2abiy) j—Outer plexiform layer (OPL)
Horizontal cell ] - B
Cone bipolar cell
Rod bipolar cell — — Inner nuclear layer (INL)
Amacrine cell —
Miiller glia cell —] p \0 ' j— Inner plexiform layer (IPL)
Ganglion cell — }Ganglion cell layer (GCL)
Astrocyte 1L—L7r -|— Nerve fiber layer
L — Inner limiting membrane
Light

Figure 2: Composition of the multilayered retina with Bruch’s membrane and choroid.

Schematic representation of the retina, which is a structured multilayer of the retinal pigment epithelium
(RPE), photoreceptors, horizontal cells, bipolar cells, amacrine cells, Miiller cells, microglia, astrocytes and
ganglion cells. It is located at the inner side of the eyecup. It comprises three layers of cell bodies, the outer
nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL), and two layers of synapses and

dendrites, the outer plexiform layer (OPL) and inner plexiform layer (IPL). Created with BioRender.com
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1.1.3 Photoreceptors

Photoreceptors are characterized by their ability to sense light and convert it into chemical
stimuli. There are two types of photoreceptors in the retina, rods and cones, which are mainly
distinguished by their light sensitivity [13]. Morphologically, rods and cones are very much alike.
They both consist of an outer segment, connecting cilium, inner segment (IS), cell body, axon and
synapses (Fig. 3A). Structural differences can be found primarily in the outer segments: In rods,
the outer segments are significantly longer, have a cylindric shape and comprise internal optic
discs, that contain the photopigment rhodopsin for visual phototransduction. In comparison, cone
outer segments are shaped conically and their discs, that contain opsin photopigments, are
invaginations of the plasma membrane [14].

Rods primarily contribute to night vision (scotopic conditions) as they are very sensitive and can
respond to excitation by single photons. Cones, that are stimulated by brighter light (photopic
conditions), can be subdivided into short (S), middle (M) and long (L) cones, that differ in their
sensitivity to light of different wavelengths (Fig. 3B). Under intermediate light (mesopic)
conditions, rods and cones are activated simultaneously [15]. In human, S-, M- and L-cones are
distributed in a mosaic-like pattern [16]. In mice, different cones are arranged in a gradient from
M-cones at the dorsal side via cones that co-express both S- and M-opsins to S-cones residing at

the ventral side of the retina [17].
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Figure 3: Photoreceptor composition and cone distribution.

(A) Schematic representation of a rod (left) and cone (right) photoreceptor. Both consist of five major
structural regions, the outer segment (0S), inner segment (IS), cell body with nucleus, axon, and synaptic
region. (B) In human (left), S-, M- and L-cones are distributed in a mosaic-like pattern. In mice, cones are
arranged in a gradient from M-cones at the dorsal side via S/M-cones to S-cones at the ventral side of the

retina. Created with BioRender.com

1.1.4 Visual phototransduction

When light enters the eye, it is converted to electrochemical stimuli by the visual
phototransduction cascade, which takes place in the outer segments of rod and cone
photoreceptors.

In the dark, intracellular cyclic guanosine monophosphate (cGMP) binds to cyclic
nucleotide-gated (CNG) channels, that are located at the outer segment membrane. Consequent
channel opening causes a constant influx of sodium and calcium, called the dark current, which
leads to depolarization and a membrane potential of -40 mV (Fig. 4 left). As a consequence,
voltage-gated calcium channels open and the intracellular calcium concentration increases
[7,18,19]. Calcium then binds to synaptotagmin proteins on the surface of synaptic vesicles, which

induces their fusion with the presynaptic membrane and glutamate release [20].
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Incoming light is sensed by photopigments, which are G-protein coupled receptors (GPCRs)
located at the outer segment discs (Fig. 4 right). By stimulation with a photon, 11-cis retinal
isomerizes to all-trans retinal and opsin undergoes conformational change to metarhodopsin II.
Subsequently, metarhodopsin II binds to the G-protein transducin, causing the replacement of
guanosine diphosphate (GDP) with guanosine triphosphate (GTP) at its a-subunit. Consequently,
the GTP-bound a-subunit activates phosphodiesterase 6 (PDE6) through dissociation of its
regulatory y-subunit. PDE6 then hydrolyses cGMP to GMP reducing the level of intracellular cGMP
causing closure of CNG channels. Following membrane hyperpolarization due to ongoing efflux of
potassium ions through non-gated potassium channels then leads to closure of voltage-gated

calcium channels. As calcium is required for the fusion of vesicles with the presynaptic membrane,

glutamate release drops [7,18,19].

= L
‘~... = o
9 I——1 o o [ ]
Rhodopsin ""li — Metarhodopsin |l "'% '.
3 f— 3
ooooooooooouuo""‘jr 5 ooooo.......o““"“wF ‘O.
N =2 o
L/ 000000 GE00000H 8 ] 0EH00000000000
skl = 9
“ PDE6 - ,':.
® { ; @ O
Transducin % cGMP GMP
O
o O
Q [ X
@
v -% o2
(]
Depolarisation Hyperpolarisation

Figure 4: Visual phototransduction cascade under dark and light condition.

Under dark condition (left), rhodopsin, GDP-bound transducin and phosphodiesterase 6 (PDE6), that reside
at the disc membrane, are inactive. Cyclic nucleotide-gated (CNG) channels are open resulting in the dark
current (depolarization). When light falls in (right), rhodopsin undergoes a conformational change to
metarhodopsin II, which activates GTP-bound transducin. The a-subunit of transducin activates PDE6 by
removing its inhibitory y-subunits. PDE6 then degrades cGMP to GMP causing closure of CNG channels and

hyperpolarization. Created with BioRender.com
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Chemical stimuli are then transmitted to the dendrites of downstream second-order neurons in
the outer plexiform layer. Cone bipolar cells can be divided into ON and OFF subtypes, that get
hyperpolarized and depolarized respectively, in response to decreased glutamate release. ON
bipolar cell synapses are then in contact with ON ganglion cells in the inner half and OFF bipolar
cell synapses with OFF ganglion cells in the outer half of the IPL. On the other hand, rod bipolar
cells are all ON types. In contrast to cone bipolar cells, they send their signals not directly to the

ganglion cells but via amacrine and cone bipolar cells [9,21,22].

1.1.5 Phosphodiesterase 6

PDEG6 plays a crucial role in the visual phototransduction cascade of both rods and cones. It is a
heterotetrametric enzyme, which is anchored to the disc membrane through interactions with
other proteins such as the rod outer segment membrane protein 1 (ROM1) in rods.

Two catalytic subunits are responsible for hydrolyzing cGMP to GMP. Through binding to them,
inhibitory PDE6 subunits regulate the enzymatic activity by preventing their interaction with
c¢GMP. In rods, PDE6 contains an a- and (- catalytic subunit and two inhibitory y-subunits. Cones
express PDE6H instead of PDE6G, which has a similar inhibitory function. In addition, they

comprise two catalytic a-subunits and lack the -subunit [19,23,24].

1.1.6 Vasculature of the eye

The retina is supplied by two blood circulations. On the one hand, the choroid capillaries provide
nutrients via transport through the RPE [25-27]. On the other hand, the inner retina contains
three layers of interconnected blood vessels. The first one is the superficial vascular plexus (SVP)
composed of larger arteries, arterioles, capillaries, venules, and veins, that primarily lie in the
ganglion cell layer and partly in the inner plexiform layer. It derives from the central retinal artery
in conjunction with the optic nerve and is characterized by a centripetally branching pattern. The
SVP then branches into the intermediate vascular plexus (IVP), that contains mainly capillaries at
the IPL/INL interface. The third layer is the deep vascular plexus (DVP), which lies in between the
inner nuclear layer and outer plexiform layer. As the IVP, itis interconnected by vertically oriented
vessels and consists of small capillaries. In contrast to the SVP, the IVP and DVP are arranged in

winding patterns of uniform sized vessels without directional preference [26,28,29].
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Unlike the fenestrated choroidal capillaries, retinal blood vessels consist of non-fenestrated
endothelial cells, that form the inner blood-retinal barrier to mediate highly selective transport of
molecules. Furthermore, responses to changes in tissue oxygen levels as well as metabolic needs
of the retina are autoregulated by the retinal vasculature, while the choroid supply is under

neurogenic control [25,26].

1.1.7 Retinal pigment epithelium

The RPE is a monolayer of penta- to hexagonal shaped cells, that contain densely packed pigment
granules. It is located in between the photoreceptors and the Bruch’s membrane, the innermost
layer of the choroid vasculature. The RPE has a strong apical to basal polarization and fulfills
several functions in maintaining the homeostasis of the retina (Fig. 5) [27,30].

On their apical side, the surface area of RPE cells is increased by microvilli, that are closely
connected to photoreceptor outer segments, which enables efficient epithelial trafficking [27,30].
During visual phototransduction, all-trans retinal is transported into the RPE where it is reduced
to all-trans-retinol, re-isomerized to 11-cis-retinal and is then returned to the outer segments [31].
In addition, the RPE plays an important role in the blood-retinal barrier, that facilitates the highly
selective transport of metabolites, ions, oxygen and water between the choroid and the retina.
Especially transport of glucose is essential for retinal metabolism, as it is serves as source of
energy. Glycolysis in photoreceptors is used for lipid biosynthesis and produced lactate is further
secreted to inner nuclear cells or returned to the RPE [32,33]. Another important function of the
RPE is the phagocytosis and digestion of photoreceptor outer segments, that are constantly
renewed by shedding their tips. Thereby, dismantled fatty acids get transported back to
photoreceptors and serve for adenosine triphosphate (ATP) production in the mitochondrial
tricarboxylic acid cycle (TCA) [34]. As RPE cells contain melanosome pigments, they are able to
absorb scattered light and thus protect the tissue from photo-oxidative stress. Furthermore, the
RPE secretes various factors and signaling molecules, such as growth factors, in order to

communicate with photoreceptors and the choroid [27].
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Figure 5: Functions of the RPE.

Retinal pigment epithelium (RPE) cells are in close contact with photoreceptor outer segments and show
various interconnected functions. First, during the visual cycle all-trans retinal is transported into the RPE
where it is re-isomerized to 11-cis-retinal and then returned to the outer segments. Second, the RPE is
responsible for the highly selective transport of metabolites, ions, oxygen, and water between the choroid
and the retina. Especially glucose, which is metabolized to lactate by photoreceptors, is very important for
energy supply of the retina, particularly for Miiller glia cells (MGCs). Third, the RPE phagocytoses
photoreceptor outer segments, that are constantly renewed. Fourth, RPE pigments absorb scattered light
to protect the tissue from photo-oxidative stress. Fifth, the RPE secretes various molecules like growth
factors, e.g. vascular endothelial growth factor (VEGF) or pigment epithelium-derived factor (PEDF).

Created with BioRender.com
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1.2 Retinitis pigmentosa

Retinitis pigmentosa (RP) is a group of genetic disorders, that causes loss of vision. With a
prevalence of approximately 1:4,000 it is the most common inherited retinal dystrophy [35]. RP
is characterized by pigment deposits in the retina and progressive loss of photoreceptors leading

to night blindness and tunnel vision [36].

1.2.1 Genetic alterations

Symptoms of RP patients are caused by loss of photoreceptors due to genetic mutations in rod- or
RPE-specific genes. As a consequence, rods start to undergo cell death in the retinal periphery
followed by secondary cone degeneration [37]. So far, more than 3,100 mutations in 80 genes
have been identified leading to this phenotype in non-syndromic RP, that is not associated with
symptoms [35,38]. Depending on the genetic alterations, RP is inherited as autosomal recessive
(50-60%), autosomal dominant (30-40%) or X-linked (5-15%) disease [39,40]. At least 29 genes
are known to cause syndromic RP, that is accompanied with symptoms affecting other parts of the
body, such as hearing loss in Usher syndrome [36,37].

Some genetic mutations occur with a higher prevalence than others. However, 2-5% of autosomal
recessive RP patients, that constitute only 1% of all cases, carry alterations in PDE6A, PDE6B, eyes
shut homolog (EYS) or RPE65 [38]. On the other hand, some mutations are rare. For instance, only
few patients are known to carry a mutation in the PDE6G gene coding for the rod-specific

regulatory y-subunit of the PDE6 enzyme [41].

1.2.2 Disease progression

The evolvement of RP symptoms usually proceeds over several decades. The first indications can
appear in the first years of life or only after two decades. Some patients go through rapid evolution
of the disease, that takes over two decades, while others experience a slow progression and never
experience blindness.

In early stages, mild night blindness occurs due to loss of rods in the peripheral visual field.
However, there is almost no effect during daylight as cones are still functional. As a consequence,
these symptoms are often ignored or stay unnoticed. In this phase, fundus examination seems to

be normal since pigment deposits are not present yet and the attenuation of retinal arterioles is
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only modest (Fig. 6 early stage). On the other hand, electroretinogram (ERG) measurements often
already show a decreased b-wave amplitude under scotopic conditions.

In the mid stage, night blindness is complete and restricts the life of patients under low light or
dark conditions. In addition, peripheral vision during daylight is restricted, also referred to as
tunnel vision (Fig. 6 mid stage). Using fundoscopy, blood vessel narrowing, retinal degeneration
and pigment deposits in the equatorial region, caused by the rupture of the underlying RPE cells,
can be revealed. Moreover, ERG measurements show no recordings under scotopic conditions,
while cone responses are significantly decreased.

In the late stage, patients lose their entire peripheral vision, that eventually leads to complete
blindness (Fig. 6 late stage). Fundus examination exposes widespread pigment deposits, that
might even reach the macula, and retinal blood vessels became very thin. Furthermore, ERG

measurements show no recordings for cone responses anymore [36,37].
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Figure 6: Fundus and vision during progression of retinitis pigmentosa.

In early stages of RP, fundoscopy reveals modest attenuation of retinal arterioles accompanied with mild
night blindness. In mid stages, severe blood vessel narrowing and peripheral pigment deposits are recorded
together with tunnel vision by restriction of the peripheral field. In late stages, vessels became very thin and
pigment deposits are present all over the retina, which eventually leads to complete blindness. Partly

created with BioRender.com
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1.2.3 Retinal remodeling

Due to photoreceptor loss in RP, a series of progressive events called remodeling gets triggered,
which might also impact the success of applied therapies. Retinal remodeling can be divided into
three phases. In phase 1, which is the pre-degeneration period, mainly photoreceptors themselves
are being remodeled as outer segments become shorter and sprouting of synaptic terminals,
extending as far as the ganglion cell layer, occurs. In addition, inner nuclear cells, such as rod
bipolar cells, retract and extend their dendrites into the inner plexiform layer. Phase 2 then
describes the period of photoreceptor cell death, although some small clusters of cones may
survive. Itis mainly characterized by the formation of a distal fibrotic glial seal composed of Miiller
cell processes, that separates the retina from the RPE. Furthermore, microglia start to branch into
the outer nuclear layer. Finally, phase 3 depicts neuronal remodeling. After photoreceptor
degeneration, all other retinal cells become vulnerable to cell death. Inner nuclear cells lose their
connecting dendrites and develop new processes, so called microneuromas, into the inner nuclear
layer. Moreover, RPE cells show morphological alterations by loss of their characteristic size and
shape. Besides, RPE cells can migrate into the inner retina, often accompanied by choroidal
vessels, through gaps in the glial seal [42-46].

Accompanying remodeling of neurons, continuous changes in the vasculature were reported in
RP patients. In fact, they exhibit a reduced retinal vessel density with the greatest effect measured
in the DVP [47]. Along with retinal vasoconstriction, it has been shown that also the choroid
vessels become thinner [48]. In addition, both retinal and choroidal blood flow are decreased
[49-51], while retinal venous oxygen saturation is increased [52]. It is hypothesized that these
changes may be a consequence of reduced retinal metabolism of nutrients and oxygen due to loss

of photoreceptors [53].

1.2.4 Current therapies

So far, there is no cure for RP. However, retinal implants can be used to improve the high contrast
visual capacity of patients. Only four devices have currently been approved in Europe. The first
one was the Argus Il retinal prosthesis system (NCT00407602) [54]. Other devices are the Alpha
AMS subretinal implant (NCT02720640), a newer version of the Alpha IMS (NCT01024803)
[55,56], and the epiretinal implant IRIS I (NCT02670980).

12
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As loss of photoreceptors cannot be reversed and the retina lacks any regenerative capacity,
several clinical approaches are being tested to prevent further degeneration and disease
progression. Thereby, adeno-associated virus (AAV) vector-based gene therapy is widely used as
these viruses target various cell types and demonstrate a relatively high transduction efficiency.
The first approved AAV-based gene therapy for RP is Luxturna, which treats mutations in the
RPEG65 gene [57]. It has been demonstrated that AAVs are very restricted in their cargo capacity,
but novel studies already described a dual AAV strategy [58]. Another gene-independent therapy
is the transplantation of retinal cells or precursors into the subretinal space. Transplanted cells
have been shown to improve vision but are also accompanied by high immune responses [59].
Both therapies require a morphologically intact retina and thus have a limited time window as
they can only be applied efficiently before onset of symptoms or in early stages of RP. In addition,
retinal injections are accompanied by various side effects, such as increased inflammation or
retinal detachment, and have been shown to act only locally around the injection side [60]. Thus,

a high need to optimize therapeutic approaches persists.

1.3 Material transfer in the retina

Various new transplantation experiments are being conducted in order to improve RP therapy.
Thereby, human grafts have been associated with the ability to incorporate into recipient mouse
retinas [61]. In comparison, it has been shown that most mouse-derived photoreceptors, that
were subretinally injected into recipient mice, did not integrate into the adult retina but rather
interact via material transfer [62-68]. This phenomenon has been characterized by bi-directional
exchange of fluorophores, but also Cre recombinase and other retinal proteins. Following material
transfer, an improvement of vision in RP mouse models has already been demonstrated. Further,
it has been shown that this transfer does not happen due to cytoplasmic or nuclear fusion events
[64-67]. Recent studies proved that both cone and rod precursor transplants undergo exchange
with the host retina, while multipotent retinal progenitors or adult photoreceptors do only rarely
interact [67,69]. Despite transplantation, transfer of fluorescent markers has also been shown to
occur endogenously between cones and neighboring rods via cellular connections [70], although
material transfer between rods has not been described yet. Furthermore, it needs to be
investigated whether photoreceptors engage in material exchange only among each other. So far,

just a few studies have been conducted about transfer to second-order neurons, which showed
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low levels of fluorophores in bipolar and Miiller cells located next to labeled photoreceptors
[64-67].

The underlying mechanism of material transfer in the retina is still not completely understood
yet. Some studies showed exchange via cellular connections like nanotubes between grafts and
host cells [62,63,65], while others described material transfer between cells located at distant
sites without sustained contact [67]. It is also possible that exchange is achieved via extracellular
vesicles (EVs), as ithas been shown for several cell types, like some neurons and glia cells amongst
others [71]. Accordingly, material transfer does not appear to be mediated by the release of
free-floating proteins as no uptake has been observed after subretinal injection of recombinant
green fluorescent protein (GFP) [67]. Although most publications report exchange of proteins, it
has not been clearly defined if also ribonucleic acids (RNA) or even deoxyribonucleic acid (DNA),
as it has been shown for cancer cells [72], are transferred and further translated into proteins of
interest. Moreover, it also remains unclear if the transfer occurs selectively due to cellular

communication or if it is rather random.

1.3.1 Biogenesis and composition of extracellular vesicles

Extracellular vesicles have been shown to play an important role in homeostasis of the healthy
retina, but also in cellular communication after injection therapies [73-77]. They are membrane
bound carriers, that are classified into three groups based on their size and biogenesis (Fig. 7 left).
Exosomes are considered to be the smallest vesicles with a diameter of 30-150 nm and origin from
endocytic multivesicular bodies (MVBs) [71]. The second group are microvesicles with a diameter
of 100-1000 nm, that are produced by budding and blebbing from the plasma membrane. The
largest extracellular vesicles, which are bigger than 1000 nm in diameter, are apoptotic bodies
that get released by cells after cell death [78]. Extracellular vesicles are further differentiated
based on their composition of proteins, nucleic acids, lipids and metabolites, although some
markers overlap between different groups [79].

In recent studies, the role of exosomes in pathophysiological processes and their therapeutic
potential, especially in cancer and cardiovascular diseases, has gained a lot of attention as they

can transfer their cargo to surrounding cells [72,80].
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Figure 7: Biogenesis of extracellular vesicles and exosome composition.

Extracellular vesicles are classified into three groups based on their size and biogenesis. Apoptotic bodies
are released by cells that undergo programmed cell death, while microvesicles are produced by blebbing
and budding from the cell membrane. Exosomes origin from multivesicular bodies (MVBs) and are released
by exocytosis. Their membrane contains various transmembrane proteins and they transport different

cargo, such as proteins, cytokines or nuclei acids. Created with BioRender.com

The composition of exosomes can be mainly distinguished from bigger extracellular vesicles by
the expression of membrane-bound tetraspanin proteins (CD9, CD63 and CD81) and flotillins, as
well as endogenous proteins from the endosomal sorting complex required for transport (ESCRT),
such as the apoptosis-linked gene 2 interacting protein X (ALIX) (Fig. 7 right) [81-83]. While some
markers are common among all exosomes, other proteins, like the antigen presenting molecules,
are specific to the donor cell type [84]. The cargo of exosomes contains all kind of nucleic acids,
even including DNA, as well as functional proteins and metabolites [79,85,86]. After exocytosis
from the donor cell, exosomes can undergo membrane fusion at the recipient membrane with
subsequent cargo release, direct interaction via receptor signaling or internalization into early
endosomes. Contents from early endosomes are then spread into several different pathways
resulting in their further exocytosis, degradation in lysosomes, cytosolic release or uptake by the

nucleus or endoplasmatic reticulum (ER) [79].
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1.3.2 Role of extracellular vesicles in retinal health and disease

During early stages of retinal development, cultured retinal progenitor cells and retinal organoids
have been shown to release extracellular vesicles, that contain RNA of various transcription
factors amongst others [87,88]. It has also been described that healthy photoreceptors, that were
isolated shortly after birth (P0-P8), are able to release extracellular vesicles in culture, that carry
phototransduction proteins and other cargo [62,63]. In these mice, multivesicular bodies have
been shown to accumulate at the cell membrane in photoreceptor inner segments in close
proximity to Miiller cells [62]. In fact, Miiller cells have been described as one of the main retinal
cell types, that release small and large extracellular vesicles, which contribute to their interaction
with neurons and angiogenesis [89-91]. In adult photoreceptors, only low release of extracellular
vesicles remains [76]. The reason for this might be the intermediate filament protein peripherin,
which was reported to suppress membrane budding and thus microvesicle release [92,93]. In
accordance, it was displayed that the majority of isolated extracellular vesicles from wildtype mice
contained ESCRT proteins suggesting origin from multivesicular bodies [74]. Nonetheless, the role
and functional significance of released extracellular vesicles in retinal development and adulthood
could not be revealed yet.

In contrast, mouse retinal explant cultures exhibiting photoreceptor degeneration did show an
increased extracellular vesicle released, which may also originate from other cells than
photoreceptors, e.g. from Miiller cells [94]. In addition, it has been reported that RPE cells release
different types of extracellular vesicles both from their apical and basal side, that changed in
composition upon pathology induction [73,77]. However, there are no data available yet
demonstrating the role of extracellular vesicles in health or pathology-induced photoreceptor
signaling.

Although the importance of exosomes in retinal disease has not been fully studied, the retina is an
ideal target for exosome-based therapy as is it immune-privileged by the blood-retinal barrier
[80]. Suitably, exosomes are described as attractive therapeutic vectors due to their reduced
immunogenicity and bi-layered lipid structure, that protects the cargo from degradation.
Furthermore, their small size and membrane composition allow them to cross biological
membranes, such as the blood-retinal barrier [95]. It has been hypothesized that one of the
therapeutic mechanisms of transplanted stem cells, which are used as replacement throughout
retinal cell death or to provide trophic support to the damaged cells, is the release of extracellular
vesicles [96]. In a retinal degeneration mouse model, it has already been shown that transplanted
neural progenitor cells secrete exosomes, that protect photoreceptors by inactivation of microglia

[97]. In addition, it has been described that RPE-derived exosomes are able to protect dying
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photoreceptors in mice by suppression of inflammatory immune responses [75,98]. Interestingly,
AAV vectors were reported to associate with microvesicles and exosomes, either at their
membrane or inside the vesicles, which enhances transduction capacity while being inaccessible
for neutralizing antibodies and even giving them the ability to cross the blood-brain barrier
[99-104]. However, it has not been clearly defined which retinal cells are able to internalize EVs

as their visualization turned out to be challenging [76,105].

1.4 Retinitis pigmentosa mouse models

Various different mouse models have been used for decades to study the progression and therapy
of retinal diseases. Thereby, two mouse models, named Pde6b and Pde6brdl0, have been used
most extensively as PR degeneration models. Pde6brd! mice carry a nonsense mutation in exon 7
of the Pde6b gene. As a consequence, rods begin to die at postnatal day 8 (P8) and complete loss
is already observed at P20 [106,107]. In Pde6b19 mice, exon 13 of the Pde6b gene is affected by a
missense mutation. Rod degeneration in these mice progresses slower compared to Pde6brd! mice
as it starts at P16 and is completed by P60 [108,109]. Nevertheless, these mouse models only
allow a very short therapeutic window and treatment cannot be achieved without injection
approaches. To this purpose, a genetically engineered mouse model, which utilizes the

non-invasive Cre-LoxP system for genetic rescue, was used in this study.

1.4.1 Pde6bSToP/STOP mouse line as model for retinitis pigmentosa

In this study, a mouse model with a disrupted Pde6b gene was used [38]. To obtain the
interruption of its transcription, a LoxP-flanked STOP cassette sequence is placed in intron 1 of the
Pde6b gene [110]. In control mice (Pde6bS7/¥T), only one allele has the mutation while the other
allele ensures PDE6B expression. By this, rod degeneration is prevented and mice have a normal
wildtype phenotype (Fig. 8 top). Mutant mice (Pde6bs7/5T) exhibit this alteration on both alleles
causing a lack of PDE6B expression and subsequent cell death of rods over time (Fig. 8 bottom).
As PDEG6B is needed for the degradation of cGMP to GMP during visual phototransduction,

Pde6bST/ST mice are completely blind from birth.
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Figure 8: Pde6b5T0F mice as model for retinitis pigmentosa.

As control, Pde6bS™/"T mice have one functional Pde6b allele, which ensures PDE6B expression and prevents
rod degeneration. In Pde6bST/ST mice, both Pde6b alleles contain a LoxP-flanked STOP cassette, which was
inserted in intron 1. The STOP cassette prevents PDE6B expression, which leads to rod degeneration over

time. Partly created with BioRender.com

1.4.2 Cre-Lox recombination

As the STOP cassette in Pde6bST/ST mice is flanked by two locus of x-over P1 (LoxP) sites, lack of
PDE6B can be rescued by expression of Cre recombinase. The Cre-LoxP system is a recombinase
technology, that allows site-specific DNA modifications. It consists of an enzyme called Cre
recombinase, that is produced by bacteriophage P1 and recombines a pair of short target LoxP
sequences. These LoxP sites consist of 34 base pairs (bp) including two 13 bp palindromic repeats
and 8 bp core sequences [111,112]. For recombination, the Cre recombinase binds to the first and
last palindromic repeats forming a dimer. Dimers of two LoxP sites then join together creating a
tetramer. Then, the double stranded DNA is cut out by the Cre recombinase and strands are
re-joined by the DNA ligase. Depending on the orientation of LoxP sites, recombination results in
deletion, insertion, translocation or inversion of the target gene [113].

Cre recombinases can be expressed in a spatial manner under the control of a genetic promoter,
that marks the specific cell type of interest [114,115]. Furthermore, expression can be induced at
a specific timepoint using a Cre recombinase, that is fused to an estrogen receptor, called CreERT,
which is only released after addition of tamoxifen [114]. Using these advantages, the Cre-LoxP

system allows a very specific, simple and efficient genetic manipulation of target cells.
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1.4.3 Pde6bSTOP/STOP Pax6aCre, ROSA mouse line

To prevent rod degeneration by partial treatment, Pde6bS7/sT mice were crossed with Pax6aCre
mice (Fig. 9). These mice express a Cre recombinase under the PO promotor of the paired box 6
(Pax6) gene in combination with an alpha enhancer. Pax6 is a developmental protein, that controls
the formation of optic vesicles, thus it is only expressed in embryonic stages in photoreceptor
precursors. Furthermore, it has been shown that Pax6 only appears in the periphery of the retina
[116,117]. In addition, the a regulatory element was added, which enhances the expression in the
nasal and temporal periphery of the retina by binding several transcription factors [118].
Although Pax6 plays an important role in retinal development, it was reported to be non-spatially
expressed in adult mice exclusively in amacrine cells. Consequently, Cre-LoxP recombination of
the Pde6b STOP cassette was ensured in the retinal periphery, while the central region remained
mutant. Moreover, transcription of Cre recombinase was coupled to a GFP tag meaning that nuclei
appear GFP-positive in case of Cre expression. As the a-P0-Cre-GFP construct is a transgene, it
gets inserted in any random genomic locus of mice offspring [116].

To visualize Cre-LoxP recombination, mice were additionally crossed with either ROSA"T-¢ or
ROSAmT-mG two-color fluorescent reporter mice. These mice carry a LoxP-flanked tandem dimer
Tomato (tdTomato) sequence followed by an enhanced GFP (EGFP) sequence inserted into the
reverse oriented splice acceptor clone 26 (ROSA26) locus. Transcripts from the ROSAZ26 locus are
normally ubiquitously expressed non-coding RNAs. Importantly, knock-in did not lead to any
impairment of endogenous gene function [119]. In ROSA"Tn6 mice, the expression of fluorophores
was coupled to a nuclear localization domain, while in ROSAmT-m¢ mice they were targeted to the
plasma membrane [120,121]. Upon Cre-LoxP recombination, the tdTomato gene is removed and
EGFP can be transcribed. In cells that do not express Cre recombinase, transcription of tdTomato
is terminated with a stop codon before the RNA polymerase reaches the EGFP sequence. Taken
together, tdTomato-positive cells are non-recombined, while EGFP-positive cells demonstrate

recombination due to Cre recombinase expression.
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Figure 9: Partial rescue by expression of Pax6aCre.

For partial rescue, Pde6bST/ST mice were crossed with Pax6aCre mice expressing a Cre recombinase under
the Pax6 promotor. Mice were further crossed with ROSA"T"¢ or ROSA™T-mG mice to visualize expression of
Cre recombinase. As the Pax6 promotor is not active in the center of the retina, the mutant phenotype is
preserved and tdTomato is expressed. In the prenatal retinal periphery, Pax6 is active and Cre recombinase
expressed. Consequently, flanking LoxP sites of Pde6b and tdTomato become recombined, leading to

restoration of PDE6B expression and EGFP as marker. Parts created with BioRender.com

All in all, this mouse model offers several advantages to study the disease progression of RP and
its treatment. First, rods of Pde6bS7/5T mice degenerate comparatively slow, which on the one hand
mimics RP progression in humans and on the other hand allows sufficient time for rescue by
material transfer [122-124]. Secondly, treatment is achieved by Cre-LoxP recombination, which
does not cause any injection injuries. Moreover, it rescues photoreceptors effectively and
subsequent PDE6B expression levels are comparable to endogenous wildtype levels [122]. As
staining of Cre recombinase turns out to be difficult, the ROSA reporter allows an endogenous

two-color marker for Cre recombinase activity.
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2 Aim of the thesis

Retinitis pigmentosa is caused by degeneration of photoreceptors due to genetic mutations in
rods. As loss of photoreceptor cells cannot be reversed and the retina lacks any regenerative
capacity, several clinical approaches are being tested to prevent further degeneration and disease
progression. One of these approaches is the transplantation of healthy photoreceptors or their
precursors, which is performed as replacement therapy or to provide trophic support to damaged
cells, although it is accompanied by high immune responses. However, it has already been
reported that most of these transplanted cells did not integrate into the adult retina but rather
interact via material transfer. Another therapeutic method is gene therapy through application of

viral vectors, which are only able to treat a restricted area around the injection side.

In this study, it was aimed to evaluate the possibility of interactions between healthy and mutant
rods after partial rescue and later the underlying mechanism of suggested endogenous horizontal
material transfer. Furthermore, it was supposed to investigate whether secondary remodeling of
the inner retina, especially of bipolar and horizontal cells, blood vessels, and the RPE can be halted.
Besides the evaluation of an interaction between rescued and mutant cells, it was of special
interest which kind of cellular material is transported and if this mechanism is specific to
unfulfilled needs of recipient cells. In particular, it was to be determined if small extracellular

vesicles might be the responsible carriers of transferred material.

To this purpose, the Pde6bST0P/STOP mouse line was used as model for retinal degeneration with
partial rescue through expression of Pax6aCre combined with either nuclear (ROSA"T"¢) or
membrane-bound (ROSA™T-m¢) endogenous Cre recombinase reporters. To evaluate the resultant
effects, an extensive morphological evaluation and analysis of expression profiles in retinas and
RPE cells from wildtype, mutant and partially rescued mice was performed. In addition,
electroretinogram recordings were conducted to study retinal function. Moreover, extracellular
vesicles were isolated from mice or imaged in retinal sections using electron microscopy for their

characterization, cargo analysis and proof of concept studies in vitro as well as ex vivo.
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3 Material and methods

3.1 Material

3.1.1 Buffers and solutions

Unless otherwise indicated, all buffers were prepared with double-distilled water (ddH:0).

Table 1: Composition of utilized buffers and solutions

Buffer

Composition

Anesthetic solution

1X PBS (sterile), 10 mg/ml Ketamine, 0.2 mg/ml Xylazine

EZL 5X

136 mM NacCl, 3 mM KCI, 1 mM MgCl; x 6H,0, 10 mM HEPES,
2 mM CaClz, 11 mM Glucose

EZL 1X (pH 7.4)

1:5 EZL 5X

FACS sample buffer

PBS 1X, 2 mM EDTA, 25 mM HEPES, 2% FBS

Laemmli sample buffer 5X
(pH 6.8)

25% Glycerol, 12,5% B-Mercaptoethanol, 5% SDS,
0.026% Bromphenolblue in 1,25 M Tris-HCI

PBS 10X 1.37 M Nac(l, 27 mM KCl, 100 mM Na;HPO4, 18 mM KH,PO,
PBS 1X (pH 7.4) 1:10 PBS 10X

PBS/Glucose PBS 1X, 12 mM Glucose

Running buffer 10X 250 mM Tris, 1.9 M Glycine

Running buffer 1X

1:10 Running buffer 10X, 0.1% SDS

Separation gel, 10%

10% Rotiphorese Gel 30, 0.39 M Tris-HCI (pH 8.8), 0.1% SDS,
0.1% APS, 0.0013% TEMED

SSC 20X (pH 7.0)

3 M Na(l, 0.34 M Na3CsHs07

SSC 5X 1:4 SSC 20X

Stacking gel 2% Rotiphorese Gel 30, 0.13 M Tris-HCI (pH 6.8), 0.1% SDS,
0.1% APS, 0.002% TEMED

TAE 1X 1:50 TAE 50X

TAE 50X 2 M Tris base, 1 M Acetic acid, 0.05 M EDTA (pH 8.0)

TBS 10X (pH 7.5) 500 mM Tris, 1.5 M NaCl

TBS 1X 1:10 TBS 10X

TBST 1X 1:10 TBS 10X, 0.1% Tween-20

Transfer buffer

1:10 Running buffer 10X, 20% Methanol
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3.1.2 Chemicals

Table 2: Utilized chemicals and reagents

Product Supplier Catalog Number
100 bp DNA Ladder Thermo Fisher 15628050
30% Bovine serum albumin (BSA) solution Carl Roth 9401.1

Acetic acid (CH;COOH) Carl Roth 3738.4
Agarose Carl Roth 3810.3
Ammonium persulfate (APS) Carl Roth 9178.3
Aqua-Poly/Mount media Polysciences 18606

B27 Supplement Thermo Fisher 17504044
Bromophenol blue sodium salt Carl Roth A512.1
Calcium chloride (CaCl,) Carl Roth CN93.1
ChemiBlocker Merck Millipore 2170
cOmplete Protease Inhibitor Cocktail Sigma Aldrich 11697498001
D(+)-Glucose Carl Roth HN06.2
D(+)-Sucrose Carl Roth 4621.1
Dimethyl sulfoxide (DMSO) Carl Roth A994.1
Disodium phosphate (Na;HPO4) Carl Roth T876.1
prE\l\//:tleoxf(;lilljr(:e’ GlutaMAX Supplement, Thermo Fisher 21885
DMEM/F-12 Thermo Fisher 11320074
DNase | Sigma Aldrich 11284932001
Dulbecco's phosphate buffered saline (DPBS) Thermo Fisher 14190250
Ethanol, absolute Carl Roth 5054.1
Ethylenediamine tetraacetic acid (EDTA) Sigma Aldrich E1644

Fetal bovine serum (FBS) Thermo Fisher 10270106

Fix Buffer BD Biosciences 557870
Glutardialdehyde solution 25% Merck Millipore 1.04239.0250
Glycerol Carl Roth 3783.3
Glycine Carl Roth 0079.3
Hoechst 33342, Trihydrochloride, Trihydrate Thermo Fisher H1399
Hydrochloric acid Carl Roth 9277.1
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Product Supplier Catalog Number
Hydrogen peroxide 35% Carl Roth 9683.4
I({I_}Ilgll;(é)?)fethyl-piperazineethanesulfonic acid carl Roth HN77.3
Immobilon Forte Western HRP Substrate Merck Millipore WBLUF0100
[sopropanol Carl Roth 6752.2
Ketamine 10% Bela-pharm 9089.01.00
Magnesium chloride hexahydrate (MgCl, x 6H,0)  Carl Roth HNO03.1
Methanol Carl Roth 0082.3
Methocel 2% eyedrops OmniVision 04682367
Monopotassium phosphate (KH2PO4) Carl Roth 3904.2
M-PER Mammalian Protein Extraction Reagent Thermo Fisher 78503
.
Neosynephrin-POS 10% eye drops Ursapharm 828590
Non-fat dry milk powder Santa Cruz sc-2324

Opal 650 Reagent Pack AKOYA FP1496001KT
PageRuler Plus Prestained Protein Ladder Thermo Fisher 26619

Papain Sigma Aldrich 10108014001
Paraformaldehyde (PFA) Carl Roth 0335.2
Penicillin/Streptomycin (Pen/Strep) Thermo Fisher 15140122
Perm/Wash Buffer BD Biosciences 557885
Potassium chloride (KCI) Carl Roth 6781.3
Proxylaz 20 mg/mL (xylazinhydrochloride) Bela-pharm 3100408.00.00
RNAscope Probe - Mm-CRE-C2 Bio-Techne 312281-C2
RNAscope Probe - Mm-Pde6b-C2 Bio-Techne 1202511-C2
RNAscope Probe Diluent Bio-Techne 300041
Rotiphorese Acrylamide solution 30% Carl Roth A124.1
Sodium chloride (NaCl) VWR 27810.295
Sodium citrate dihydrate (Na3;CsHs07 x 2H20) VWR 27833.363
Sodium dodecyl sulfate (SDS) Carl Roth 2326.1

Sybr Green Thermo Fisher A25741

Sybr Safe DNA Gel Stain Thermo Fisher S§33102
Tetramethylethylenediamine (TEMED) Carl Roth 2367.3
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Product Supplier Catalog Number
Tissue-Tek O.C.T. Compound Hartenstein TTEK
Tris Carl Roth 0188.2
Tris base Sigma Aldrich T1503-1KG
Triton-X-100 Carl Roth 3051.3
Trypsin (1:250) Thermo Fisher 27250018
Trypsin 0.05% EDTA Thermo Fisher 25300054
Tween-20 Carl Roth 9127.1
Type F Immersion liquid Leica 11513859
UltraPure DNase/RNase-Free distilled water Thermo Fisher 10977035
[B-Mercaptoethanol Sigma Aldrich M7522

3.1.3 Consumables

Table 3: Utilized consumables
Product Supplier Catalog Number

.2 ml 8-Strip 'Non-Flex' N IPCRT

0.2 ml 8-Strip 'Non-Flex' Natural PCR Tubes, Starlab 11402-3700
Attached Flat Caps
10 cm Cell Culture Dish Thermo Fisher 150350
10 ml Serological Pipette Sarstedt 861.685.020
25 ml Serological Pipette Sarstedt 72.695.500
31.5 mL, Open-Top Thinwall Polypropylene Konical Beckman Coulter 358126

Tube, 25 x 89mm

35 x 10 mm CytoOne Dish, TC-Treated Starlab CC7682-3340
48-Well CytoOne Plate, TC-Treated Starlab CC7682-7548
5 ml Serological Pipette Sarstedt 861.253.001
Biopsy Punch 1.0 mm Kai medical BPP-10F
Chromatography-Papers Whatman 0.92 mm Carl Roth 7602.1

Circle Writer Liquid Blocker Science Services CWAL-FG
Coverslips thickness 1, 24 x 24 mm Carl Roth H875.2
Coverslips thickness 1, 24 x 60 mm Carl Roth H878.2
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Product Supplier Catalog Number
Cryomold embedding dishes Hartenstein CMM
Z(i)srp;loriz’az%g (I)ler,:r(rlll'egsri’;erll‘ican long bevel facet, Carl Roth %1271
Falcon round-bottom tubes PS 5 Corning 352008
X;c:r?ﬁmp Fast Optical 96-Well Reaction Plate, Thermo Fisher 4346907
MicroAmp Optical Adhesive Film Thermo Fisher 4360954
Microtome blades, Feather Hartenstein C35
Millicell Cell Culture Inserts 30 mm Millipore PICMORG50
Omnican 50 0.5 ml 0.30x8 mm NeoLab 9151117
Omnifix Solo disposable syringes B. Braun 4616103V
Parafilm Sealing Film Starlab [3080-1038
Pasteur pipettes Carl Roth 4522
Polystyrene 24-well Cell Culture Multiwell Plate Greiner Bio-One 662160
Polystyrene 6-well Cell Culture Multiwell Plates Greiner Bio-One 657160
PVDF Transfer Membrane, 0.2 um Sigma GE10600021
Safeseal tube 1,5 mL Sarstedt 72.706
Safeseal tube 2 mL Sarstedt 72.695.500
Scalpel NeoLab 294200101
Screw cap tube, 15 ml Sarstedt 62554502
Screw cap tube, 50 ml Sarstedt 62559001
Sterican Needles B. Braun 4656300
Syringe filters, sterile filtration, 0.2 pum VWR 514-0072
X72 Superfrost Plus slides Fisher Scientific 10149870
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3.1.4 Commercial kits

Table 4: Utilized commercial kits

Product Supplier Catalog Number
AllPrep DNA/RNA FFPE Kit Quiagen 80234
H&E Fast Staining Kit Carl Roth 9194.1
miRNeasy Serum/Plasma Advanced Kit Quiagen 217204
Pierce Coomassie (Bradford) Protein Assay Kit Thermo Fisher 23200
PKH67 Green Fluorescent Cell Linker Midi Kit Sigma Aldrich MIDI67
RevertAid First Strand cDNA Synthesis Kit Thermo Fisher K1622
RNAscope Multiplex Fluorescent Reagent kit V2 Bio-Techne 323100

3.1.5 Technical devices

Table 5: Utilized devices and belonging software
Device Supplier Software
BZ-X800 Fluorescent Microscope Keyence BZ-800 Viewer
ChemiDoc MP Bio-Rad Image Lab 6.1
Dmi8 Confocal Microscope Leica Leica Application Suite X 3.5.7
Espion ERG Diagnosys LLC Espion V6

EVOS FL Microscope

Thermo Fisher

Revision 1.4

FACSAriaFusion BD Biosciences BD FACSDiva Software
GelDoc 2000 Bio-Rad Quantity One
Mastercycler nexus GX2 Eppendorf -

NanoDrop 2000c Thermo Fisher NanoDrop 2000

QuantStudio 5

Applied Biosystems

QuantStudio Design &
Analysis Software 1.5.2

SpectraMax iD3

Molecular Devices

SoftMax Pro 7.0.3

Data were analyzed using GraphPad Prism 9, Image] 1.54b and CorelDRAW 2019.
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3.2 Biological Systems
3.2.1 Cell culture

661W cells were cultivated in DMEM, low glucose, GlutaMAX Supplement, pyruvate medium
supplemented with 10% FBS and 1% Pen/Strep in cell culture dishes at 37°C and 5% CO.. For
passaging, cells were washed with DPBS and detached using Trypsin 0.05% EDTA for 5 min at
37°C and 5% COz. Fresh medium was added to stop the reaction and a diluted cell suspension was
used to further cultivate the cells. Seeding for experiments was carried out in 24-well plates using

cell suspensions from passaging.

3.2.2 Mice

All animal experiments were performed according to the ARVO statement for the use of animals
in ophthalmic and vision research and were approved by the local authorities (Regierung von
Oberbayern). Mice were kept at standard conditions under a 12-hour light/12-hour dark cycle
with access to water and food ad libitum.

Pde6bST0P and Pde6gCreERT2 mice were generated in the Barbara & Donald Jonas Stem Cells
Laboratory, Columbia University, USA. Mice were rederived via in vitro fertilization at the
Biomedical Center Munich, Germany. Partial treatment was achieved by crossing with Pax6aCre
mice, which were obtained from Prof. Dr. Marquardt, University of Gottingen, Germany. In this
study, control (Pde6bs™/WT), mutant (Pde6bs7/5T) and partially rescued (Pde6bs/ST Pax6aCre) mice
of both sexes were used. To visualize Cre-LoxP recombination, they were additionally crossed with
either nuclear ROSA"TnG (strain #023035) or membrane-bound ROSA™TmG (strain #007576)
two-color fluorescent reporter mice, which were purchased at Jackson Laboratory. As control for
Pax6aCre expression, Pde6gCreERT2/WT mice of both sexes and one male RhoCre (strain #032909)
mouse from Prof. Dr. Michalakis, LMU Munich, Germany, were used.

Mice were anesthetized with isoflurane and sacrificed by cervical dislocation.
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3.3 Methods

3.3.1 Polymerase chain reaction

To isolate DNA for genotyping, ear punches were boiled in 600 pul 50 mM NaOH at 95°C for 10 min.
Then, 50 ul 1M Tris-HCL (pH 8.0) was added and mixed by vortexing. Samples were then
centrifuged for 6 min at 15,000 xg and stored at 4°C.

MasterMix components (Table 6) were mixed without DNA template and portioned into 0.2 ml
8- strip PCR tubes. Gene-specific primers used for genotyping are given in Table 7. DNA templates
were added to each tube, mixed by vortexing and spun down. Polymerase chain reactions (PCRs)
were run in a Mastercycler nexus GX2, whereby lid heating was constantly kept at 105°C.

Individual PCR programs are given in Table 8-13.

Table 6: MasterMix components for genotyping in pl

ROSAnT-nG
and Pax6aCre  ROSAMT-mé  Pde6gCreERT2 RhoCre

Pde6bsTor
10X Dreamtaq mix 1.50 1.50 2.50 2.50 2.50
dNTPs 0.50 0.50 0.50 0.50 0.50
10 pM primer 1 1.25 1.25 1.00 1.00 1.25
10 uM primer 2 1.25 1.25 1.00 1.00 1.25
10 pM primer 3 1.25 - 1.00 1.00 -
DNA template 1.00 1.00 3.00 2.00 2.00
PCR grade water 8.13 9.38 15.70 16.70 17.20
Dream Taq polymerase 0.13 0.13 0.30 0.30 0.30
Total volume 15 15 25 25 25
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Table 7: Utilized genotyping primers in 100 pM stock, all ordered from Metabion

Target Direction Sequence (5’ to 3°) Lengthinbp Tnin°C
forward TGCTCTGTGGTGTTGCTCTGC 21 64.0
Pde6bSToP reverse TGGCGATGCAGAGTGTCCTGA 21 65.1
internal GTCCTGCACGACGCGAGCTG 20 64.9
forward CGTATGAAGGGGGCAATAGA 20 56.1
Pax6aCre
reverse AGGCAAATTTTGGTGTACGG 20 55.7
wildtype forward GGAGCGGGAGAAATGGATATG 21 60.3
ROSAnT-nG mutant forward CCAGGCGGGCCATTTACCGTAAG 23 67.2
common reverse  AAAGTCGCTCTGAGTTGTTAT 21 55.9
wildtype forward AGGGAGCTGCAGTGGAGTAG 20 60.0
ROSAMT-mG mutant forward TAGAGCTTGCGGAACCCTTC 20 59.1
common reverse  CTTTAAGCCTGCCCAGAAGA 20 56.7
forward GGTCAGATTCCAGTGTGTGGG 21 63.0
Pde6gCreERT2  reverse GTTTAGCTGGCCCAAATGTTG 21 59.4
internal CTTAGGTGGTCCTTTCCTGGG 21 62.9
forward GCAGAACCTGAAGATGTTCGC 21 61.1
RhoCre
reverse ACACCAGAGACGGAAATCCAT 21 60.7

Table 8: Thermocycling conditions for amplification of Pde6bST0P

Step Temperature in °C Duration Cycles
Initial Denaturation 95 3 min 1
Denaturation 95 30s

Annealing 65 30s 30
Extension 72 1 min

Final Extension 72 10 min 1
Storage 4 forever
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Table 9: Thermocycling conditions for amplification of Pax6aCre

Step Temperature in °C Duration Cycles
Initial Denaturation 95 3 min 1
Denaturation 95 30s
Annealing 59.6 30s 30
Extension 72 1 min
Final Extension 72 10 min 1
Storage 10 forever

Table 10: Thermocycling conditions for amplification of ROSAnT-nG
Step Temperature in °C Duration Cycles
Initial Denaturation 95 3 min 1
Denaturation 95 30s
Annealing 60 30s 30
Extension 72 1 min
Final Extension 72 10 min 1
Storage 10 forever

Table 11: Thermocycling conditions for amplification of ROSAmT-mG
Step Temperature in °C Duration Cycles
Initial Denaturation 94 2 min 1
Denaturation 95 20s
Annealing 65 (-0.5°C/step) 15s 10
Extension 68 10s
Denaturation 94 15s
Annealing 60 15s 28
Extension 72 15s
Final Extension 72 2 min 1
Storage 10 forever
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Table 12: Thermocycling conditions for amplification of Pde6gCreERT2

Step Temperature in °C Duration Cycles
Initial Denaturation 95 3 min 1
Denaturation 95 30s
Annealing 65 30s 40
Extension 72 1 min
Final Extension 72 10 min 1
Storage 10 forever

Table 13: Thermocycling conditions for amplification of RhoCre
Step Temperature in °C Duration Cycles
Initial Denaturation 95 3 min 1
Denaturation 95 30s
Annealing 58 1 min 35
Extension 72 1 min
Final Extension 72 2 min 1
Storage 10 forever

DNA of PCR products was separated by size using agarose gel electrophoresis (Table 14). To do

so, a 2% agarose gel was prepared by cooking the powder in 1X TAE. To stain the DNA, 2.5 pl Sybr

Safe was added per 50 pl gel solution before pouring it into the gel tray. After solidification, the
chamber was filled with 1X TAE buffer, then 10 pul of samples and 100 bp DNA ladder each were

loaded into the pockets. Gels were run for 15 min at 80 V and imaged using a GelDoc 2000 device.

Table 14: Sizes of PCR products in bp

ROSAnT-nG
Pde6bsTor Paxé6aCre and PDE6gCreERT2 RhoCre
ROSAMT-mG
Wildtype band 284 - 603 514 -
Recombined band 362 - - - -
Mutant band 415 600 320 715 500
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3.3.2 Tissue preparation

Mice were euthanized and directly used for tissue preparation.

Tissue isolation for retinal lysates. Retinas were removed using the Winkler method [125].
Briefly, curved forceps were shoved underneath the eye and the cornea was incised using a
scalpel. By pulling the forceps upwards, the retina was scraped out. It was placed in a reaction

tube and immediately frozen in liquid nitrogen. Tubes were stored at -80°C.

Eyecup preparation. Before enucleation, the temporal side of the eye was marked with a hot
needle on the cornea (Fig. 10 step 1). Tissue preparation of isolated eyes (Fig. 10 step 2) was
performed in a dry 35 mm dish under a stereo microscope Olympus SZ51. First, the cornea was
perforated with a needle. For brief fixation, the eye was incubated in 4% paraformaldehyde (PFA)
in 1X phosphate buffered saline (PBS) for 5 min. After, the cornea was removed by a circular cut
slightly above the ora serrata whereby a small incision at the temporal burn mark was made to
preserve the orientation of the eye (Fig. 10 step 3). Additionally, the iris, lens and vitreous were
removed with forceps (Fig. 10 step 4). Eyecups were fixed in 4% PFA for 45 min and then washed
three times in 1X PBS. Afterwards, they were either used for preparation of frozen sections or

flatmounts.

@ mark temporal orientation @ remove eye @ cut ora serrata and mark @ remove cornea and lens

Figure 10: Preparation of the eye.

After the mouse was sacrificed, temporal orientation of eyes was marked with a hot cannula (step 1). The
eye was removed (step 2), stung with a needle and placed in 4% PFA. After 5 minutes, the eye was cut
circular above the ora serrata and slightly into the temporal mark (step 3). Preparation of eyecups was
completed by removal of cornea and lens (step 4). Eyecups were used for frozen sections or further

prepared to retinal and RPE-choroid-sclera flatmounts. Created with BioRender.com
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Preparation of frozen sections. For stabilization of the tissue, eyecups were incubated in 30%
sucrose overnight at 4°C. The remaining sucrose solution was dabbed with a tissue. Then, the
eyecup was embedded in a Cryomold embedding dish in Tissue-Tek O.C.T. Compound with the
temporal orientation facing upwards. Embedded eyecups were frozen on dry ice and stored
at -80°C. For sectioning, the frozen block was positioned in a temporal-ventral orientation and cut
at 10 pum starting at the dorsal side using the Leica Cryostat CM3050 S. Sections in the central
region close to and with the optic nerve were collected on SuperFrost Plus slides. Slides were

stored at -20°C for immunofluorescence or at -80°C for fluorescence in situ hybridization.

Preparation of flatmounts. To prepare retinal and RPE-choroid-sclera flatmounts, the remaining
fat tissue around the sclera at the eyecup was removed. Then, the retina was loosened at the ora
serrata and separated from the RPE using forceps. For flattening, the retina was quartered with

four incisions, while eight incisions were needed for the RPE-choroid-sclera preparation.

3.3.3 Retinal explants

Isolated eyes were directly laid in preparation medium (Table 15) and sterilely prepared to
RPE-choroid-sclera flatmounts, which were placed on Millicell Cell Culture Inserts in a 6-well plate
with the retina facing upward. Culture medium (Table 15) was filled below Millicell Cell Culture
Inserts. Isolated small EVs were injected subretinally using syringes. Samples were kept at 37°C
and 5% CO», whereby culture medium was exchanged every two days. On the fifth day, retinas

were isolated and further used for quantitative real-time PCR.

Table 15: Retinal explant media

Medium Composition
Preparation medium 99% DMEM/F-12, 1% Pen/Strep
Culture medium 87% DMEM/F-12, 10% FBS, 2% B27 Supplement, 1% Pen/Strep
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3.3.4 Immunofluorescence

Immunofluorescence of eye sections. Frozen slides were thawed and sections were circled
using a Circle Writer Liquid Blocker. For washing, sections were covered with one drop 1X PBS.
The RPE-choroid-sclera layer was removed under the stereo microscope Olympus SZ51 using
needles, forceps and scissors. Liquid on sections was removed by knocking the slides gently on a
tissue. Primary antibodies (Table 16) were diluted in 5% ChemiBlocker and 0.3% Triton-X-100
in 1X PBS, dropped on sections and incubated overnight at 4°C. For retinal sections, the
rabbit-derived GFP antibody as well as the mouse-derived PDE6B antibody were used. After
washing three times with 1X PBS, corresponding secondary antibodies (Table 17) were added
for 1.5 h in 3% ChemiBlocker in 1X PBS. Sections were additionally counterstained with 5 pg/ml
Hoechst 33342 solution for 5 min and again washed three times in 1X PBS. For fixation, one drop
of Aqua-Poly/Mount media was added per section and then covered. Slides were dried overnight

at room temperature and stored at 4°C in the dark.

Immunofluorescence of flatmounts. For staining of flatmounts, primary antibodies (Table 16)
were diluted in 5% ChemiBlocker in 1X PBS containing 3% DMSO and 0.3% Triton-X-100
overnight at 4°C. For flatmounts from ROSA"T"¢ mice, the goat-derived GFP antibody was used.
After washing three times with 1X PBS, flatmounts were incubated with corresponding secondary
antibodies (Table 17) for 1.5 h in 3% ChemiBlocker in 1X PBS. After, they were incubated in
5 nug/ml Hoechst 33342 solution for 15 min and again washed three times in 1X PBS. For fixation,
flatmounts were placed on slides and covered with cover slips containing Aqua-Poly/Mount

media. Slides were dried overnight at room temperature and stored at 4°C in the dark.
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Table 16: Immunofluorescence primary antibodies and lectins

Antibody Species Dilution Supplier Catalog Number
Calbindin D-28k Mouse 1:8000 Swant 300
Cone Arrestin Rabbit 1:1000 Merck AB15282
GARP Mouse 1:800 Sigma Aldrich MABN2429
GFP Goat 1:1000 Biomol 600-101-215
GFP Rabbit 1:1000 Abcam Ab6556
I;‘;}ﬁfgtﬁ;lsgﬁc : 1:100 Sigma Aldrich 12895
PDE6B Mouse 1:400 Santa Cruz sc-377486
PDE6B Rabbit 1:4000 Thermo Fisher PA1-722
PKCa Mouse 1:1000 Santa Cruz sc-8393

Prof. Dr. Wagner
Secretagogin Rabbit 1:5000 (University of (72)

Vienna, Austria)
o-Tubulin Rat 1:1600 Thermo Fisher MA180017
-Catenin Rabbit 1:1000 Cell Signaling 8480S

Table 17: Immunofluorescence secondary antibodies

Compound Conjugate Species  Dilution Supplier Catalog Number
Anti-Goat Alexa Fluor 488  Donkey 1:1000 Thermo Fisher A-11055
Anti-Mouse  Alexa Fluor 555  Goat 1:1000 Thermo Fisher  A-21425
Anti-Mouse  Alexa Fluor 647  Goat 1:1000 Thermo Fisher A-21240
Anti-Rabbit  Alexa Fluor 488  Donkey 1:1000 Thermo Fisher A-21206
Anti-Rabbit  Alexa Fluor 647  Goat 1:1000 Thermo Fisher  A-21245
Anti-Rat Alexa Fluor 488  Goat 1:1000 Thermo Fisher A-11006
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3.3.5 Fluorescence in situ hybridization

Samples were prepared in RNase-free buffers. Fluorescence in situ hybridization of RNAs in
retinal sections was achieved using the RNAscope Multiplex Fluorescent Reagent Kit according to
manufacturer’s protocol with slight modifications. In brief, sections were cooked with 1X PBS for
30 min at 60°C followed by post-fixation in 4% PFA for 15 min at 4°C. After dehydration of the
tissue using ethanol, samples were directly incubated with Protease III solution for 10 min at 40°C
without target retrieval in between. Pde6b RNA was targeted using a custom-made probe binding
to its coding sequence (CDS), while Cre RNA was targeted with a commercially available probe.
After 2 h hybridization, sections were stored in 5X SSC buffer overnight at room temperature. On
the next day, amplification steps for C2 probes were conducted at 40°C, followed by assignment
of Opal 650 Reagent. Last but not least, endogenous EGFP signal was amplified by

immunofluorescence.

3.3.6 Immunohistochemistry

Retinal trypsin digestion. Trypsin digestion was used to isolate the retinal vasculature for
immunohistochemistry staining as previously described with slight modifications [126]. Briefly,
eye cups were prepared as described in chapter 3.3.2 without the temporal orientation incision.
The retina was removed from the RPE-choroid-sclera tissue and incubated in 4% PFA overnight
at 4°C. On the next day, it was washed five times 30 min each with ddH;0 and then kept in ddH-0
overnight at 4°C. For digestion, the retina was incubated in 3% trypsin in 0.1 M Tris (pH 7.8) for
1.5 h at 37°C. The digestion solution was then replaced with ddH,0 and blood vessels were
isolated by flushing the retina gently with ddH0 to remove digested tissue. The vasculature was

transferred with a glass pipette on SuperFrost Plus slides and dried at 37°C overnight.

Hematoxylin and eosin staining. After trypsin digestion, the vasculature was stained with the
H&E fast staining kit. In detail, hematoxylin was used for staining of cell nuclei in a purplish blue,
while eosin was used for staining of the extracellular matrix and cytoplasm in pink. To do so,
samples were immersed in the solutions one after the other given in Table 18. After the staining

procedure, slides were dried overnight and finally fixed with Aqua-Poly/Mount media.
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Table 18: H&E staining procedure

Solution Time
HCL solution (pH 4.3) 10s
HE solution 1 8 min
HCL solution (pH 4.3) 10s
HCL solution (pH 2.4) 20s
Flowing distilled H,0 6 min
HE solution 2 5 min
Flowing distilled H,0 30s

3.3.7 Imaging

Confocal images of sections were taken with a Leica TCS SP5 Confocal Microscope using a 40x or
63x objective with Type F Immersion liquid.

Images of retinal and RPE-choroid-sclera flatmounts were taken with a Keyence BZ-X800
Microscope or a custom-made VisiScope CSU-X1 confocal system equipped with a high-resolution
sCMOS camera (Visitron Systems, Puchheim, Germany). For the vasculature and RPE, pictures
were taken in 1 um distance Z-Stacks from the top to the bottom layer using a 20x objective. Up
to three images each were taken in the central and peripheral region. For flatmounts from
ROSAnTn¢ mice, images were taken with the stitching tool using a 10x objective.

Cell culture images were taken with an EVOS FL Microscope.

Representative pictures were chosen as examples.

3.3.8 Quantitative analysis

Quantification of retinal sections. Retinal frozen sections were stained for PDE6B or cone
arrestin (CAR) and counterstained with Hoechst 33342. Using Image], the distance from the optic
nerve to PDE6B-positive photoreceptors was measured on the nasal and temporal side of the eye.
The ONL thickness and cone length was quantified in 50 um steps from the optic nerve to 700 pm
distance both on the nasal and temporal side of the section. The number of replicates per age and

genotype for the quantification of sections are given in Table 19.
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Quantification of GFP-positive area. Retinal flatmounts from Pde6bST/"T Pax6aCre ROSAT-n¢ and
Pde6bST/ST Pax6aCre ROSAnTn¢ mice were immunolabeled with the goat-derived GFP antibody to
amplify the endogenous EGFP signal. Images were analyzed using Image]. First, flatmounts were
manually selected and GFP pixels inside the selected area were counted by transforming the image
into a binary image. The relative GFP-positive area was then calculated by dividing the number of
GFP pixels by the number of selected area pixels. The number of replicates per age and genotype

for the quantification of the GFP-positive area are listed in Table 19.

Table 19: Number of replicates for retinal section and flatmount quantifications

Pd 6bST/ST

Quantification Age Pde6bST/WT  Pde6bST/sT Paf( 6aCre

pw 4 3 3 4
Outer nuclear layer thickness

pw 48 3 3 3
Cone length pw 48 3 3 3

pw 4 - - 6
Distance from ON to PDE6B* cells

pw 48 - - 9

pw 4 4 - 3
GFP-positive area

pw 48 4 - 5

Quantification of retinal vessel area. Imaged Z-Stacks of retinal flatmounts stained with
Isolectin GS-IB4 conjugated FITC were divided into superficial vascular plexus (SVP) or deep and
intermediate vascular plexus (DVP and IVP) and stacked as maximum intensity projections using
Image]. The AngioTool software (University of Warwick, UK) was used to quantify the relative
vessel area per image [127]. The number of replicates per genotype, region and age for the retinal

vessel area analysis are given in Table 20.

Quantification of acellular vessels. The number of acellular vessels in H&E stained vasculatures
was manually counted with Image] by identification of capillaries without nuclei. The number of

replicates per genotype, region and age for the acellular vessel analysis are listed in Table 20.
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Quantification of the retinal pigment epithelium. Imaged Z-Stacks of RPE-choroid-sclera
flatmounts stained for $-Catenin were stacked as maximum intensity projections using Image].
Automated analysis of cell area, eccentricity and solidity was carried out using the CellProfiler
software [128]. The cell eccentricity reflects its elongation while cell solidity is defined as the cell
area divided by the convex hull area showing deviations from the hexagonal cell shape (Fig. 11).
Incorrectly recognized RPE cells were manually excluded. The number of replicates per genotype,

region and age for the RPE analysis are given in Table 20.

Eccentricity (e Solidity (s
. <:> Convex hull
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_ J(a®2—b?) _ Area
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Figure 11: Schematic representation of cell eccentricity and solidity.
Eccentricity, which describes the cellular elongation, and solidity, the pro-portion of the RPE cell area filling

a best-fit convex envelope, of RPE cells were quantified using the CellProfiler software.

Table 20: Number of replicates for vasculature and RPE quantifications

Center Periphery

Quantification Genotype
pw4 pw24 pw48 pw4d pw?24 pw48

Pde6bST/wT 6 3 3 6 3 4
Retinal vessel

Pde6bST/sT 4 3 3 6 3 3
area (DVP + IVP) ¢

Pde6bsST/ST Pax6aCre 4 4 3 4 4 4

Pde6bST/wT - - 2 - - 4
Retinal vessel

Pde6bST/sT - - 8 - - 8
area (SVP) ¢

Pde6bST/ST Pax6aCre - - 4 - - 6

Pde6bST/WT 3 6 4 3 6 4
Acellular vessels  Pde6bST/sT 3 3 4 3 5 6

Pde6bsT/ST Pax6aCre 4 5 4 4 6 4

Pde6bST/WT 6 5 6 7 5 6
Re.tlnal-plgment PdeEbsT/ST 4 ) 3 4 ) 3
epithelium

Pde6bsT/ST Pax6aCre 4 2 3 6 2 3
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Data were analyzed using an unpaired t-test or a two-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons and standard error of the mean (SEM). P < 0.05 was considered

statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).

3.3.9 Correlative light-electron microscopy

Biopsies punches of central and peripheral retinal regions were fixed in 4% PFA in 0.1 M
phosphate buffer (PB, pH 7.4) and processed for Tokuyasu cryo-sectioning [129,130] by
Dr. Thomas Kurth at the Technical University Dresden, Germany.

In brief, samples were washed in PB, infiltrated stepwise into 10% gelatin (1% for 30 min, 3% for
45 min, 7% for 1h, 10 for 2h) at 37°C, cooled down on ice, incubated in 2.3 M sucrose for 24 h at
4°C, mounted on pins, and plunge frozen in liquid nitrogen. Then, 70-100 nm sections were cut on
a Leica UC6+FC6 cryo-ultramicrotome and picked up in methyl cellulose (MC) in sucrose (1 part
2% methyl cellulose, 25 centipoises + 1 part 2.3 M sucrose). Sections were stained with the
mouse-derived PDE6B antibody (Table 16). Grids were placed upside down on drops of PBS at
37°C for 20 min to remove gelatin, sucrose, and methyl cellulose, then washed with 0.1% glycine
in 1X PBS (5x 1 min), blocked with 1% bovine serum albumin (BSA) in 1X PBS (2x 5 min) and
incubated with the primary antibody for 1 h. Sections were washed in 1X PBS (4x 2 min), and
incubated with rabbit-anti-mouse bridging antibodies [130]. After, they were incubated with
protein A conjugated to 10 nm gold for 1 h, washed again in 1X PBS (3x 5 s, 4x 2 min) and
post-fixed for 5 min in 1% glutaraldehyde. G Sections were demounted, washed in ddH.0
(10x 1 min), stained with neutral uranyl oxalate (2% uranyl acetate in 0.15 M oxalic acid, pH 7.0)
for 5 min, washed in ddH»0 and incubated in MC containing 0.4% UA for 5 min. Grids were looped
out, the MC/UA film was reduced to an even thin film and air dried. Finally, the sections were
analyzed on a JEM 1400Plus transmission electron microscope (JEOL, Freising, Germany) at 80 kV

and images were taken with a Ruby digital camera (JEOL).
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3.3.10 Flow cytometry

Enzymatic digestion of retinas. Both retinas of one mouse were isolated using the Winkler
method as described in chapter 3.3.2 and placed in PBS/Glucose. For digestion, tissue was
incubated in 0.1 U Papain in PBS/Glucose at 37°C for 30 min. After washing three times with
PBS/Glucose, retinas were incubated in 200 U DNase I in PBS/Glucose for 4 min. Finally,
supernatant was replaced with 1X extracellular solution (EZL) and retinas were dissociated using

a glass pipette.

Immunolabeling for FACS. Cell suspension was centrifuged at 400 xg for 5 min at 4°C and
supernatant was removed. Cells were fixed by resuspension of the pellet in Fix buffer for 20 min
on ice. After another centrifugation step, the pellet was resuspended in Perm/Wash buffer and
aliquots for negative control gating were taken. The remaining cell suspension was incubated with
primary antibodies, that were all diluted 1:100 in Perm/Wash buffer, for 20 min on ice. Thereby,
the goat-derived GFP antibody as well as the rabbit-derived PDE6B antibody were used
(Table 16). After, the solution was again centrifuged at 400 xg for 5 min at 4°C and the pellet was
resuspended in Perm/Wash buffer containing corresponding secondary antibodies, that were all
diluted 1:100 (Table 17). After incubation for 20 min on ice and centrifugation, the pellet was

resuspended in FACS sample buffer and kept on ice until sorting.

FAC-sorting. Measurements were performed using a FACSAriaFusion flow cytometer at the Core
Facility Flow Cytometry of the Biomedical Center in Munich, Germany. Data were analyzed and
gated with the Flow]o software. To exclude debris and dead cells, which are smaller in size, a gate
named “cells” was set in a dot plot of sideward scatter height vs. forward scatter area
(SSC-H/FSC-A) (Fig. 12 upper left). Thereby, the forward scatter indicates cell size whereas side
scatter relates to the complexity or granularity of the cell. For exclusion of clumped cells, two
gating were created, the first one named “singlets 1” with the forward scatter height vs. forward
scatter area (Fig. 12 upper right) and the second one named “singlets 2” with the sideward scatter
width vs. sideward scatter height (Fig. 12 lower left). Finally, PDE6B-Alexa Fluor 647 (AF647)
and tdTomato double-positive cells were selected in the “target” gating (Fig. 12 lower right).
Therefore, a Pde6bST/"T retina, which was stained for PDE6B, and a Pde6bST/WT Pax6aCre ROSAnT-nG
retina, that was labeled with secondary antibodies only, were used as negative controls. The gate
was then set by excluding PDE6B signal in the sample which was not stained with PDE6B primary

antibody and tdTomato signal in the sample that was negative for the ROSA"T-G reporter.
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Figure 12: FACS gating strategy using the negative control.

Shown are the representative gating heatmaps for a Pde6bST/YT retina stained for PDE6B, which was used
as negative control. Four gating steps were conducted for selection of target cells. First, a gate named “cells”
was set in a dot plot of sideward scatter height vs. forward scatter area (SSC-H/FSC-A) to exclude debris
and dead cells (upper left). For exclusion of clumped cells, two gatings were created, the first one named
“singlets 1” with the forward scatter height vs. forward scatter area (upper right) and the second one named
“singlets 2” with the sideward scatter width vs. sideward scatter height (lower left). Double-positive cells
for PDE6B Alexa Fluor 647 (AF647) and tdTomato were selected in the “target” gating (lower right). Dots,

individual cells; boxes, gates; numbers, relative number of cells in the gating.

3.3.11 Small extracellular vesicles

Isolation of small EVs. For isolation of small EVs by differential ultracentrifugation, both retinas
of one mouse were isolated using the Winkler method as described in chapter 3.3.2 and placed in
DPBS in a 35 mm dish under a stereo microscope Olympus SZ51 (Fig. 13 step 1). Leftover tissue
was removed before cutting the retinas into small pieces, which were then transferred together
with the DPBS to a 15 ml falcon by pipetting (Fig. 13 step 2). DPBS was removed after retinal

pieces sedimented on bottom of the falcon. For tissue digestion, a mixture of 200 U DNase I and
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1 mg collagenase D in 500 pl DPBS was added and incubated for 30 min at 37°C (Fig. 13 step 3).
To allow breakdown of the extracellular matrix (ECM) and vesicle release, falcons were then
incubated on ice for 20 min. After, the tissue suspension was neutralized by addition of 11.5 ml
DPBS (Fig. 13 step 4). Subsequent centrifugation at 1,000 xg and 4°C for 10 min was conducted
to collect leftover cell debris in a pellet (Fig. 13 step 5). The vesicle-containing supernatant was
transferred to an Open-Top Thinwall Konical Tube and filled up to 30 ml with DPBS. Then, two
ultracentrifugation steps were carried out using a Beckman Coulter SW 28 Swinging-Bucket Rotor
in a Beckman Coulter Optima LE-80K Ultracentrifuge. In the first step at 10,000 xg and 4°C for
30 min, the small vesicles were further purified by removing bigger vesicles and cell debris in a
pellet (Fig. 13 step 6). After, the supernatant was transferred to a new Open-Top Thinwall Konical
Tube. Finally, small EVs were collected in a pellet by centrifugation at 150,000 xg and 4°C for 1.5 h
(Fig. 13 step 7). The supernatant was removed and pellets were dried upside down for 5 min.
Vesicles were then used for cell culture experiments, nanoparticle tracking analysis (NTA) or

lysed for RNA and DNA isolation.
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Figure 13: Isolation of small EVs.

Once mice were sacrificed, both retinas were removed (step 1) and placed in DPBS. Tissue was cut into
pieces and transferred to a falcon (step 2). Digestion was achieved with DNase I and collagenase D for
30 min at 37°C, followed by 20 min on ice for vesicle release (step 3). After, DPBS was added for
neutralization (step 4). Centrifugation at 1,000 xg and 4°C for 10 min was conducted to collect leftover cell
debris (step 5). Then, ultracentrifugation at 10,000 xg and 4°C for 30 min was used to remove bigger vesicles
and cell debris (step 6). Small EVs were collected in a pellet by ultracentrifugation at 150,000 xg and 4°C for
90 min (step 7). Created with BioRender.com
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Immunolabeling of small EVs. Membranes of small EVs were labeled using the PKH67 Green
Fluorescent Cell Linker Midi Kit according to manufacturer’s protocol with slight modifications.
Briefly, the pellet was resuspended in 1 ml Diluent C. After, 6 pl PKH67 dye was added and
continuously mixed by pipetting. Samples were then covered and incubated at room temperature
for 5 min. The reaction was quenched by addition of 2 ml 10% BSA in DPBS. In addition, 22.5 ml
DPBS were added. A layer of 4.5 ml 0.971 M sucrose was casted to the bottom of the tube using a
glass pipette to collect the excel dye. Finally, labeled small EVs were collected by another
ultracentrifugation step at 150,000 xg and 4°C for 1.5 h. The pellet was then resuspended in 200 pl
661W culture medium and added on 30% confluent 661W cells in a 24-well plate. Medium was

changed after 24 h incubation and cells were kept for up to five days.

Characterization of small EVs. The small EVs containing pellet was resuspended in 100 ul DPBS
and frozen at -80°C. The number and size of EVs were determined by nanoparticle tracking
analysis using a NanoSight NS300 NTA apparatus, the associated software v3.00, and Graph Pad
Prism 7 (Malvern Panalytical). For immunoblotting, small EVs from three mice of the same
genotype were pooled, resuspended in 50 pl DPBS and frozen at -80°C. The utilized ALIX antibody
is given in Table 26. Analysis of small EVs was performed by Dr. Sabine Leitherer at the Hannover

Medical School, Germany.

3.3.12 Extraction of DNA and RNA

DNA and RNA from FACS cells or small EVs were isolated using the AllPrep DNA/RNA FFPE Kit
according to manufacturer’s protocol. Briefly, DNA was separated from RNA by centrifugation.
Fixation from cell sorting was reversed by incubation at 80°C for RNA and 90°C for DNA. RNA and
DNA were then separately bound to columns by addition of 100% ethanol and washed with
different washing buffers. Finally, RNA was eluted with nuclease-free water and DNA with an
elution buffer provided in the kit. Samples were stored at -20°C. RNA was used for quantitative
real-time PCR (qRT-PCR), while DNA was utilized for PCR identical to genotyping except 2 pl

sample was included as template with accordingly lower volume of PCR grade water.
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3.3.13 Quantitative real-time PCR

Quantitative real-time polymerase chain reaction is commonly used to detect changes in protein
expression by investigating mRNA levels. To do so, concentration of isolated RNA was measured
using the NanoDrop 2000. For the determination of gene expression, RNA was converted into
cDNA by reverse transcription using the RevertAid First Strand cDNA Synthesis Kit according to
manufacturer’s protocol. For one RT-PCR reaction, the MasterMix was prepared as listed in
Table 21. First, the mixture of primers and 20 ng RNA per sample was filled up to 12 pl with
nuclease-free water and incubated at 65°C for 5 min. Then, the remaining components were

added, RT-PCR was run as indicated in Table 22 and cDNA samples were stored at -20°C.

Table 21: MasterMix for one RT-PCR reaction

Component Amount
RNA sample 20 ng
Random Hexamer Primers 1l
Oligo (dT)1s Primers 1ul
Nuclease-free H,0 to 12 ul
5X Reaction Buffer 4 ul
RNase Inhibitor (20 U/ul) 1ul
dNTP Mix (10 mM) 2ul
Reverse Transcriptase (200 U/pl) 1l

Table 22: Settings for RT-PCR run

Step Temperature in °C Time in min
Lid Heating 105 constant
Primer extension 25 10

RT reaction 42 60
Inactivation 70 5
Storage 4 forever
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Quantitative real-time PCR was performed with duplicates of samples and a negative control with
nuclease-free water per primer. For one qRT-PCR reaction, the MasterMix with gene-specific
forward and reverse primers and Sybr Green fluorescent dye was prepared as listed in Table 23.
Measurements took place in a QuantStudio 5 cycler. For FACS samples, the target gene expression
was normalized to the house keeper -Actin. As small EV samples do not contain any cytoskeletal
RNA, the target gene expression was normalized to U6 small nuclear RNA (snRNA) instead.
Sequences of target gene primers are given in Table 24.

The QuantStudio Design & Analysis software was used to analyze qRT-PCR results. Mean values
of exponential amplification phase starting points (Ct values) were calculated from duplicates. For
the calculation of target fold expression, the term 2-(ACt (sample) - ACt (reference)) was used. Thereby, ACt
was calculated through subtraction of the housekeeping gene Ct value from the Ct value of the

gene of interest and wildtype samples were utilized as reference.

Table 23: MasterMix for one qRT-PCR reaction

Component Volume in pl
Sybr Green 10
Primer forward 10 uM 0.6
Primer reverse 10 uM 0.6
Nuclease-free H,0 3.8
cDNA sample (diluted 1:10) 5

Table 24: Utilized gPCR primers in 100 uM stock, all ordered from Metabion

Target Direction Sequence (5’ to 3’) Lengthinbp Tnin°C
forward CTGACGGTGGGAGAATGTTAAT 22 59.4
re reverse TCAGCTACACCAGAGACGGA 20 59.3
forward GTGGCTCAGACCAAGAAGATG 21 60.4
pdecb reverse CACAGCCACGACATCTTTGCC 23 63.4
forward CTCGCTTCGGCAGCACA 17 60.0
ve reverse AACGCTTCACGAATTTGCGT 20 57.5
. forward CATTGCTGACAGGATGCAGAAGG 23 62.5
P-Actin reverse TGCTGGAAGGTGGACAGTGAGG 22 66.2
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Table 25: Settings for qRT-PCR run

Step Temperature in °C Time
Lid heating 105 constant
Uracil-DNA Glycosylase activation 50 2 min
Hot-Start DNA Polymerase activation 95 2 min
DNA denaturation 95 3s
Amplification 40 X Annealing 58 5s
Elongation 60 25s
60 1 min
Melt curve acquisition Ramp to 95 (0.3/s) 2 min
95 15s

3.3.14 Immunoblotting
Immunoblotting is commonly used to visualize changes of intracellular protein levels.

Protein isolation. Frozen retinas were thawed and a mixture of M-PER Mammalian Protein
Extraction Reagent and Protease Inhibitor was added. Then, the tissue was lysed using a Branson
Sonifier W-450D with 40% amplitude for four times 10 s each. To adjust protein amounts equally,
protein concentration was determined using the Pierce Coomassie (Bradford) Protein Assay Kit.
To do so, 2 pg/ul albumin was used as protein standard serially diluted in ddH0 in a flat bottom
96-well plate. Same volume of samples and standard was used to get comparable data. After
addition of the reagent solution, absorption was measured with the SpectraMax iD3 plate reader

at 595 nm.

SDS Page. To separate the proteins by electrophoresis, samples containing 20 pg protein and
1X Laemmli Sample Buffer were heated at 95°C for 5 min. Afterwards, they were loaded ona 1 mm
thick 10 % SDS-polyacrylamide gel with PageRuler Plus Prestained Protein Ladder as molecular

weight marker. Gels were run in 1x running buffer for 1.5h at 120 V.

Western Blot. Separated proteins were transferred from the SDS-polyacrylamide gel to a 0.2 pym
PVDF membrane, which was activated for 1 min in methanol before. For the transfer, the
membrane and the gel were embedded between two Whatman Papers on each side. Blots were

run in transfer buffer for 1.5 h at 90 V on ice.
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Immunoassay. Blotted membranes were blocked in 5% non-fat skimmed milk powder in
1X TBST for 1 h. Proteins of interest were detected through incubation of membranes with the
respective primary antibodies (Table 26) overnight at 4°C and corresponding secondary
antibodies (Table 27) for 1 h at room temperature. All antibodies were diluted in 5% non-fat
skimmed milk powder in 1X TBST. Signals were visualized and detected with the Immobilon Forte
Western HRP Substrate by the ChemiDoc MP Imaging System. For detection of other proteins on
the same membrane, secondary antibodies were removed by cooking in 1X TBST and the

Immunoassay procedure was repeated.

Table 26: Western Blot primary antibodies

Antibody Species Dilution  Supplier Catalog Number
ALIX Mouse 1:1000 Cell Signaling Technology = 2171S

Cre Rabbit 1:5000 Sigma Aldrich 69050

PDE6B Mouse 1:100 Santa Cruz sc-377486
3-Actin-Peroxidase = Mouse 1:3000 Sigma Aldrich A3854

Table 27: Western Blot secondary antibodies

Compound Conjugate Species Dilution Supplier Catalog Number
Anti-Mouse HRP - 1:2000 Santa Cruz sc-516102
Anti-Rabbit HRP Mouse 1:2000 Santa Cruz sc-2357
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3.3.15 Electroretinogram recordings

Electroretinogram (ERG) recordings were used to measure the electrical activity of various retinal
cells in response to light stimuli. To do so, mice were dark-adapted overnight and the experiment
was carried out under dim red light. Then, mice were anesthetized by intraperitoneal (i.p.)
injection of 0.1 ml per 10 g body weight anesthetic solution. Mydriaticum Stulln 2.5% eye drops
and Neosynephrin-POS 10% eye drops were used one by one to enlarge the pupils. Hydration of
the cornea was ensured by application of Methocel 2% eyedrops. ERG responses were recorded
on both eyes simultaneously by placing the golden loop electrodes on the corneas (Fig. 14A).
Measurements were carried out using the Espion E3 ERG in conjunction with the Color Dome. To
measure rod response under scotopic conditions, light flash intensities of -3, -2, -1.5, -1, 0.5, and
1log (cd*s/m?*) were used. For suppression of rods, mice were adapted to white light at an
intensity of 30 cd/m? for 10 min. Photopic measurements were recorded with light flash
intensities of -0.5, 0, 0.5, 1, and 1.5 log (cd*s/m?), which reflects the response of cones.

For analysis, a-wave amplitudes were measured from the baseline to the first negative peak and
b-wave amplitudes from the low level of the a-wave to the positive peak. For the experiment,
7 Pde6bST/WT, 4 Pde6bST/ST and 4 Pde6bST/ST Pax6aCre mice at 40 weeks of age were used. For each
animal, the mean response of both eyes was averaged. Data were analyzed using a two-way

ANOVA with SEM.

haseline
b-wave

Figure 14: ERG recording and response.

(A) Schematic representation of mice during ERG measurements. Mice were anesthetized and eye drops
were used to enlarge the pupils and hydrate the eyes. ERG responses were recorded on both eyes
simultaneously by placing the golden loop electrodes on the corneas. (B) The a-wave amplitude in ERG
responses was measured from the baseline to the first negative peak and b-wave amplitudes from the low

level of the a-wave to the positive peak. Created with BioRender.com
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4 Results

4.1 Effect of healthy rods on neighboring mutant rods after partial rescue

In this study, the Pde6bST0F line was used as RP mouse model, which contains a LoxP-flanked STOP
cassette sequence in intron 1 of the gene [110]. By this, non-invasive rescue studies without

unintentional side effects can be performed through Cre recombination.

4.1.1 Depletion of PDE6B in Pde6bS"/5T mice

In Pde6bST/ST mice, both alleles of the Pde6b gene contain the STOP cassette causing a lack of PDE6B
expression and subsequent rod and cone degeneration, while in Pde6bST/"T mice one functional
allele ensures PDE6B expression.

To first gain an understanding of disease progression in our RP mouse model, retinas from
Pde6bST/ST mice at 4, 24 and 48 weeks of age were analyzed. Retinas from Pde6bST/"T at 48 weeks
of age were used as control. Cones and rod outer segments were visualized by
immunofluorescence of cone arrestin (CAR) and glutamic-acid-rich protein (GARP), respectively.
Immunofluorescence of PDE6B was used to confirm deficiency in Pde6bST/ST mice. At all
timepoints, PDE6B was completely absent in Pde6bsT/ST sections, while Pde6bST/WT sections show
PDEG6B expression in rod outer segments (Fig. 15).

In contrast, GARP, a domain of the rod cyclic nucleotide gated betal (CNGB1) channel subunit,
was found in Pde6bST/WT sections as well as residually in 4-weeks-old Pde6bST/sT mice, but not at
24 or 48 weeks of age, demonstrating shortening and later loss of rod outer segments.
Immunolabeling with CAR revealed shortening of cones along with thinning of the outer nuclear
layer in 4-weeks-old in Pde6bST/ST mice. At 24 weeks of age, only cone cell bodies were left and
rods were mostly degenerated as almost no CAR-negative cells were found. Finally, the outer
nuclear layer of 48-weeks-old Pde6bS7/5T mice was completely degenerated with few leftover

CAR-positive cell debris.
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Figure 15: Loss of PDE6B results in progressive photoreceptor degeneration in Pde6bs7/5T mice.

Pde6bST/WT mice were analyzed at 48 weeks of age and Pde6bST/ST mice at 4, 24 or 48 weeks of age. Cones
and rod OS were immunolabeled in frozen sections using anti-CAR and anti-PDE6B or anti-GARP,
respectively, and counterstained with Hoechst 33342. Representative images are shown. Sections of
Pde6bST/5T mice demonstrate absence of PDE6B at any timepoint, leading to a progressive degeneration of
photoreceptors (i.e. a decrease in ONL thickness), OS shortening and secondary loss of cones. Vertical white

bars, outer segments (0S), outer nuclear layer (ONL) and inner nuclear layer (INL). Scale bar, 50 pm.

4.1.2 Mosaic Cre expression under Pax6a promotor

For partial rescue of the Pde6bs7/ST phenotype, these mice were crossed with Pax6aCre mice as the
Cre promotor Pax6a is only active in the temporal and nasal retinal periphery. To visualize
Cre-LoxP recombination, Pde6bS7/sT Pax6aCre mice were additionally crossed with nuclear
expressed (ROSA"T-n¢) or membrane-bound (ROSA™T-mG) two-color fluorescent reporter mice.

To display the Cre-recombined area, retinal flatmounts of 4- and 48-weeks-old Pde6bsT/WT
Pax6aCre ROSA"Tn¢ and Pde6bsST/ST Pax6aCre ROSAnT-n¢ mice were prepared. Endogenous EGFP
labeling was amplified by immunofluorescence and relative GFP-positive area was analyzed.
Imaging of retinal flatmounts revealed Cre-LoxP recombination only in the periphery, whereby
the nasal and temporal side were completely recombined (Fig. 16A). A few areas of the dorsal and
ventral periphery were shown to be Cre-negative as tdTomato was expressed. Since the Pax6a
promotor is not active in the central region, tdTomato was also expressed circular around the

optic nerve demonstrating absence of Cre-LoxP recombination.
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Subsequent quantification of relative GFP-positive area in retinal flatmounts showed an overall
GFP amount of more than 50% (Fig. 16B). At both investigated timepoints, Pde6bS7/5T Pax6aCre
ROSAnTn¢ mice had a slightly bigger Cre-recombined area, approximately 10%, compared to
Pde6bST/WT Pax6aCre ROSA"T"¢ mice. In addition, GFP expression of both genotypes was about
5-10% lower at 4 weeks of age compared to 48 weeks of age. Nevertheless, none of these trends

was significantly different.
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Figure 16: Expression of Cre recombinase in the temporal and nasal periphery of Pde6bST/sT
Pax6aCre ROSA"T"¢ mice.

Pde6bST/WT Pax6aCre ROSA"™"G and Pde6bST/ST Pax6aCre ROSA"T"¢ mice were analyzed at 4 or 48 weeks of
age and retinas prepared as flatmounts. Label of tdTomato shows Cre-negative regions, while labeling of
Cre recombined areas was enhanced using anti-GFP. (A) Shown is a representative flatmount of a
4-weeks-old Pde6bST/WT Pax6aCre ROSA"T"¢ mouse displaying the Pax6a expression pattern. Temporal and
nasal, retinal orientation. Scale bar, 1 mm. (B) Quantification of the relative GFP-positive area in flatmounts
was performed using Image]. No significant differences in the recombination rate were found between
young and old mice of the same genotype. Circles and triangles, individual mice. Data are presented as

mean * SEM. Genotype-matched group means were compared by unpaired t-tests. ns, not significant.
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4.1.3 Formation of an ONL gradient due to stepwise PDE6B expression in

tdTomato-positive photoreceptors

For the investigation of the retinal phenotype after partial rescue, retinas from 4-, 24- and
48-weeks-old Pde6bsST/sT Pax6aCre ROSAnTnG as well as 4- and 48-weeks-old Pde6bST/ST Pax6aCre
ROSAmT-mG mice were analyzed. The ROSA reporter was used to visualize non-recombined cells by
tdTomato expression and recombined cells by expression of EGFP. Immunofluorescence of
sections was conducted for GFP and PDE6B to show rescued photoreceptors. As controls,
Pde6bST/WT Pax6aCre ROSAnTnG¢ and Pde6bST/ST ROSAnT-n¢ mice were analyzed at 48 and 4 weeks of
age, respectively. In Pde6bST/WT Pax6aCre ROSAnTnG retinas, PDE6B was present in outer segments
of GFP- and tdTomato-positive photoreceptors. On the other hand, no PDE6B and GFP signal was
found in Pde6bST/ST ROSA"T1G sections. In Pde6bST/ST Pax6aCre ROSA"T 16 and Pde6bST/ST Pax6aCre
ROSAmT-mé mice, PDE6B was only expressed in the outer segments of GFP-positive rods in
4-weeks-old mice (Fig. 17A, B). In sections from 24-weeks-old mice, PDE6B was also present in
the outer segments of tdTomato-positive photoreceptors (Fig. 17A). In tdTomato-positive
photoreceptors, that were far away from GFP-positive ones, but closer to the optic nerve, no
expression of PDE6B was found. Finally, at 48 weeks of age all remaining photoreceptors in the
outer nuclear layer showed PDE6B expression (Fig. 17A,B). No indications for nuclear or
membrane fusion were found as both GFP and tdTomato markers did not overlay in any of the
two different reporter mice.

In addition, the formation of a gradient in the outer nuclear layer thickness was observed. At
4 weeks of age, Pde6bsT/ST Pax6aCre showed a slight reduction of photoreceptor nuclei in
tdTomato-positive areas (Fig. 17A,B). In sections from 24-weeks-old mice, the outer nuclear layer
thickness was further diminished in tdTomato-positive but PDE6B-negative areas, while
double-positive cells were stepwise retained (Fig. 17A). In tdTomato-positive photoreceptors,
that did not show PDE6B expression, only two rows of nuclei were left in the outer nuclear layer.
At 48 weeks of age, the outer nuclear layer became more and more thinner with higher distance
of tdTomato-positive cells to GFP-positive ones (Fig. 17A,B). Moreover, PDE6B expression also

became lower in the same manner displayed by shorter outer segments.
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Figure 17: Stepwise PDE6B expression in tdTomato-positive photoreceptors.

(A) Pde6bST/WT Pax6aCre ROSA"™"G and Pde6bST/ST ROSA"T"¢ mice were analyzed at 48 and 4 weeks of age,
respectively, and Pde6bS7/5T Pax6aCre ROSA"T-"G mice at 4, 24 or 48 weeks of age. Label of tdTomato in retinal
sections displays non-recombined nuclei, while labeling of Cre recombined areas was enhanced using
anti-GFP with anti-PDE6B co-labeling to show rescued cells. Shown are representative images of the
GFP-tdTomato-transition area. (B) Pde6bST/ST Pax6aCre ROSA™T-m¢ mice, expressing the membrane-bound
Cre recombinase reporter, were analyzed at the age of 4 or 48 weeks. Retinal sections were immunolabeled
using anti-GFP and anti-PDE6B. Shown are representative images of the GFP-tdTomato-transition area. In
Pde6bST/5T Pax6aCre ROSAnT"G sections, PDE6B was mainly present in the OS of GFP-positive cells at
4-weeks-old and then stepwise progressed over time, without membrane fusion of GFP- and

tdTomato-positive photoreceptors. Vertical white bars, outer segments (0S) and outer nuclear layer (ONL).

Scale bars, 50 pm.
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To quantify the stepwise elevation of PDE6B levels, the distance from the optic nerve to
PDE6B-positive photoreceptors on the nasal and temporal sides of Pde6bST/sT Pax6aCre sections
from 4- and 48-weeks-old mice were measured. At 4 weeks of age, the nasal and temporal
distances were 295 pm = SEM and 230 pm * SEM, respectively, while at 48 weeks of age the
distances were 174 pm * SEM and 77pm + SEM (Fig. 18). Compared to 4 weeks of age, PDE6B
expression was about 150 pm * SEM closer to the optic nerve at 48 weeks of age. The difference
between 4- and 48-weeks-old mice was significant with P < 0.02 for the nasal side and P < 0.01 for
the temporal side. Importantly, some sections showed PDE6B expression in the whole outer

nuclear layer, mainly on the temporal side.
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Figure 18: PDE6B expression in tdTomato-positive photoreceptors is more elevated in
48-weeks-old mice.

Pde6bsT/ST Pax6aCre mice were analyzed at 4 or 48 weeks of age. Rescued photoreceptors were
immunolabeled using anti-PDE6B in retinal sections. The distance from the optic nerve (ON) to
PDE6B-positive photoreceptors was measured on the nasal and temporal side of the sections using Image].
On both sides, PDE6B labeling was closer to the ON in old mice compared to young mice. Triangles,
individual mice. Data are presented as mean * SEM. Area-matched group means were compared by
unpaired t-tests. * P < 0.02; ** P< 0.01.
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To quantify survival of GFP- and tdTomato-positive photoreceptors, the outer nuclear layer
thickness was measured in sections through the optic nerve of 4- and 48-weeks-old Pde6bST/WT,
Pde6bST/sT and Pde6bST/ST Pax6aCre mice in 50 pm steps from the optic nerve using the Hoechst
33342 nuclei immunofluorescence counterstaining. At 4 weeks of age, the outer nuclear layer of
Pde6bST/WT mice was around 60 pm in thickness (Fig. 19A). In Pde6bST/sT sections, it was roughly
40 pm thick, demonstrating a reduction of approximately 40% compared to Pde6bs™/WT, Until
around 350 um distance from the optic nerve, Pde6bs7/ST Pax6aCre mice demonstrated a similar
outer nuclear layer thickness as Pde6bST/ST mice. After, it became gradually thicker and finally,
after about 650 pum distance, results were comparable to Pde6bs/WT mice. At 48 weeks of age,
Pde6bST/sT mice revealed a completely degenerated outer nuclear layer, while the outer nuclear
layer thickness from Pde6bST/WT sections was comparable to the ones from 4-weeks-old sections
of the same genotype (Fig. 19B). Pde6bS7/5T Pax6aCre mice displayed an almost linear gradient in
the outer nuclear layer thickness starting at the optic nerve and a nearly similar result as in
Pde6bST/WT sections at approximately 700 pm distance. The gradient on the temporal side was
shown to be steeper compared to the nasal side. Interestingly, the outer nuclear layer thickness
in the retinal periphery of Pde6bs7/ST Pax6aCre mice did not overlay completely with the one from
Pde6bST/WT sections.

In addition to these observations, cone length was quantified in sections from 48-weeks-old mice
using CAR immunolabeling. In Pde6bST/WT sections, overall cone length was approximately 90 pum,
with slightly longer cones on the temporal side (Fig. 19C). As Pde6bS7/ST mice revealed a complete
loss of the outer nuclear layer (Fig. 19B), also cones were completely degenerated (Fig. 19C).
Until roughly 150 um distance from the optic nerve, Pde6bS7/sT Pax6aCre mice demonstrated
completely degenerated cones as in Pde6bS7/5T sections. Afterwards, the cone length was gradually
rising and after about 650 pm distance results were comparable to Pde6bST/"T, although they did

not overlay completely.
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Figure 19: Progression of a gradient in the outer nuclear layer thickness and cone length.

Retinal sections of Pde6bST/WT, Pde6bST/ST and Pde6bST/ST Pax6aCre mice were analyzed on the nasal and
temporal side using Image]. Nuclei in retinal sections of (A) 4-weeks-old or (B) 48-weeks-old mice were
immunolabeled using Hoechst 33342 and the ONL thickness quantified. At 4 weeks of age, the ONL of
Pde6bST/ST Pax6aCre mice degenerates at a similar rate as mutant mice in the center. In sections of
48-weeks-old mice, degeneration of Pde6bST/*T Pax6aCre photoreceptors was gradually halted. (C) Retinal
sections of 48-weeks-old mice were immunolabeled with anti-CAR to stain cones and cone length
quantified. Due to rescue of rods, secondary cone degeneration in Pde6bS7/*T Pax6aCre mice was gradually

halted. Data are presented as mean + SEM. ONL, outer nuclear layer; ON, optic nerve.

4.1.4 Stepwise Pde6b RNA expression in tdTomato-positive photoreceptors

In the next step, it was investigated whether only PDE6B appears in tdTomato-positive
photoreceptors or also Pde6b RNA. For this reason, retinal sections of 4-weeks-old Pde6bsT/WT
Pax6aCre ROSA"™n¢ and Pde6bST/ST ROSAnTnG, as well as 4-, 24- and 48-weeks-old Pde6bST/sT
Pax6aCre ROSATnG¢ mice were used to perform fluorescence in situ hybridization of Pde6b RNA.
In Pde6bST/WT Pax6aCre ROSAnTn¢ mice, Pde6b RNA was found in the whole outer nuclear layer,
both in tdTomato- and GFP-positive photoreceptors, as well as in photoreceptor inner segments
(Fig. 20 top left). In contrast, no Pde6b RNA signal was found in Pde6bST/ST ROSA"T-nG sections
(Fig. 20 top right). In Pde6bS7/5T Pax6aCre ROSA"T-"¢ mice at 4 weeks of age, Pde6b RNA was highly
and predominantly expressed in GFP-positive cells, but only a few dots were found in
tdTomato-positive photoreceptors, which were in close proximity to GFP-positive cells (Fig. 20
bottom left). In Pde6bST/ST Pax6aCre ROSA"™¢ mice at 24 weeks of age, Pde6b RNA was detected
in tdTomato-positive photoreceptors (Fig. 20 bottom mid). Importantly, with higher distance to
GFP-positive cells, the concentration of RNA molecules decreased and was completely absent in
tdTomato-positive photoreceptors close to the optic nerve. In 48-weeks-old Pde6bST/sT Pax6aCre

ROSAnTn6¢ mice, Pde6b RNA was found in all remaining photoreceptors.
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Figure 20: Stepwise expression of Pde6b RNA in tdTomato-positive photoreceptors.

Pde6bST/WT Pax6aCre ROSA"T1G, Pde6bST/ST were analyzed at 4 weeks of age, Pde6bST/ST Pax6aCre ROSAnT-nG
mice at 4, 24 or 48 weeks of age. Label of tdTomato shows non-recombined nuclei, while labeling of Cre
recombined nuclei was enhanced using anti-GFP. Retinal sections were used for Pde6b fluorescence in situ
hybridization. Shown are representative merged images of the GFP-tdTomato-transition areas in close
proximity to the optic nerve. In Pde6bsT/ST Pax6aCre ROSA"T"¢ sections, Pde6b RNA was mainly present in
the OS of GFP-positive cells at 4-weeks-old and then stepwise progressed over time. Arrowheads, end of
Pde6b RNA labeling. Vertical white bars, outer nuclear layer (ONL). Scale bar, 50 um.

To confirm the presence of Pde6b RNA in tdTomato-positive photoreceptors, cells from
24-weeks-old Pde6bST/WT Pax6aCre ROSA"™"¢ and Pde6bsST/sT Pax6aCre ROSA"T"¢ mice, that were
double-positive for PDE6B and tdTomato, were isolated by FAC-sorting. Since it is challenging to
keep the morphology of photoreceptors intact during the procedure, only approximately 4% of
retinal cells were selected in the FAC-sorting gate (Fig. 21A). Due to the fact that Pde6bS7/5T mice
do not express PDE6B and can therefore not be isolated by FAC-sorting, whole retinal lysates were
used as negative control. DNA and RNA from all samples were separated using the AllPrep
DNA/RNA FFPE Kit and RNA was used for quantitative real-time PCR of Pde6b. The result
demonstrates that Pde6b RNA was present in FAC-sorted cells from Pde6bST/"T Pax6aCre ROSAnT-nG
mice and absent in Pde6bs7/5T retinas (Fig. 21B). Furthermore, Pde6b RNA was found in PDE6B
and tdTomato double-positive cells from Pde6bs/ST Pax6aCre ROSA"T-"¢ mice. Its expression was

about half of the Pde6bST/WT Pax6aCre ROSA"T-nG cells.
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Figure 21: Pde6b RNA in FAC-sorted tdTomato and PDE6B double-positive photoreceptors.

PDE6B expressing Cre-negative cells of Pde6bST/WT Pax6aCre ROSA"™"¢ and Pde6bST/5T Pax6aCre ROSArTnG
mice were analyzed at 24 weeks of age. Retinas were digested with Papain and cells were stained with
anti-GFP and anti-PDE6B. Photoreceptors were isolated by FAC-sorting of double-positive cells for
tdTomato and PDE6B. Retinas from 4-weeks-old Pde6bST/sT were used without sorting as negative control.
(A) Sown is a representative gating heatmap of a Pde6b57/5T Pax6aCre ROSA"T"¢ mouse demonstrating that
only approximately 4% of all retinal cells were selected in the gate. Dots, individual cells; boxes, gates;
numbers, relative number of cells in the gating. (B) RNA of all samples was isolated and used for
quantitative real-time PCR of Pde6b. Results were normalized to 3-Actin and Pde6bS”/WT Pax6aCre values.
Pde6b RNA was present in Pax6aCre samples but absent in Pde6b5/57 retinas. Circles, squares and triangles,
individual mice. Data are presented as mean + SEM. Tukey’s test for multiple comparisons. * P = 0.02;
** P <0.001.

4.1.5 Postnatal absence of Pax6aCre recombinase in photoreceptors

To confirm postnatal inactivity of the Pax6a promotor and subsequent absence of Cre
recombinase, retinas of one 4-weeks-old Pde6bST/WT Pax6aCre and three 24-weeks-old Pde6bST/sT
Pax6aCre mice, as well as from one 13-weeks-old RhoCre mouse were isolated and used for
immunoblotting. Incubation with £3-Actin-Peroxidase was performed as loading control showing
an equal protein amount in all used samples (Fig. 22). Incubation with Cre recombinase antibody
revealed expression only in the RhoCre positive control, while protein was absent in all retinal

lysates from Pde6bST/WT Pax6aCre and Pde6bs/ST Pax6aCre mice.
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Figure 22: Absence of Pax6a.Cre recombinase protein in adult mice.

Three Pde6bST/sT Pax6aCre mice, one RhoCre mouse used as positive control and one Pde6bST/"T Pax6aCre
mice were analyzed at 24, 13 and 4 weeks of age, respectively. Retinas were isolated, immediately frozen
and used for immunoblotting with anti-Cre recombinase, while f3-Actin-Peroxidase was used as loading

control. Cre was only detected in the RhoCre positive control.

As immunoblotting might not be sensitive enough to show low levels of Cre recombinase
expression, Cre recombinase RNA was visualized with fluorescence in situ hybridization using
retinal sections of 4-weeks-old Pde6bST/WT Pax6aCre ROSA"T-n¢ and Pde6bST/ST ROSAnTG, as well as
from 4, 24 and 48-weeks-old Pde6bS7/sT Pax6aCre ROSA"™n¢ mice. One 13-weeks-old RhoCre mouse
was used as positive control. Imaging of RhoCre sections showed high expression of Cre
recombinase RNA in the outer nuclear layer and photoreceptor inner segments (Fig. 23). In
contrast, no signal was detected in Pde6bST/ST ROSAnTn¢ negative control sections. Pax6aCre
recombinase RNA was absent in the outer nuclear layer of Pde6bS”/WT Pax6aCre ROSA"TnG and
Pde6bST/ST Pax6aCre ROSAnTnG mice at any timepoint. However, it was found in a few GFP-positive
nuclei at the inner margin of the inner nuclear layer independently of central or peripheral region

(Fig. 23 arrowheads).
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Figure 23: Absence of Pax6aCre recombinase RNA in the outer nuclear layer.

One RhoCre mouse was analyzed at 10 weeks of age as positive control. Pde6bS™/WT Pax6aCre ROSA"T"G and
Pde6bST/5T mice were analyzed at 4 weeks of age and Pde6bST/ST Pax6aCre ROSA"T"G mice at 4, 24 or 48 weeks
of age. Retinal sections were used for Cre recombinase fluorescence in situ hybridization with Hoechst
33342 counterstaining in RhoCre sections. In ROSA"T"¢ sections, tdTomato label displays Cre-negative
nuclei, while labeling of Cre recombined areas was enhanced using anti-GFP. Shown are representative
merged images of the GFP-tdTomato-transition areas near the optic nerve and corresponding Cre RNA
single channels. The result demonstrates absence of Pax6aCre recombinase in the outer nuclear layer of all
Pde6b mice, but appearance in single cells at the inner margin of the INL displaying probably amacrine cells.
Arrowheads, Cre RNA containing nuclei. Vertical white bars, outer nuclear layer (ONL), inner nuclear layer
(INL). Scale bar, 50 pm.

62



Results

Further, isolated RNA from double-positive tdTomato and PDE6B FAC-sorted cells and from
Pde6bST/ST retinal lysates was used to perform quantitative real-time PCR for Cre recombinase. As
positive control for postnatal Cre recombinase expression retinal lysates from 4-weeks-old
Pde6gCreERT2/WT mice were used, that express a tamoxifen-inducible Cre recombinase under the
Pde6g promotor [122]. All values were normalized to the housekeeping gene 3-Actin and further
to Pde6gCreERT2/WT control values. Cre recombinase RNA was found in Pde6gCreERT2/WT Jysates, while

it was completely absent in all other samples (Fig. 24).
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Figure 24: Absence of Pax6aCre recombinase RNA in FAC-sorted cells.

Pde6bST/WT Pax6aCre ROSA"T"G and Pde6bST/5T Pax6aCre ROSA"T"¢ mice were analyzed at 24 weeks of age.
Retinas were digested with Papain and cells were stained with anti-GFP and anti-PDE6B. PDE6B and
tdTomato double-positive photoreceptors were isolated by FAC-sorting. Retinas from 4-weeks-old
Pde6bST/5T (negative control) and 4-weeks-old Pde6gCreERTZ/WT (positive control) mice were used without
sorting. RNA of all samples was isolated and used for quantitative real-time PCR of Cre recombinase. Results
were normalized to f3-Actin and Pde6gC¢reERT2/WT yalues. RNA of Cre recombinase was only found in
Pde6gCreERTZ/WT positive control mice and was absent in all Pde6b samples. Circles, squares, triangles and
diamonds, individual mice. Data are presented as mean * SEM. Tukey’s test for multiple comparisons.
*** P<0.001.
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4.1.6 Indications for genetic heterogeneity of Pde6b after partial rescue

In the next step, it was investigated whether the STOP cassette of PDE6B and tdTomato
double-positive photoreceptors was removed resulting in RNA transcription. To do so, isolated
DNA from FAC-sorted cells of 24-weeks-old Pde6bST/WT Pax6aCre ROSAnTn¢ and Pde6bST/ST
Pax6aCre ROSA"Tn¢ mice was used to perform PCR of Pde6b. In Pde6bST/WT Pax6aCre ROSAnT-nG
samples, both Pde6b wildtype 284 bp and mutant 415 bp bands were present, but they also
showed faint recombined 362 bp bands (Fig. 25A). Further, isolated DNA from Pde6b57/5T retinal
lysates was used as control. The mutant Pde6b band was found in all three replicates of Pde6bST/sT
mice. In Pde6bs7/5T Pax6aCre ROSA"T"¢ samples, both the mutant and recombined bands were
present at a similar intensity.

To investigate if the recombined band is present due to FAC-sorting contamination with
GFP-positive cells, two mice were used as additional controls. First, one Pde6bST/WT ROSAnT-nG
mouse was used for sorting of tdTomato and PDE6B double-positive cells. As expected, the Pde6b
PCR shows one mutant and one wildtype band with similar intensity (Fig. 25B). In addition, one
Pde6bST/ST Pax6aCre ROSA"T-"¢ mouse was used for sorting of GFP and PDE6B double-positive cells.
In this case, the result shows the recombined Pde6b band without any additional mutant band.
However, a faint band on the same height as the Pde6b wildtype band was present, which reflects

an unspecific amplification due to higher number of cycles during the PCR.
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Figure 25: Genetic heterogeneity of Pde6b in FAC-sorted cells.

Pde6bsT/WT Pax6aCre ROSA"TnG, Pde6bST/5T Pax6aCre ROSATG and Pde6bST/WT ROSA"T "¢ mice were analyzed
at 24 weeks of age. Retinas were digested with Papain. Cells were stained with anti-GFP and anti-PDE6B.
(A) Rescued photoreceptors were isolated by FAC-sorting of double-positive cells for tdTomato and PDE6B.
Retinas from 4-weeks-old Pde6bST/ST mice were used without sorting as negative control. DNA of all samples
was isolated and used for PCR of Pde6b. PCR results were separated by agarose gel electrophoresis and
showed the presence of the recombined Pde6b band additional to the Pde6b mutant band in Pax6aCre mice.
(B) As FAC-sorting controls, double tdTomato- and PDE6B-positive cells from one Pde6bST/WT ROSAT-G
mouse and double GFP- and PDE6B-positive cells from one Pde6bST”/ST Pax6aCre ROSA"T"¢ mouse were
isolated by FAC-sorting. DNA was isolated and used for PCR of Pde6b. PCR products were separated by
agarose gel electrophoresis. The result demonstrates a clean FAC-sorting due to absence of the Pde6b
mutant band in Pde6bS7/sT Pax6aCre ROSA"T-G cells.
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4.2 Effect of partial rescue on retinal remodeling

As a consequence of photoreceptor loss in RP, remodeling of the inner retina gets triggered, which
might also impact the success of applied therapies. These changes affect inner retinal cells but also

the retinal vasculature and RPE cells.

4.2.1 Restoration of visual function after partial rescue

To measure the effect of partial rescue on retinal function, full-field single-flash ERG responses
were recorded in 40-weeks-old Pde6bsT/WT, Pde6bST/ST and Pde6bS™/sT Pax6aCre mice. The emitted
signal consists of a negative a-wave reflecting photoreceptor responses and a positive b-wave,
which is generated by the response of bipolar cells [131].

First, measurements in the scotopic range with a luminance of < 2.0 log (cd*s/m?), where only
rods are activated [132], were performed. At these light intensities, an overall low a-wave
response was recorded in all groups (Fig. 26A,C). Responses from Pde6bsT/5T Pax6aCre mice were
analogous to the ones of Pde6bST/ST mice, but both were not significantly different to Pde6bST/WT
results. After, both rod and cone activation were determined in the mesopic range. Emitted signals
in both the a- and b-wave revealed that Pde6bST/sT retinal potentials were rarely induced as
light-sensitive outer segments are already completely degenerated (Fig. 26). On the other hand,
Pde6bST/WT retinas showed a continuous increase in a- and b-wave amplitudes. The a-wave
responses from Pde6bS7/5T Pax6aCre mice did also rise with higher intensities, but not as much as
the ones from Pde6bS/"T mice leading to a significant lower amplitude at luminances of
> 0.5 log (cd*s/m?) (Fig. 26A,C). In contrast, b-wave amplitudes increased in parallel to the ones

from Pde6bST/WT mice without significant difference at any timepoint (Fig. 26B,C).
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Figure 26: Partial rescue of scotopic and mesopic retinal function in Pde6bS7/ST Pax6aCre mice.

Full-field single-flash ERGs were recorded in 40-weeks-old Pde6bST/WT, Pde6bsT/ST and Pde6bST/ST Pax6aCre
mice. Scotopic and mesopic (A) a-wave and (B) b-wave amplitudes. In Pde6b5T/5T Pax6aCre mice, responses
were comparable to Pde6bS™/"WT mice for both a- and b-wave except for luminances of = 0.5 log (cd*s/m?)
under mesopic conditions, where a-wave responses were significantly lower. Data are presented as
mean * SEM. Tukey’s test for multiple comparisons. ** P< 0.01; *** P< 0.001. (C) Representative responses
from a single retina in the scotopic and mesopic range. It visualizes that a- and b-wave responses in

Pde6bST/5T Pax6aCre mice were almost as high as in control Pde6bST/"T mice. Curves, individual mice.

Further, functionality of cones was examined by photopic ERG measurements. To do so, mice were
light-adapted with a rod-desensitizing background and b-wave amplitudes were quantified.
Again, retinal potentials in Pde6bs™/WT and Pde6bs™/sT Pax6aCre mice increased with higher light
intensities (Fig. 27). In contrast to scotopic and mesopic measurements, the cone-mediated
responses of partially rescued mice were indistinguishable from control mice. Pde6bS/5T mice
lacked the b-wave and thus their responses were significantly lower compared to Pde6bS™/WT mice

at luminances of = 0.5 log (cd*s/m?).
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Figure 27: Rescue of photopic retinal function in Pde6b’7/5T Pax6aCre mice.

Full-field single-flash ERGs were recorded in 40-weeks-old Pde6bsT/WT, Pde6bsT/ST and Pde6bST/ST Pax6aCre
mice. (A) Photopic b-wave amplitudes. No response could be measured in Pde6b57/5T mice, while Pde6bST/5T
Pax6aCre mice were indistinguishable from control Pde6bST/WT mice. Data are presented as mean * SEM.
Tukey’s test for multiple comparisons. *** P < 0.001. (B) Representative responses from a single retina in
the photopic range. It visualizes that b-wave responses in Pde6b57/ST Pax6aCre mice were comparable to

control Pde6bS”/WT mice. Curves, individual mice.

4.2.2 Partial preservation of central bipolar and horizontal cell dendrites after partial

rescue

To evaluate the effect of partial rescue of photoreceptors on inner retinal cells, sections of
48-week-old Pde6bsST/WT Pax6aCre ROSA"TnG, Pde6bST/ST ROSA"T"¢ and Pde6bST/ST Pax6aCre
ROSAnTn¢ mice were used. Rod bipolar cells, cone bipolar cells and horizontal cells were
immunolabeled with antibodies for protein kinase C alpha (PKCa), secretagogin (SCGN) and
Calbindin, respectively, as well as anti-GFP co-labeling. PKCa accelerates glutamate-driven signal
transduction and termination [133], while SCGN and Calbindin are calcium-binding proteins
responsible for calcium transport [134,135]. Control Pde6bS”/WT mice demonstrated a healthy
morphology of all three types of second order neurons characterized by dendritic sprouting that
covers the whole outer plexiform layer and enables connection to all photoreceptors (Fig. 28). In
Pde6bST/ST retinas, most rod and cone bipolar cell dendrites had disappeared, while horizontal cell

processes also underwent dramatic retraction, although they were not completely degenerated.
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Interestingly, Pde6bST/5T Pax6aCre sections showed a healthy morphology of rod bipolar cells, cone
bipolar cells and horizontal cells if more than three rows of nuclei were left in the outer nuclear
layer. In closer proximity to the optic nerve, where approximately two photoreceptor nuclei layers
were left, dendrites of second order neurons showed a slight retraction. In regions with even less
survived photoreceptors, the morphology of rod bipolar cells, cone bipolar cells and horizontal

cells was comparable to Pde6bS7/5T retinas along with thinning of the outer plexiform layer.
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Figure 28: Partial preservation of central bipolar and horizontal cell dendrites.

Pde6bsT/WT Pax6aCre ROSA"T1G, Pde6bST/ST ROSA"T"G and Pde6bST/5T Pax6aCre ROSA"T"¢ mice were analyzed
at 48 weeks of age. Label of tdTomato displays Cre-negative nuclei, while labeling of Cre recombined areas
was enhanced using anti-GFP. Rod bipolar cells, cone bipolar cells and horizontal cells were co-labeled using
anti-PKCa, anti-SCGN and anti-Calbindin, respectively. Shown are representative images of the
GFP-tdTomato-transition area. The results demonstrate preservation of cell dendrites in rescued regions
when approximately more than three rows of photoreceptor nuclei are left in the outer nuclear layer.
Vertical white bars, outer plexiform layer (OPL), inner nuclear layer (INL) and inner plexiform layer (IPL).

Arrowheads and dashed lines, beginning of dendrite retraction. Scale bar, 50 um.
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4.2.3 Partial rescue of photoreceptors prevents blood vessel remodeling

Although RP is primarily affecting photoreceptors, it has also been associated with structural
changes of the retinal vasculature [50,51,122]. To investigate vascular abnormalities, retinal
flatmounts were stained with an endothelial cell marker isolectin GS-1B4. Peripheral images of
Pde6bST/sT Pax6aCre mice were taken on the temporal side of the flatmount, as Pax6aCre
recombinase is always expressed in this region, while central images were taken in close
proximity to the optic nerve.

For analysis, the deep and intermediate vascular plexus (DVP + IVP) were merged. The third layer
of the interconnected retinal vascular network, the superficial vascular plexus (SVP), was
analyzed separately. In 48-weeks-old Pde6bST/WT and Pde6bST/ST Pax6aCre as well as in
4-weeks-old Pde6bs/ST mice, retinal capillaries showed a normal morphology with similar
diameter among individual vessels both in central and peripheral regions (Fig. 29A). At 24 weeks
of age, Pde6bST/ST mice then demonstrated a large proportion of thinner vessels whereby the effect
seemed to be stronger in the center compared to the periphery. By 48 weeks of age, the substantial
vascular remodeling was even more visible as the majority of capillaries became thin or was
already lost. To quantify the vascular degenerative changes, isolectin GS-1B4 stained vessels were
analyzed with AngioTool. In central areas, no significant difference in the vessel area of Pde6bS7/sT
Pax6aCre mice compared to Pde6bST/"T was displayed at any timepoint, although the area was 4%
smaller at 24 and 48 weeks of age (Fig. 29B). On the other hand, Pde6b57/sT mice exhibited an
almost linear reduction in their central vessel area over time. In 24-weeks-old mice, the vessel
area was already 4% lower than in Pde6bs”/"T mice and at 48 weeks of age there was a significant
decrease by 11%. In the periphery, Pde6bST/WT and Pde6bST/ST Pax6aCre mice were
indistinguishable (Fig. 29C). The vessel area in Pde6bS7/sT retinas was only 1% lower compared
to Pde6bsT/WT at 4 and 24 weeks of age but showed a significant reduction of 9% at 48 weeks of

age.
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Figure 29: Rescue of morphological abnormalities in the deep and intermediate vascular plexi.

(A) Pde6bST/WT and Pde6bST/ST Pax6aCre mice were analyzed at 48 weeks of age, Pde6b57/ST mice at 4, 24 or
48 weeks of age. Retinal flatmounts were stained with isolectin GS-IB4. Shown are the maximum intensity
projection representative images of the merged deep and intermediate plexus (DVP + [VP) in the center and
periphery. It demonstrates progressive blood vessel degeneration in Pde6bS7/5T over time, while the retinal
vasculature of Pde6bsT/ST Pax6aCre mice shows a healthy morphology. Scale bar, 50 um. Isolectin GS-IB4
immunolabeling of DVP + IVP in retinal flatmounts in (B) center and (C) periphery were analyzed using
AngioTool. Results confirm an almost linear decrease in blood vessel area in Pde6bS7/57 retinas, whereas the
blood vessel area of Pde6bST/ST Pax6aCre mice was comparable to Pde6bST/WT mice. Data are presented as

mean * SEM. Tukey’s test for multiple comparisons. ** P = 0.002; *** P < 0.001.
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In contrast to the DVP and IVP, the SVP is composed of larger vessels. It is located in the ganglion
cell layer and is directly supplied by the central retinal artery. In 48-weeks-old Pde6bST/WT,
Pde6bST/sT and Pde6bsST/ST Pax6aCre mice, no distinction in vessel area could be made (Fig. 30A),
which was confirmed by AngioTool quantification (Fig. 30B). The analysis demonstrated a
superficial vessel area of 15-20% * SEM. In addition, the vascular morphology in Pde6bST/WT mice
and peripheral regions of Pde6bST/sT Pax6aCre mice showed no discrepancies. However, in
48-weeks-old Pde6bST/ST mice, as well as in some central regions of Pde6bST”/sT Pax6aCre mice,
tortuous vessels could be found (Fig. 304, filled arrowheads). Furthermore, some acellular
vessels were discovered, mainly in the retinal periphery of Pde6bS7/5T mice (Fig. 30A, empty

arrowhead).
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Figure 30: Rescue of morphological abnormalities in the superficial vascular plexus.

(A) Pde6bST/WT, Pde6bST/ST and Pde6bST/ST Pax6aCre mice were analyzed at 48 weeks of age. Retinal
flatmounts were stained with isolectin GS-IB4. Shown are the maximum intensity projection representative
images of the superficial vascular plexus (SVP) in the center and periphery. Filled arrowheads, tortuous
vessels; empty arrowhead, acellular vessel. Scale bar, 50 pm. (B) Isolectin GS-IB4 immunolabeling of SVP in
retinal flatmounts in center and periphery were analyzed using AngioTool. Results demonstrate
morphological abnormalities in Pde6bST/sT retinas without reduction of blood vessel area. Circles, squares

and triangles, individual mice. Data are presented as mean *+ SEM. Tukey’s test for multiple comparisons.
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The formation of acellular vessels is another characteristic feature of vasculature remodeling and
loss of function, as they are composed of remaining basement membranes from dying endothelial
cells [136]. For the assessment of acellular vessels, isolated retinas were digested with trypsin,
H&E stained and quantified by counting. For this assay, no distinction between the different
vascular plexi was made. In Pde6bST/"T mice, only a few acellular vessels were present at all
investigated timepoints (Fig. 31). At 4 weeks of age, the amount in Pde6bs™/ST and Pde6bST/sT
Pax6aCre mice was comparable to Pde6bST/WT mice, which was about 10 + SEM and 15 + SEM
acellular vessels per scan field in center and periphery, respectively (Fig. 31B,C). In Pde6bS7/sT
mice, a strong increase in the number of acellular vessels was observed at the age of 24 weeks by
demonstrating 75 + SEM in the center and 60 * SEM in the periphery. In 48-week-old Pde6bS7/sT
mice, the number then slightly decreased in the center to 60 + SEM acellular vessels, while it
remained constant in the periphery. On the other hand, the vasculature of 24-weeks-old Pde6bS7/sT
Pax6aCre mice displayed 25 * SEM acellular vessels in the center, which is a slight increase
compared to samples at 4 weeks of age and also significantly higher compared to Pde6bST/WT mice.
At 48 weeks of age, the number was reduced again and comparable to Pde6bS”/WT mice. In contrast,
the number of acellular vessels in the periphery remained comparable to the one of Pde6bST/WT

mice at all investigated timepoints.
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Figure 31: Rescue of acellular capillaries in Pde6bS7/ST Pax6aCre mice.

(A) Pde6bsT/WT and Pde6bST/5T Pax6aCre mice were analyzed at 48 weeks of age, Pde6bST/ST mice at 4, 24 or
48 weeks of age. Retinal flatmounts were digested with trypsin and H&E stained. Shown are representative
images of the vasculature in the center or periphery. It demonstrates a progressive increase in the acellular
vessel number in Pde6b57/5T mice, while the retinal vasculature of Pde6b57/5T Pax6aCre mice shows a healthy
morphology both in center and periphery. Arrowheads, acellular vessels. Scale bar, 50 pm. Number of
acellular vessels per scan field was analyzed in (B) center and (C) periphery. In both regions, results confirm
a strong increase in the number of acellular vessels in Pde6bS7/5T retinas, whereas the number of acellular
vessels in Pde6bST/ST Pax6aCre mice was comparable to Pde6bST/WT mice. Data are presented as mean + SEM.
Tukey’s test for multiple comparisons. ** P = 0.002; *** P < 0.001.

73



Results

4.2.4 Rescue of peripheral photoreceptors prevents overall RPE remodeling

As photoreceptors are in constant interaction with the RPE monolayer, their degeneration also
influences RPE morphology and metabolism [42-46]. To first gain a basic understanding of RPE
remodeling in 48-weeks-old Pde6bST/ST mice, we characterized RPE cell morphologies in
RPE-choroid-sclera flatmounts. To do so, the retina was separated, RPE-choroid-sclera flatmounts
were bleached and RPE cell adhesions immunolabeled with $-Catenin, which is required for the
structural integrity and functional polarization of epithelial cells [137]. Imaging revealed the
distinction between four different morphological regions (Fig. 32). Around the optic nerve, RPE
cells were completely absent most likely due to cell death. Then, an area of small abnormal,
specifically wavy and elongated, cells was found. In the intermediate region, a small circular stripe
of RPE cells with healthy hexagonal morphology was present. In the periphery, RPE cells turned

out to be big and roundish.

Pde6bST/ST

2
NS
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Figure 32: RPE of Pde6bST/ST mice demonstrate four morphological regions.

Pde6bST/5T mice were analyzed at 48 weeks of age. RPE-choroid-sclera flatmounts were bleached and
immunolabeled using anti-f3-Catenin. Shown is a representative image of the RPE from the optic nerve (ON)
to the periphery. Four morphological regions can be distinguished (dead area, small abnormal cells, normal

sized cells and big abnormal cells). White dashed lines, length of regions. Scale bar, 250 um.
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To determine if the size reduction of central RPE cells took place due to re-onset of mitosis,
RPE-choroid-sclera flatmounts of 48-weeks-old Pde6bs”/ST mice were immunolabeled with the
cytoskeleton component a-Tubulin in addition to -Catenin and counterstained using Hoechst
33342. As positive control for RPE cell proliferation, RPE-choroid-sclera flatmounts of postnatal
day 0 (PO) Pde6bsT/ST mice were used on their day of birth, as the RPE undergoes mitosis until P15
[138]. Mitotic cells were identified by o-Tubulin staining of mitotic spindles and exposed
chromosomes in metaphase or anaphase labeled by Hoechst 33342 (Fig. 33, arrowheads). In the
RPE of PO mice, several mitotic cells were discovered, while in samples from 48-weeks-old mice
no single proliferating RPE cell was found. In addition, the tubulin cytoskeleton was shown to be
disrupted as the characteristic roundish shape was lost and only a-Tubulin-positive dots were left

in the RPE cytoplasm.

Merge B-Catenin a-Tubulin Hoechst
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Figure 33: RPE cells from Pde6b’"/5T mice do not show onset of mitosis but disrupted cytoskeleton.

Pde6bST/5T mice were analyzed at day of birth (P0) or 48 weeks of age. RPE-choroid-sclera flatmounts were
bleached and immunolabeled using anti-f-Catenin and anti-a-Tubulin with Hoechst 33342 counterstaining.
Shown are the representative images of the central RPE. Mitotic cells were found in the RPE at PO, while no

evidence of cell division was discovered in 48-weeks-old mice. Arrowheads, mitotic cells. Scale bar, 10 pm.

Next, it was investigated how partial photoreceptor rescue influences RPE remodeling. To this
purpose, RPE-choroid-sclera flatmounts of 48-weeks-old Pde6bST/WT, Pde6bsT/ST Pax6aCre and 4-,
24- or 48-weeks-old Pde6bST/ST mice were immunolabeled with -Catenin, counterstained with
Hoechst 33342 and imaged close to the optic nerve in the center and in the periphery. Thereby,
peripheral images of Pde6bST/ST Pax6aCre mice were taken on the temporal side of the flatmount,

as Pax6aCre recombinase is always expressed in underlying photoreceptors of this region.
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In both the central and peripheral area of Pde6bs/WT flatmounts, RPE cells displayed their
characteristic hexagonal shape (Fig. 34A). A similar morphology was found in Pde6bS7/5T mice at
4 weeks of age in both investigated regions, but at 24 weeks of age only in the center. At this
timepoint, RPE cells were already slightly elongated in the periphery. Finally, in 48-weeks-old
Pde6bST/STmice, RPE cells in the center were shown to be small and elongated, while they were big
and roundish in the periphery. Moreover, -Catenin was notably dislocated from the cellular
membrane to the cytoplasm both in center and periphery. In Pde6bS7/ST Pax6aCre mice, RPE
morphology was comparable to the one of Pde6bST/T flatmounts in both regions.

Morphometric analysis of the RPE cells was then performed to quantify the changes in central and
peripheral regions. First, Pde6bs/"T RPE cells demonstrated an average 400 um? + SEM in central
regions (Fig. 34B,C). In the periphery, RPE cell areas were slightly smaller (350 um? + SEM at
4 weeks of age and 470 um? + SEM at 48 weeks of age, respectively). No differences in the RPE cell
area between the different genotypes were observed in 4-week-old mice, neither in the center nor
in the periphery. In 24-weeks-old mice, there was a slight but significant reduction to
335 um? + SEM central RPE cell area in Pde6bS/sT flatmounts, while all groups displayed similar
cell areas in the periphery. RPE cells from 48-weeks-old Pde6bST/ST mice revealed a significant
decrease to 140 um? + SEM in the center and a significant increase to 640 pm? + SEM in the
periphery. Moreover, the central RPE cell area was also significantly reduced to an average of
340 um? + SEM in Pde6bST/sT Pax6aCre, but comparable to Pde6bS™/"T in the temporal periphery.
In the next step, the RPE solidity, which demonstrates deviations from the hexagonal cell shape,
in RPE-choroid-sclera flatmounts of 48-weeks-old mice was analyzed. In central areas, Pde6bST/WT
mice presented a RPE cell solidity of 0.87 + SEM (Fig. 34D). In comparison, RPE cell solidities of
Pde6bST/ST and Pde6bST/sT Pax6aCre mice tended to be slightly lower with 0.835 + SEM and
0.845 + SEM, respectively. In the RPE periphery, cell solidity of Pde6bST/"T mice was 0.9 + SEM. In
contrast, Pde6bs7/ST mice demonstrated a RPE cell solidity of 0.83 + SEM, which was significantly
lower. The solidity of Pde6bS7/5T Pax6aCre RPE cells tended to be slightly higher with 0.92 + SEM
compared to Pde6bsT/WT mice.

Last but not least, the RPE eccentricity, which reflects their elongation, was evaluated. In RPE
center and periphery, Pde6bST/"WT mice presented a cell eccentricity of 0.64 + SEM and 0.65 + SEM,
respectively (Fig. 34E). In both regions, Pde6bS7/sT mice demonstrated significantly higher RPE
eccentricities with 0.82 + SEM in central and 0.8 = SEM in peripheral regions. On the other hand,
Pde6bST/sT Pax6aCre RPE cells were only slightly increased in the center by showing a eccentricity
of 0.68 = SEM. In their periphery, RPE eccentricity was 0.64 + SEM and thus comparable to

Pde6bST/WT mice.
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Figure 34: Rescue of morphological abnormalities in the RPE.

(A) Pde6bsT/WT and Pde6bST/5T Pax6aCre mice were analyzed at 48 weeks of age, Pde6bST/ST mice at 4, 24 or
48 weeks of age. RPE-choroid-sclera flatmounts were bleached and immunolabeled using anti-f3-Catenin
with Hoechst 33342 counterstaining. Shown are representative images of the RPE in the center or
periphery. Scale bar, 50 um. RPE cell area was quantified in (B) center and (C) periphery using CellProfiler.
Analysis of (D) RPE cell solidity and (E) RPE cell eccentricity in 48-weeks-old mice with CellProfiler. Results
demonstrate morphological abnormalities in 48-weeks-old Pde6bST/ST RPE, whereas no disparities were
found in both regions of Pde6bS™/5T Pax6aCre mice. Circles, squares and triangles, individual mice. Data are

presented as mean + SEM. Tukey’s test for multiple comparisons. ** P < 0.008; *** P < 0.001.
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4.3 Horizontal material transfer via small EVs

As Pax6aCre recombinase seems to be not expressed in adult photoreceptors, we assumed
horizontal material transfer from recombined photoreceptors to mutant photoreceptors as
underlying reason for PDE6B expression in tdTomato-positive cells. To investigate this
hypothesis, retinal small EVs were evaluated as they have the ability to transport cargo over

longer distances [139].

4.3.1 Characterization of isolated small EVs

For the isolation of small EVs, mice were used at 10 weeks of age. At this timepoint, some
tdTomato-positive photoreceptors did already show PDE6B expression, while PDE6B-negative
ones were mostly not degenerated yet. To characterize isolated small EVs from Pde6bST/VT,
Pde6bST/sT and Pde6bsT/ST Pax6aCre mice, they were analyzed via nanoparticle tracking analysis
and immunoblotting. The results revealed that the majority of the isolated particles in all groups
had a diameter of less than 180 nm (Fig. 35A). As control, it was shown that there was a
comparable amount of total small EVs per sample between the three different groups (Fig. 35B).
Moreover, analysis of the mode size, which is the most common size within the sample,
demonstrated a similar size of 95-100 um * SEM in all groups (Fig. 35C). Isolated small EVs were
further analyzed via immunoblotting for ALIX, which is part of the exosomal ESCRT machinery.
One Pde6bST/WT retinal lysate was used as positive control showing expression of ALIX after low
exposure (Fig. 35D). Isolated small EVs further demonstrated ALIX expression after longer

exposure due to low protein levels.
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Figure 35: Nanoparticle tracking analysis and immunoblotting of isolated small EVs.

Pde6bST/WT, Pde6bST/5T and Pde6bST/ST Pax6aCre mice were analyzed at 10 weeks of age. Small extracellular
vesicles (EVs) were isolated from both retinas per mouse and analyzed via (A-C) nanoparticle tracking
analysis or (D) immunoblotting by pooling samples from three mice of the same genotype.
(A) Representative graphs showing the number of small EVs with corresponding size per sample.
(B) Number of total small EVs per sample. (C) Mode size (most common size) of isolated small EVs per
sample. Results demonstrate no discrepancies in the number of particles and mode size between isolated
small EVs from different genotypes. Curves, circles, squares and triangles, individual mice. Data are
presented as mean * SEM. Tukey’s test for multiple comparisons. ns, not significant. (D) Immunoblotting of

one Pde6bST/WT retinal lysate (positive control) and isolated small EVs shows presence of ALIX in all samples.
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4.3.2 Indications for transport of PDE6B protein, RNA and DNA

To investigate whether PDE6B protein might be packed into small EVs, biopsy punches of
10-weeks-old Pde6bST/ST Pax6aCre mice were analyzed by correlative light-electron microscopy,
whereby PDE6B was labeled with immunogold. Rod outer segments were identified by gold
particles in discs, which demonstrated only a few labeled PDE6B proteins (Fig. 36 left). Inner
segments were identified at the lower end of outer segments and basal bodies (Fig. 36 right, white
arrowhead). Compared to outer segments, inner segments did not display any discs or PDE6B
immunogold labeling, which confirms specificity of labeling. Gold particles were found in both
regions in different exocytosis stages of vesicle-like structures either close to the membrane or in

the extracellular space between photoreceptors.

Outer segments Inner segments

Figure 36: Light-electron microscopy of immunogold-labeled PDE6B in EVs.

Pde6bST/5T Pax6aCre mice were analyzed at 10 weeks of age. Biopsy punches of the central and temporal
periphery of the eye were taken. Correlative light-electron microscopy was conducted with PDE6B
immunogold labeling. Shown are representative images of the photoreceptor outer and inner segments.
Results demonstrate accumulation of PDE6B in vesicle-like structures. Black arrowheads, PDE6B labeling

in vesicle-like structures; white arrowhead, basal body. Scale bars, 500 nm.
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For the evaluation of Pde6b RNA in isolated small EVs, vesicles from 10-weeks-old Pde6bST/WT,
Pde6bST/sT and Pde6bST/ST Pax6aCre mice were directly used for quantitative real-time PCR. Results
were normalized to Pde6bST/WT values and U6 non-coding small nuclear RNA (snRNA), which is a
common housekeeping marker for small EVs [140]. It was shown that Pde6b RNA was completely
absent in small EVs isolated from Pde6b57/ST mice, while its abundance in Pde6bS7/5T Pax6aCre EVs

was 75% * SEM compared to Pde6bs™/WT (Fig. 37).
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Figure 37: Pde6b RNA in isolated small EVs.

Pde6bST/WT, Pde6bST/5T and Pde6bST/ST Pax6aCre mice were analyzed at 10 weeks of age. Small extracellular
vesicles (EVs) were isolated from both pooled retinas per mouse. RNA was purified and subsequently used
for quantitative real-time PCR of Pde6b. Results were normalized to U6 non-coding small nuclear RNA
(snRNA) and Pde6bST/WT values. Results demonstrate presence of Pde6b RNA in EVs from Pde6bST/WT and
Pde6bST/5T Pax6aCre mice, but absence in Pde6bST/sT EVs. Circles, squares and triangles, individual mice. Data

are presented as mean = SEM. Tukey’s test for multiple comparisons. *** P < 0.001. ns, not significant.
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In the next step, isolated small EVs from each six pooled 10-weeks-old Pde6bS/WT Pax6aCre,
Pde6bST/ST and Pde6bST/ST Pax6aCre retinas were treated with DNase I to destruct extravesicular
DNA. After, samples were analyzed via PCR of Pde6b. As positive controls, two ear biopsy samples
were used. One of these mice was genotyped as one Pde6bST/WT, showing a recombined and a
wildtype band, and the other one as Pde6bs7/sTr, demonstrating a mutant and a recombined band
(Fig. 38). Isolated small EVs of Pde6bST/WT Pax6aCre and Pde6bsT/ST Pax6aCre retinas displayed
faint Pde6b bands, while no Pde6b DNA was amplified in Pde6bs7/5T EVs. The result from Pde6bST/WT
Pax6aCre EVs showed the Pde6b wildtype band, while the mutant band was almost absent due to
overall low material input. The mutant band in small EVs from Pde6bST/sT Pax6aCre retinas was
also very weak but slightly more apparent. Comparable to FAC-sorted cells (Fig. 25A), small EVs
from both Pde6bS/WT Pax6aCre and Pde6bs™/sT Pax6aCre retinas contained recombined Pde6b DNA
at 362 bp additionally (Fig. 38).

Small EVs Biopsies

Figure 38: Pde6b DNA in isolated small EVs.

Pde6bST/WT, Pde6bST/5T and Pde6bST/ST Pax6aCre mice were analyzed at 10 weeks of age. Small extracellular
vesicles (EVs) were isolated from six pooled retinas. For destruction of extravesical DNA, EV pellets were
treated with DNase I. DNA from samples was isolated and used for PCR of Pde6b. As positive controls, ear
biopsy lysates from one Pde6bST/WT and one Pde6bST/STr mouse were used. Results display presence of Pde6b
DNA, most interestingly recombined one, in EVs from Pde6bS/WT and Pde6bST/ST Pax6aCre mice. PCR

products were separated by agarose gel electrophoresis. STr, STOP recombined.
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4.3.3 Small EV-mediated transfer could not be confirmed

In order to confirm small EV-mediated transfer, vesicles from six pooled Pde6bST/¥T retinas were
isolated, labeled with PKH67 and added on 661W cells. Imaging of 661W cells in culture revealed
endocytosed small EVs in their cytoplasm already 1 day after addition (Fig. 39A). Furthermore,
staining was visible at all investigated timepoints indicating recycling of EV membranes rather
than degradation. As 661W cells proliferated and divided, absorbed vesicles were passed on to
daughter cells, since PKH67 staining was present in the cytoplasm of all cells at every investigated
timepoint. On day 2, bigger cytoplasmic blabs were present, indicating MVBs in the EV pathway.
On day 4 and 5, EV membranes were further recycled and visible as small dots all over the
cytoplasm.

In the next step, 661W cells were harvested on day 5 and used for immunoblotting of PDE6B. As
positive control, one retinal lysate of a Pde6bS/WT retina was used. Incubation with
3-Actin-Peroxidase was performed as loading control showing an equal protein amount in all used
samples (Fig. 39B). Incubation with PDE6B antibody revealed expression only in the Pde6bsT/WT
positive control, while protein was absent in 661W lysates regardless of incubation with small
EVs.

As immunoblotting might not be sensitive enough to show low levels of PDE6B expression, Pde6b
RNA was evaluated via quantitative real-time PCR, whereby one Pde6bST/WT retina was used as
positive control. Again, Pde6b RNA was absent in both wildtype and 661W cells, that were
previously incubated with small EVs for 5 days (Fig. 39C).
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Figure 39: 661W cells show uptake of isolated small EVs but no PDE6B expression.

Small extracellular vesicles (EVs) from six pooled Pde6bST/WT retinas were isolated. (A) Membranes of
isolated small EVs were labeled with PKH67 and added on 661W cells (Day 0). Shown are the representative
cell culture images after addition of labeled small EVs or control cells. PKH67 labeling was found in the
cytoplasm of 661W cells. Scale bar, 50 um. (B,C) Isolated small EVs were added on 661W cells for 5 days.
Negative control cells were kept without addition of small EVs. As positive control, one 4-weeks-old
Pde6bS/WT mouse was used. (B) Samples were lysed and used for immunoblotting with anti-PDE6B
antibody, {3-Actin-Peroxidase was used as loading control. (C) RNA from all samples was isolated and used
for quantitative real-time PCR of Pde6b. Results were normalized to 3-Actin and Pde6b7/WT, Results present
absence of PDE6B and Pde6b RNA in 661W cells after incubation with small EVs. Circles and squares,

individual mice. Data are presented as mean + SEM. Tukey’s test for multiple comparisons.
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As 661W cells do not grow any outer segments [141], transferred Pde6b RNA might be directly
destructed. Therefore, the experiment was repeated with retinal explants of 4-weeks-old
Pde6bST/ST mice instead of 661W cells. To do so, isolated small EVs from six pooled Pde6bST/WT
retinas were subretinally injected ex vivo into flatmounted right eyes. Left eye flatmounts of
Pde6bST/ST mice were incubated without injection as negative controls. After 5 days, retinas were
separated from the RPE-choroid-sclera tissue and lysed for quantitative real-time PCR. Thereby,
one Pde6bsST/WT retina from a 4-weeks-old mouse was used as positive control. As in the previous
experiment, Pde6b RNA was absent in both the negative control as well as in small EV incubated

retinal explants.
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Figure 40: Absence of Pde6b RNA in retinal explants.

Pde6bST/WT and Pde6bsT/ST mice were analyzed at 4 weeks of age. The retina from the Pde6bS”/WT mouse was
directly frozen. Eyes from Pde6b57/ST mice were used as retinal explants for 5 days. One eye per mouse was
used as negative control, the other one was subretinally injected with small extracellular vesicles (EVs) from
six pooled Pde6bsT/WT retinas. RNA from all retinas was isolated and used for quantitative real-time PCR of
Pde6b. Results were normalized to f-Actin and Pde6bST/WT. Results demonstrate Pde6b RNA in the
Pde6bST/WT retina, but no expression in Pde6bS/ST retinas after incubation with small EVs. Circles and

squares, individual mice. Data are presented as mean * SEM. Tukey’s test for multiple comparisons.

85



Discussion

5 Discussion

In early stages of RP, patients experience night blindness but daylight vision is unimpaired and as
aresult these symptoms are often ignored or stay unnoticed [36,37]. Consequently, the disease is
usually diagnosed in late stages when most of the photoreceptors are already impaired. As loss of
photoreceptors cannot be reversed and the human retina lacks any regenerative capacity, one
investigated therapeutic approach is the transplantation of stem cells or retinal precursors [96].
It has been reported that these cells rather provide trophic support to the damaged cells by
cellular communication mechanisms instead of incorporation in the outer nuclear layer as
replacement.

In this study, a RP mouse model, Pde6bST0F/ST0P, was used and partially rescued by Pax6aCre
recombination. Using this system, the nasal and temporal periphery was sustainably rescued,
while the central region around the optic nerve remained mutant. Using this approach, we were

able to evaluate the effect of healthy rods on neighboring mutant rods.

5.1 Successful non-invasive rescue of RP mice

This study demonstrated a long-term functional rescue of the temporal and nasal periphery,
which was comparable to wildtype mice. In particular, we found expression of PDE6B and its
underlying RNA as well as fully recombined DNA in those regions (Fig. 17,20,25). These
observations were in line with rescue of dendrites from second-order neurons (Fig. 28) as well
as morphology of retinal vasculature (Fig. 29,30,31) and RPE cells (Fig. 34). In contrast, the outer
nuclear layer thickness and cone length in the nasal and temporal periphery were slightly lower
compared to wildtype results (Fig. 19). The reason for this might be cellular stress, as dying
photoreceptors in the central area release various factors, such as reactive oxygen species (ROS)
or proinflammatory cytokines, which are sensed by other retinal cells and might influence their
survival or proper development. As the Cre-LoxP system cannot be performed in RP patients, viral
vectors can be used for treatment, although their efficiency is often not as high as in our model
[142]. Here we investigated a non-invasive rescue based on cell-cell communication, which is also

applicable for the post-injection period of viral vectors or transplanted cells.
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During disease progression after partial rescue, we observed stepwise expression of PDE6B, at a
similar intensity as in control mice, and its underlying RNA in central mutant photoreceptors
(Fig. 17,20). Thereby, the fluorescence in situ hybridization probe targeting Pde6b did show very
specific labeling, as no staining was found in Pde6bsT/5T negative control sections. By combination
of the Pde6bST/ST Pax6aCre mouse model with either nuclear (ROSA"Tn¢) or membrane-bound
(ROSAmT-m¢) endogenous two-color fluorescent reporter mice, we could rule out the possibility of
peripheral cell movement to the center. In sections from 4-weeks-old rescued mice, both PDE6B
and Pde6b RNA labels were mainly present in GFP-positive photoreceptors in the periphery, while
tdTomato-positive photoreceptors in the center showed no expression. At 24 weeks of age, the
immunolabeling already progressed to the central region bordering GFP-positive cells. Finally, in
48-weeks-old mice PDE6B and Pde6b RNA were expressed in all remaining photoreceptors in the
outer nuclear layer regardless of GFP or tdTomato markers. Quantification of the distance from
PDE6B-positive cells to the optic nerve confirmed that it became lower in sections from older mice
compared to young ones (Fig. 18). Membrane and nuclear fusion events were excluded as
underlying mechanism as both endogenous markers did not overlay in the same cell.
Furthermore, Pde6bS7/sT showed absence of spontaneous recombination events due to no
occurrence of PDE6B or Pde6b RNA at any investigated timepoint (Fig. 15,17,20).

As consequence of slow stepwise PDE6B expression and subsequent rescue of rods, also
secondary cone cell death was halted (Fig. 19). On the other hand, non-rescued central
photoreceptors, which are far away from GFP-positive cells, underwent progressive degeneration
comparable to Pde6bsT/ST mice. Thus, we observed the evolvement of a gradient in the outer
nuclear layer thickness, that decreased in a peripheral to center manner (Fig. 19). A similar result
was found in the cone length, as cones undergo remodeling displayed by shortening [143]. In
accordance, rod bipolar cells, cone bipolar cells and horizontal cells were reported to have a
normal morphology if enough connected photoreceptors were rescued (Fig. 28). If rods were
rescued at late stages of disease progression, they underwent retinal remodeling by progressive
retraction or complete loss of dendrites. Therefore, we conclude that late rescue of
photoreceptors, when approximately less than two layers of nuclei in the outer nuclear layer are
left, does not halt retinal remodeling, which is in accordance with previous studies in our lab
where a tamoxifen-induced Cre recombinase was used for late stage treatment [122]. These late
rescued photoreceptors close to the optic nerve are thus assumed to be not functional. In this
context, it is also possible that retinas are even more rescued but affected photoreceptors still

undergo cell death after the threshold timepoint was reached.
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After successful rescue, it was shown that visual function was restored as well. In particular,
scotopic and mesopic as well as photopic ERG responses were strongly evoked but still slightly
reduced compared to control mice (Fig. 26,27), which demonstrates that not all photoreceptors
were rescued or some rescued photoreceptors might be dysfunctional. For this mouse model], it
would be beneficial to measure electrophysiological responses with a multielectrode array (MEA).
In contrast to the ERG, which records the overall retinal activity, the MEA measures responses in
several smaller locations, which allows the distinction between peripheral and central regions
[144]. This would generate a more precise insight about the function of rescued cells, although
this procedure requires the isolated retina ex vivo, which might not reflect the same physiology as
in vivo.

It was demonstrated that photoreceptor rescue was more prominent on the temporal side of the
sections compared to the nasal side (Fig. 18). Although this effect was already observed in
4-weeks-old mice, the difference to 48-weeks-old mice was more significant on the temporal side
as well. It has been reported that Pax6« is expressed in a spatial manner with high occurrence in
the nasal and temporal periphery [117,118]. Anyhow, it is not described why there might be a
slightly stronger expression on the temporal side. It can be hypothesized that rescue on the
temporal side is progressing faster as there are less degenerating photoreceptors and thus
decreased cellular stress. Nevertheless, results displayed a high variance between individual mice,

therefore the observed low effect might also be artificial.

5.2 Possibility of low-level postnatal Cre expression

As postnatal Pax6aCre recombinase expression might be the reason for PDE6B expression, Cre
levels were evaluated using immunoblotting, quantitative real-time PCR and fluorescence in situ
hybridization. Cre protein in retinal lysates and Cre RNA in tdTomato/PDE6B double-positive
FAC-sorted cells were completely absent (Fig. 22,24). Using fluorescence in situ hybridization in
retinal sections, which enables the detection of one RNA molecule [145], Cre RNA was only
detected in nuclei at the inner margin of the inner nuclear layer (Fig. 23). These cells are most
likely amacrine cells as they express Pax6 postnatally [146]. In line with the used Cre-reporter,

these Cre-positive cells did also express EGFP.
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These data indicate that there is no postnatal expression of Cre recombinase in tdTomato-positive
photoreceptor cells. Nonetheless, the possibility of low-level postnatal Cre expression in
photoreceptors persists. For example, there may be unexpected transient expression of Pax6aCre
recombinase in photoreceptors, which is not detected in our snapshot of the investigated retinal
section. The fact that our double-color Cre reporter indicates no Cre expression (i.e. in
tdTomato-positive cells) could be explained by an easier access or a higher sensitivity of the Pde6b
locus over the ROSA26 locus for Cre recombination [147], i.e. Cre would only recombine LoxP sites
of Pde6b but not LoxP sites of tdTomato. Still, two arguments against this hypothesis remain. First,
PDEG6B was described to progress closer to the optic nerve over time and secondly, this evolution
results in a peripheral to center gradient in the outer nuclear layer thickness due to cell death of
non-rescued cells. In case of spontaneous postnatal Cre expression in photoreceptors, this effect
is expected to occur randomly in cells of the central tdTomato-positive region independently of
their distance to EGFP-expressing photoreceptors and thus without development of a gradient in

the outer nuclear layer thickness.

5.3 Potential ongoing central vasculature remodeling after partial rescue

Retinal vasoconstriction and dysfunction have been described as a characteristic clinical finding
in RP patients [47,51] and mouse models [122,148,149]. It has already been reported that the
underlying mechanism of disease-induced blood vessel altering are elevated oxygen levels due to
missing consumption by photoreceptors [150,151]. As a consequence, the affected vessels may
sustain to cone photoreceptor degeneration due to inadequate retinal supplementation with
oxygen or nutrients.

In partially rescued mice, we observed that the central superficial vascular plexus did not display
attenuation but modest morphological abnormalities (Fig. 30). As the superficial vascular plexus
is located furthermost from primarily affected photoreceptors, it is not surprising that it depicts
either just weak or late onset morphological changes. In addition, it is crucial for retinal function
to maintain these vessels in the center since all underlying plexi derive from the single superficial
central retinal artery. Various studies have shown that ganglion cells undergo remodeling and loss
after complete degeneration of the outer nuclear layer [152]. Thus, it can be suggested that,
concurrent to this inner retinal remodeling, the superficial vascular plexus might continue to alter

and then also undergoes vasoconstriction at later timepoints.
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In partially rescued mice, the vessel area in the central deep and intermediate vascular plexi
slightly decreased over time, while vessels in the periphery were unaffected (Fig. 29,31). As RP is
associated with microglial activation, which promote retinal inflammation [153,154], it is possible
that a subsequent enhanced release of VEGF, primarily from Miiller cells [155] and the RPE [27],
but also from ganglion cells [156], astrocytes [157] and microglia themselves [158], supports
survival of vessels in the center despite photoreceptor degeneration. In addition, surviving
endothelial cells in the periphery may contribute to maintain central ones via communication
through gap junctions [159], secretion of growth factors or adhesion to the extracellular matrix
[160], which activates anti-apoptotic pathways. Similar to the superficial vascular plexus, it can
be hypothesized that also the central deep and intermediate vascular plexus may continue to
remodel if rescued photoreceptors are not preserved long-term.

Nevertheless, to what extent the central abnormal blood vessels are still functional enough, e.g. in
their blood flow capacity, to support the retina long term is still questionable and needs to be

investigated in future research, possibly via fluorescein angiography [161].

5.4 Crucial role of the RPE in retinal rescue

Alterations in RPE cells during RP disease progression have been reported in various studies
[42-46]. The underlying reason for these changes has been described as accumulation of oxidative
stress and inflammation leading to mitochondrial dysfunction and thus metabolic imbalance
[162]. Here, we also demonstrated morphological changes in the RPE of Pde6bS7/5T mice, that
evolved as consequence to photoreceptor degeneration as it has already been shown in other
studies [122,149,163]. In particular, we found that cells lost their characteristic hexagonal shape
associated with size shrinkage in the center but enlargement in the periphery in far advanced
disease stages (Fig. 32).

The onset of RPE remodeling was prominent in the central retina at 24 weeks of age, while no
changes in the periphery were observed at this timepoint (Fig. 34). This observation is in line with
the progression of photoreceptor loss in RP mouse models, as it first occurs in the center of the
retina and spreads to the periphery [164]. We could further prove that small abnormal cells in the
center do not arise from re-onset of mitosis but that they show disruptions in their tubulin
cytoskeleton structure (Fig. 33). It can be assumed that these changes emerge from a
dedifferentiation of RPE cells and following epithelial-mesenchymal transition (EMT), which has
been implicated with stress response in several retinal diseases [165-167]. This hypothesis is

consistent with the described release of 3-Catenin to the cytoplasm both in center and periphery
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(Fig. 34), that is also accompanied with loss of cell adhesion and cytoskeleton disruption
[168,169].

On the other hand, RPE cell expansion in the periphery, which is usually associated with
multinucleation, might play a role in homeostasis maintenance as it has been reported during
aging [170]. In accordance, size reduction of RPE cells, that is further enhanced by
disease-triggered lipofuscin accumulation, has been rather associated with loss of function and
subsequent cell death [171,172]. This is consistent with our finding of a circular area of absent
RPE cells around the optic nerve in Pde6bs7/ST mice, assuming that small abnormal RPE cells next
undergo cell death (Fig. 32).

After partial rescue, we demonstrated the prevention of RPE morphology changes not only in the
periphery but also in the center despite ongoing photoreceptor degeneration (Fig. 34). It can be
suggested that surrounding peripheral healthy RPE cells are capable to support central ones with
nutrients and growth factors as it has been described after transplantation of RPE cells [173]. In
addition, RPE cells were shown to induce various stress response pathways, such as the unfolded
protein response in the endoplasmatic reticulum [174] or lysosomal autophagy processes [175],
in order to promote their survival. Thus, the RPE might be a highly stress resistant tissue with
higher tolerance or self-preservation than the vasculature. This hypothesis is in line with the fact
that almost no morphological changes were observed in our Pde6bS7/sT mice at 24 weeks of age
despite far advanced disease stage (Fig. 34). It might be possible that RPE cells continue to
remodel if rescued photoreceptors are not preserved long-term. Furthermore, is still questionable
to what extent those abnormal RPE cells are still functional. This needs to be investigated in future

research, e.g. by investigating the phagocytic capacity with a phagocytosis assay [176].

5.5 Small EVs as most likely mediator of horizontal material transport

As the underlying mechanism of horizontal material transfer, two possibilities come into question.
The first one are cellular connections like nanotubes, which were reported to be rather
exceptional and thus grated as less likely to be responsible since we showed the appearance of
high PDE6B protein and Pde6b RNA amounts (Fig. 17,20). Instead, retinal small EVs were
investigated as they are more frequent and have the ability to transport cargo over longer
distances [139].

For isolation, differential ultracentrifugation was used to separate small EVs based on their size
[177]. Using this method, it is presumed that free floating material, that is not surrounded by a

lipid bilayer, is destroyed during the lengthy process. We showed the successful isolation of small
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particles, mostly in the size range of exosomes but also partly microvesicles, with equal
concentration among different samples (Fig. 35). Moreover, isolated small EVs were viable as they
were endocytosed by 661W cells in culture (Fig. 39A). Although we only separated the smallest
particles in our samples, we cannot fully exclude the possibility of low-level contamination
e.g. with bigger vesicles or free floating material. To improve the isolation, an additional pulldown
with exosome-specific antibodies, e.g. against CD9, CD63 or CD81, is imaginable [177]. Though,
the outcome would be even lower concentrations due to insufficient binding to some targets,
which is not feasible for our purposes.

Next, we reported accumulation of gold particle labeled PDE6B in vesicle-like structures in inner
and outer segment regions in different exo- or endocytosis stages either close to the membrane
or in the extracellular space between photoreceptors (Fig. 36). Overall PDE6B labeling in outer
segment discs was very low, which can be explained by the fact that this method only detects
surface antigens. On the other hand, inner segments did not display any PDE6B particles
confirming the labeling specificity. It cannot be fully excluded that the shown structures are
something else than small EVs since they were only identified by their morphological features. To
rule out this possibility, co-labeling with an EV-specific antibody needs to be performed.
Furthermore, we found Pde6b RNA in isolated small EVs from both control and rescued mice,
although expression levels were slightly lower in second named ones (Fig. 37). It can be suggested
that Pde6b RNA is the underlying transferred material for PDE6B expression in rescued cells as
this result is in line with previous findings (Fig. 20,21) but still in conflict with the presence of
recombined Pde6b DNA is FAC-sorted cells (Fig. 25). Small EVs carry numerous different nucleic
acids, including double-stranded DNA [79,85], which has gained a lot of attention in cancer and
cardiovascular disease therapies as they can transfer their cargo to surrounding cells [72,80].
Indeed, we also found Pde6b DNA in isolated small EVs from control and rescued mice (Fig. 38).
Especially the incidence of recombined DNA is of special interest and might explain previous
findings in FAC-sorted cells (Fig. 25). Conversely, only approximately 200 bp DNA fragments were
reported in small EVs, while large EVs are capable of carrying DNA with more than 2 million bp
length [178]. As the whole Pde6b gene has a size of more than 43,000 bp, it is very unlikely that it
is completely packed in small EVs. Anyhow, our PCR products have a size of 284 bp for wildtype
and 415 bp for mutant, which is already bigger than the mentioned capacity. It might also feasible
that only small Pde6b DNA fragments are transported, migrate to the nuclear envelope upon
uptake and integrate into the genomes of recipient cells, as it has already been described for other
cell types [72,179]. In our mouse model, Pde6b was found in small EVs from healthy control mice

as well (Fig. 38), which suggests that the selection of transported DNA is rather random than
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specific to requirements of recipient cells. This is also in line with previous reported transport of
fluorophores, that have no function in recipient cells [64-67]. The theory of horizontal DNA
transfer in our retinas further arises the question about the origin of exosomal DNA. One proposed
mechanism is the derivation from micronuclei, which describe nuclear membrane enclosed
structures, that contain DNA fragments from mis- or unrepaired DNA breaks [180]. Micronuclei
are reported to be quite instable and were shown to occasionally collapse. After release of their
contents, DNA fragments may be shuttled to multivesicular bodies and ultimately packed into
extracellular vesicles.

To proof our hypothesis about small EV-mediated material transfer, we first performed the
addition of isolated PKH67-labeled small EVs on 661W cells. We could show a successful uptake
and maintenance of labeled small EV membranes over time (Fig. 39). However, no PDE6B or
Pde6b RNA could be detected after incubation for 5 days. The reason for this might be that 661W
do not grow any outer segments in culture and thus do not express the other required PDE6
subunits, which has been reported to be essential for survival [181]. Thus, possibly transferred
material is not needed and might be directly degraded. To circumvent this problem, the
experiment was repeated in Pde6bST/ST retinal explant cultures via subretinal injection.
Unfortunately, again no expression of Pde6b RNA could be measured after incubation for 5 days
(Fig. 40). It can be also hypothesized that 5 days are not long enough to detect low levels of
transferred material via immunoblotting or quantitative real-time PCR. Instead, cultured retinas
could be prepared as frozen sections and PDE6B or Pde6b RNA immunofluorescently labeled.
However, this method also turns out to be difficult due to loss of retinal structure in vitro,
especially in the region of sensitive photoreceptor outer segments, which becomes more evident
with longer incubation [182]. Another feasible approach for the proof of concept could be the
subretinal injection in vivo with longer incubation.

To sum up, we report a communication mechanism between healthy and mutant rods, possibly
via small EVs, leading to retinal rescue. Small EVs were already described as attractive therapeutic
vectors due to their reduced immunogenicity, protection from degradation and ability to cross the
blood-retinal barrier [95], while the immune-privileged retina represents an ideal target for them
[80]. Thus, the treatment of RP patients using EV vectors might open new possibilities in the field

of gene-independent therapy.
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