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Abstract

Abstract

Loss-of-function mutations in the cyclic nucleotide-gated channel beta 1 subunit (CngbI) gene are
known to cause Retinitis pigmentosa type 45 (RP45), an incurable retinal disorder characterized by
primary functional loss and degeneration of rod photoreceptors, followed by a non-cell autonomous
cone death, often resulting in legal blindness. Here, a novel recombinant adeno-associated virus vector
for gene supplementation therapy of CngbI-linked RP was developed and tested for its efficacy in two
preclinical CngbI knockout (KO) animal models of RP45.

The full-length human CNGBI coding sequence was packaged in recombinant AAV5 under the control
of a short human rhodopsin promoter, as CNGBI is expressed natively in rod photoreceptors. Due to
the limited cargo capacity of the AAV, an optimized shortened rhodopsin promoter was designed
(hRHO194) in order to produce the entire expression cassette in cis and to ensure rod-specific expression
of hCNGBI1. The resulting viral vector (rAAV5hCNGBI1) was produced by triple-transfection in

HEK293 cells as well as in HeLa cells as a producer cell line.

For the preclinical validation of the therapy, the efficacy of rAAV5hCNGBI was assessed in a Cngbl
KO mouse model as well as in a Cngbl KO dog model. The animals were treated with rAAV5.CNGB1
delivered via subretinal injection to assess transgene expression as well as biological activity. The effect
of the treatment was read out with multiple outcome measures. Proper availability, integrity, and
localization of the introduced gene product was assessed by immunohistochemistry. Retinal function
was examined via ERG measurements and morphological effects on photoreceptor degeneration were
monitored in vivo by OCT imaging. Behavioral tests were implemented to validate visual function.
Additionally, critical aspects including studies on long-term efficacy, biologically active dose range, time
window for a therapeutic intervention, as well as on potential toxicities were addressed, to provide further

insights on the feasibility and safety of the drug administration.

The study demonstrated efficient, specific, and long-term hCNGBI1 expression in murine and canine
rod photoreceptors driven by the short ARHO194 promoter. By treatment with rAAV5.hCNGBI, a
substantial preservation of rod and cone photoreceptors was achieved in both Cngb1 KO mice and dogs.
Furthermore, the efficacy of rAAV5.hCNGBI1 was dose-dependent manifesting itself as an increasing
expression level with ascending dose, resulting in enhanced biological efficacy in both animal models.
In addition, a toxic side effect was identified for the vector produced in HeLa cells emerging in a dose-
dependent manner, which was not observed for the vector produced in HEK293 cells. It was further
shown, that the viral vector-introduced human CNGBI1 subunit was capable of forming functional

chimeric rod-specific CNG channels together with the endogenous murine or canine CNGA1 subunits

17 -



Abstract

leading to a recovery of rod photoreceptor function as well as markedly improved vision-guided
behavior in both animal models. Furthermore, retinal stress in the Cngbl KO mouse, manifesting as
Miiller cell gliosis, was reduced by rAAV5.hCNGBI, even beyond the treated region of the retina.
Finally, it was shown that a degeneration-induced inflammation was diminished by the treatment in the
Cngbl KO dog model, shown as reduced microglia activation, while in one treated dog an increased

immune reaction was observed, manifesting as increase activation of microglia within the retina.

These results demonstrated the efficacy of the rAAV5.hCNGB1 gene supplementation therapy in small
and large animals and thus showed the transferability of this approach to human application. Thereby,
the work covered a major part of the preclinical phase and proved that rAAV5.hCNGBI is a suitable
candidate for a clinical application. The results of this study provided novel insights into the
transferability of a gene therapy from mouse to man and will serve as a basis for a design of preclinical

toxicology studies and early-phase clinical application of rAAV5.hCNGB1.

-18-



Introduction

1 Introduction

1.1 Gene Therapy

The prospect of curing inherited monogenic disorders by genetic modifications using exogenous DNA
currently harbors one of the most challenging tasks in biomedical research, the corresponding product
development, and its therapeutic application. In fact, the first strategy on this gene therapy approach
was already published in 1972 by Friedman and Roblin (Friedman and Roblin, 1972). The fixation of a
mutated gene or the normalization of gene expression with a once-only medication, ideally even curing
the disease, has since aroused great interest in this concept. Previous protein-based treatments required
repeated infusions, whereas gene therapeutics delivered to long-lived cells enabled the sustainable
production of endogenous proteins. The virus was one of the first vectors studied to insert DNA into
the target tissue, since this naturally occurring biological agent has been optimized the insertion of its
genome for replication in a host cell throughout the evolution. Various types of viruses have already
been selected for this purpose; one of the most intensively studied viruses today is the adeno-associated

virus (AAV; Naso et al., 2017).

However, due to unenlightened disease mechanisms as well as the lack of knowledge about viral vectors,
target cells, and tissues, it was still a long journey from concept to clinical application. In 1990, a four-
year-old girl received the first drug as part of the very first clinical gene therapy trial for the treatment
of adenosine deaminase (ADA) deficiency (Blaese, 1993). This opened the door for a series of further
clinical gene therapy studies, although initially, there was no clinical benefit in many cases. The turn of
the millennium then brought considerable improvements in gene transfer efficiencies, but this also led
to novel toxic side effects. In 1999, gene therapy was set back by many years when 18-year-old Jesse
Gelsinger was treated with recombinant adenoviruses against inherited ornithine transcarbamylase
(OTC) deficiency by James Wilson at the University Hospital of Philadelphia. Four days after the
treatment, the patient died as a consequence of multi-organ failure caused by uncontrolled immune
reaction (Jenks, 2000; Branca, 2005; Wilson, 2009). This forced scientists to carefully study immune
responses to virus administration and to implement appropriate modifications to keep these reactions
under control. Continuous improvement of safety and specificity of the gene therapy vectors finally led
to outstanding clinical success in the following years (Fischer and Cavazzana-Calvo, 2008; Wilson, 2009;
Mingozzi and High, 2011; Kaufmann et al., 2013). The approval of the therapy of lipoprotein lipase
deficiency (LPLD) in 2012, offered under the brand name Glybera®, finally represented a breakthrough
in medicine (Gaudet et al., 2013; Bryant et al., 2013). Today, approximately 3000 clinical trials on gene

therapy drugs are being conducted with the virus as by far the most widely used vector. The AAV
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accounts for about 8 % of all vectors used in current studies (http://www.abedia.com/wiley/index.html;

see figure 1).

Adeno-associated virus (7.9 %)
Adenovirus (18.6 %)

America (61.5 %) Herpes-simplex virus (3.2 %)
Europe (22.7 %) Lentivirus (9.9 %)
Lipofection (3.9 %)

Naked/Plasmid DNA (15.1 %)

Asia (10.9 %)

Australasia (1.2 %) Poxvirus (3.6 %)

Retrovirus (17.0 %)
Vaccinia virus (6.8 %)
Other vectors (7.1 %)
Unknown (6.8 %)

Africa (0.2 %)

1000010

Multicountry (3.6 %)
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Figure 1: Geographical distribution of conducted gene therapy clinical trials (A) and the respective vectors applied (B) in
2019. A. Approximately two thirds of all clinical trials are currently being conducted in America and about one quarter in
Europe. B. The virus is the most frequently used vector in clinical gene therapy studies. With 18.5 % of all clinical trials, the
adenovirus is the most commonly applied vector. The AAV accounts for about 8 % of all conducted gene therapy trials.
(Adapted from The Journal of Gene Medicine, 2018, John Wiley and Sons Ltd.)

1.2 The Adeno-Associated Virus as a Vector for Gene Therapy

1.2.1  The Adeno-Associated Virus

Adeno-associated viruses (AAVs) are able to infect a broad spectrum of dividing and non-dividing cell
types, and have thus become a favored instrument for gene therapy. AAVs are dependoparvoviruses
belonging to the Parvoviridae family. They were first discovered in 1965 as contaminants of cell cultures
infected with adenoviruses, giving rise to their name (Atchison et al., 1965). They are not able to replicate
themselves; replication and a productive infection require a co-infection with a helper virus such as
adenovirus or herpes virus (Atchison et al., 1965; Buller et al., 1981). In the absence of a helper virus, the
AAV genome usually persists within the infected cell in an extrachromosomal state as a double-stranded
circular episome, without being integrated into the host genome. (Mishra and Rose, 1990; Bertran et al.,
1996; Geoffroy and Salvetti, 2005; Alazard-Dany et al., 2009; Deyle and Russell, 2009). In non-dividing
cells, this latent infection enables long-term expression of the introduced gene. Thereby, the episomes
develop into multimeric and high molecular weight concatemers (Duan et al., 1998; Russell and Kay,
1999; Nakai et al., 2000; McCarty et al., 2004; Penaud-Budloo et al., 2008). However, about 0.1 % of the
infecting AAV vectors integrate as single-proviruses or concatemers at non-homologous sites in the

host-genome (Flotte et al., 1994; Bertran et al., 1996; Rutledge and Russell, 1997; Yang et al., 1997; Russell
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and Kay, 1999; Deyle and Russell, 2009; Salganik et al., 2015). In 0.1 to 1.0 % of all cases AAVs can also

integrate by homologous recombination (Hirata et al., 2002).

The AAYV is a small, non-enveloped virus (approximately 20 nm) and its genome is composed of single-
stranded (ss) DNA with a length of about 4.7 kb (see figure 2). It possesses two open reading frames
flanked at each end by an inverted terminal repeat (ITR). These sequences self-assemble to T-shaped
hairpin structures serving as the origin of replication (Linden et al., 1996; Grimm et al., 2005; Vance et
al., 2015). The Rep open reading frame (ORF) codes for the non-structural proteins REP78, REP68,
REP52, and REP40. The REP proteins are responsible for genome replication as well as for
transcriptional control and packaging. The Cap ORF encodes the structural proteins VP1 (90 kDa), VP2
(72 kDa), and VP3 (62 kDa) assembling to the viral capsid (the given molecular weights are for AAV2;
the sizes vary between the different stereotypes). One viral particle consists of 60 proteins organized in
an icosahedral structure, in which the capsid proteins are present in a molar ratio of 1:1:10
(VP1:VP2:VP3) (Daya and Berns, 2008; Samulski and Muzyczka, 2014; Salganik et al., 2015; Naso et al.,
2017; Biining and Srivastava, 2019). The assembly-activating protein (AAP) is also encoded by the Cap
gene. It is required for efficient capsid assembly (Sonntag et al., 2011; Maurer et al., 2018). The X gene,
expressed by its own promoter (p81), is located at the 3' end of the genome within the Cap gene. The
encoded X protein is thought to be involved in the AAV life cycle and to influence viral replication (Cao
et al., 2014; Biining and Srivastava, 2019). A frameshifted ORF within the VP1 region of the Cap gene
encodes for the membrane-associated accessory protein (MAAP), that was found to limit AAV

production by competitive exclusion (Ogden et al., 2019).
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Figure 2: The genome of AAYV serotype 2. The AAV2 viral genome is flanked by two Inverted Terminal Repeats (ITRs), serving
as packaging signals and origins of replication. The replication gene encodes the four replication proteins that control viral
transcription, replication, packaging and integration. The expression of REP78 and REP68 is controlled by the p5 promoter,
while REP52 and REP40 are under control of p19. REP68 and REP40 are splice variants of REP78 and REP52, respectively (the
numbers indicate molecular weight). The p40 promoter controls the expression of all proteins encoded in the Cap gene,
including AAP and the viral capsid proteins VP1 (90 kDa), VP2 (72 kDa) and VP3 (60 kDa). The X gene possesses its own
promoter (p81) and is located at the 3' end of the AAV genome within the Cap gene. The membrane-associated accessory
protein (MAAP) is encoded by a frameshift ORF within the VP1 region of the Cap gene. AAP is important for capsid assembly,
the X protein impacts viral replication, MAAP limits AAV production by competitive exclusion, and the VPs constitute the
icosahedral AAV2 capsid.

AAVs are non-pathogenic and trigger only little or even no immune response (Sun et al., 2003; Mueller
and Flotte, 2008). They can be easily manipulated by replacing the viral Rep and Cap with the desired
gene expression cassette. Since a recombinant AAV (rAAV) does not possess a Rep gene, an
uncontrolled multiplication is largely excluded, even if the host cell is pre-infected with a helper virus.
In addition, they show broad and specific tropism as well as stable and efficient gene expression in vivo.
All these features contribute to their status as a valuable vector for gene therapy (Flannery et al., 1997;

Bennett et al., 1999; Rabinowitz et al., 2002; Yang et al., 2002).

1.2.2  Adeno-Associated Virus Infection

Several serotypes (AAV1-12) exist among the wild-type AAVs, possessing different transduction
efficiencies and tissue tropisms (the preference for entry into cells of a particular tissue). This is defined
by the amino acid structure of the AAV, mediating cell surface attachment and entry mechanisms (Gao
et al., 2002; Vance et al,, 2015). The AAYV interacts with the potential host cell via attaching to serotype-
specific glycans on the cell surface. So far, several associations with heparan sulfate proteoglycans
(AAV2, AAV3, AAV6) and N-linked sialic acids (AAV1, AAV5, AAV6) have been identified
(Summerford and Samulski, 1998; Walters et al., 2001; Di Pasquale et al., 2003). Furthermore, a universal
receptor was recently discovered recognizing almost all known serotypes (KIAA0319L; Pillay et al.,
2016). After attachment to the cell, the AAV undergoes endocytosis (Duan et al., 1999; Bartlett et al.,
2000; Sanlioglu et al., 2000; Nonnenmacher and Weber, 2011; Uhrig et al., 2012; Dudek et al., 2018) and
microtubule-dependent trafficking to the nucleus (“endosomal trafficking”; Xiao and Samulski, 2012).
Endosomal escape is achieved by a conformational change of the capsid triggered by acidification of the
compartment (Sonntag et al., 2006). Following nuclear import and capsid uncoating, the single-stranded
(ss) DNA is finally converted to double-stranded (ds) DNA (second-strand synthesis) so that gene
expression can proceed (Ding et al., 2005; Xiao and Samulski, 2012; Nonnenmacher and Weber, 2012;
Balakrishnan and Jayandharan, 2014; Salganik et al., 2015; Berry and Asokan, 2016).
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1.2.3  Recombinant AAVs (rAAVs)

The most important aspect to be considered for the design of an rAAV vector is the packaging size of
the AAV (including the ITRs), which is limited to about 5.2 kb (Grieger and Samulski, 2005; Dong et
al., 2010; Lai et al.,, 2010; Wu et al., 2010). A substantial reduction in viral production yield or even
plasmid truncations are results of AAV capsid size excision (Dong et al., 2010; Wu et al., 2010). Typically,
arecombinant AAV plasmid for eukaryotic cell transduction contains two ITRs enclosing a mammalian
promoter, the cDNA of the gene of interest, as well as a terminator, usually a polyadenylation signal (see
figure 3). In order to obtain high-level gene expression in various cell types, constitutively active
promoters are used including the immediate-early cytomegalovirus (CMV) or the chicken beta-actin
(CBA) promoter. Cell- or tissue-specific expression, however, is achieved by using promoters being
active in particular cell types (Powell et al., 2015). Most frequently, the expression cassette is cloned
between the ITRs of AAV?2, since AAV?2 is the best characterized serotype. Therefore, also the helper
plasmid usually contains the Rep gene of AAV2. In order to combine the advantages of AAV2 with the
desired tissue tropism, most studies use the cross-packaging strategy (see also section 1.2.5 and figure 4)
to produce “pseudotyped” AAV vectors using the AAV2 Rep gene in combination with the Cap gene of
a distinct more appropriate serotype (Rabinowitz, 2002; Auricchio, 2003; Grimm et al., 2003; Burger et
al., 2004; Wu et al., 2006; Daya and Berns, 2008).

Promoter 5 Transgene = PolyA

Figure 3: The typical rAAV expression cassette. A recombinant AAV plasmid for eukaryotic cell transduction is usually
comprised of a mammalian promoter, the gene of interest, as well as of a terminator, usually a polyadenylation signal. The

transgene expression cassette is enclosed by two I'TRs, which are mostly originated from AAV2.

1.24  Immunogenicity of AAVs

In the past, the AAV has been shown to be less immunogenic than other viruses (Naso et al., 2017). A
tully-packaged AAV possesses no engineered lipids or other chemical components that might contribute
to unexpected and undesired toxicity or immunogenicity. Antigen-presenting cells (APCs) are not
efficiently transduced by the AAV and furthermore, the rAAV lacks any viral genes that would
contribute to an enhanced immune response (Basner-Tschakarjan et al., 2014; Basner-Tschakarjan and
Mingozzi, 2014; Naso et al., 2017). Nevertheless, AAV capsid proteins as well as the delivered nucleic

acid sequence can trigger several functional elements of the human immune system. The innate immune
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response can be activated by pattern recognition receptors, most likely via Toll-like receptors (Hensley
and Amalfitano, 2007; Zhu et al., 2009; Martino et al., 2011; Hosel et al., 2012; Basner-Tschakarjan et al.,
2014; Rogers et al., 2015; Rabinowitz et al., 2019; Martino and Markusic, 2020). In addition, some
patients show an activated adaptive immune response (e.g. due to previous contact to AAVs)
manifesting as neutralizing antibodies (NAbs) or as activated cytotoxic T cells. This results in
elimination of AAV-transduced cells ending in a reduction of the clinical effectiveness (Erles et al., 1999;
Mingozzi et al., 2007; Mays and Wilson, 2011; Li et al., 2012; Louis Jeune et al., 2013; Salganik et al.,
2015; Martino and Markusic, 2020). Thus, one challenge is to determine the therapeutically effective
dose for each therapy that can be successfully administered to a patient who already carries a significant
amount of circulating NAbs as well as an immunological memory against the corresponding virus (Louis

Jeune et al., 2013).

1.2.5 Manufacturing of rAAVs for Clinical Use

As for the majority of biotherapeutics, also an rAAV has to be manufactured in a biological system. Two
common procedures involve the helper virus-free transient transfection method, baculovirus or herpes
simplex virus-based production systems, and packaging or producer cell lines (Clément et al., 2009;
Ayuso, 2010; Clément and Grieger, 2016; Sandro et al., 2019). Triple-transfection uses three plasmids
harboring the genes of interest, the Rep and Cap genes, and the helper genes of either adeno- or
herpesvirus. Mostly, the HEK293 (or 293T) cell line is used as common host system for the production
of rAAV (shown in figure 4A; Xiao et al., 1998; Wright, 2009; Grieger et al., 2016). However, this
procedure is not the most suitable for producing large quantities of rAAVs, since a huge amount of DNA
is required for virus production. In order to further scale up the manufacturing process, people often
use packaging or producer cell lines containing the Rep and Cap genes integrated in their genome.
Different from packaging cell lines, producer cell lines additionally include the recombinant vector
sequence for the desired rAAV. The HeLa cell line is commonly used for this method. After an
adenoviral infection, the cell line produces the rAAV in high quantities (displayed in figure 4B; Clark et
al., 1995; Thorne et al., 2009; Martin et al., 2013; Clément and Grieger, 2016).
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Recombinant  AAV pAd helper
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Transfection

rAAV production
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Adenoviral infection
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Figure 4: Two common methods for rAAV manufacturing. A. For the rAAV production via triple transfection, the
recombinant plasmid carrying the respective transgene, the AAV plasmid consisting of the Rep and Cap gene, as well as the
pAd helper plasmid containing the necessary adenoviral genes (E2A, E4, VA) have to be transfected to HEK293 (or 293T) cells.
Within the cell, the Rep and Cap genes are translated to the replication and capsid proteins leading to the replication of the
integrated transgene and to the capsid assembly, followed by viral vector packaging. Finally, the produced rAAV can be purified
from the cell suspension. B. Large-scale rAAV manufacturing process based on a producer cell line. In order to generate a stable
cell line, HeLa cells are transfected with a single plasmid usually containing the AAV Rep genes (usually AAV2) as well as the
Cap genes of the desired serotype, the vector genome flanked by the ITRs, and a resistance gene (e.g. puromycin). Stable clones
are obtained by culturing the cells in the presence of the respective antibiotic (puromycin). After screening the generated cell
line for AAV productivity it is infected with a helper virus (usually adenovirus 5). After the infection, the rAAV is produced in
high quantities by the cells.
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1.2.6  Preclinical Evaluation of a Gene Therapy Product

Before a developed gene therapy product can be launched on the market, it must pass several preclinical
and clinical phases. In the preclinical stage, the drug is not yet applied to human and does not necessarily
have to be produced under good manufacturing practice (GMP) conditions. In this period, researchers
usually use small as well as large animal models to test the efficiency and safety of the drug. Small animal
models can be very useful in the earlier stages, usually requiring a larger number of subjects. The mouse
is a commonly-used small animal primarily due to the ease of genetic manipulation and the resulting
large number of available models. Further advantages are a close phylogenetic relationship and
physiological similarity to humans. It has been extensively studied, allows relatively cost-effective
breeding, a rapid reproduction, and manageable handling (Chader, 2002; Rosenthal and Brown, 2007).
Furthermore, each strain is genetically homogeneous due to inbreeding, which leads to a relatively low
variance of the experimental results. However, mice often react to experimental interventions in a way
significantly different from humans (Seok et al., 2013). Therefore, it is often desired to also involve larger
animals such as cats, dogs, pigs, or sheep in the advanced preclinical phases. Anatomically and
physiologically, large animals are much more similar to humans in terms of, for example, organ size, life
span, or the immune system. The fact that these animals are genetically more heterogeneous can become
very important in the later preclinical stages, since a large genetic variance also exists in humans.
Consequently, the approaches that can be used to overcome difficulties in large animal studies can be
transferred more easily to humans (Casal and Haskins, 2006; Wolfe, 2009; Winkler et al., 2013; Volland
et al, 2015).

1.3 The Eye as a Target for Gene Therapy

About 20-30 % of the human cortex is involved in the processing of visual information (Van Essen et
al., 2001). Thus, vision is the most important sensory function and its decline causes a profound impact
on the quality of life of the affected patient. Numerous inherited eye diseases exist that cause severe
visual impairment, including glaucoma, Achromatopsia, Retinitis pigmentosa, Stargardt’s disease, or
Chorioderemia (Mathebula, 2012). The eye as a target organ of gene therapy offers a number of
advantages and is therefore one of the most commonly targeted organs in translational gene therapy
research (Dalkara et al., 2016; Dias et al., 2018). At first, it is an easily accessible organ for surgery
(Bennett et al., 2012). It is small in size and compartmentalized, allowing for even small amounts of viral
vectors to be sufficient for an effective therapy (Surace and Auricchio, 2003; Dinculescu et al., 2005;
Buch et al, 2008). As a consequence of the blood-retina barrier and a unique intraocular

microenvironment, vectors are unable to spread systemically and the global immune system barely
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responds to any vector components or transgene products (Caspi, 2006; McKenna and Kapp, 2004;
Willett and Bennett, 2013). Retinal cells, such as photoreceptors, are mature cells that no longer undergo
proliferation after birth. This allows for an infinitely long-lasting expression of the transgene after only
a single injection of the rAAV vector. Finally, well established non-invasive imaging techniques and
functional tests already exist to monitor the therapeutic effect, which can be easily evaluated within

preclinical and clinical studies by using the contralateral eye as an internal control (see section 1.5.2).

The human eye has a size of 23.9 mm and relatively to that, a small and thin lens (see figure 5). This is
an advantage for diurnal species, as light can be deflected and refracted easily, which enables high acuity
vision. Rodents, such as mice, are usually nocturnal species. They possess larger and thicker lenses
relative to the eyeball. The distance from the lens to the retina (focal length) is short, allowing light to
reach only a small area of the photoreceptors at a time. This results in a less sharp and smaller, but also
in a brighter image (Schmitz and Motani, 2010). The eye of a mouse is only 3.5 mm in size (figure 5),
almost seven times smaller than that of a human. The substantial dimensional discrepancies of the eyes
have to be considered in ocular gene therapy. Therefore, much larger quantities of the therapeutic agent

are required for the human eye and alternative application methods can be chosen.

Standard intraocular ophthalmic drug delivery techniques are the intravitreal and the subretinal
injection. To date, scientists and clinicians have considered the subretinal administration of gene and
cell therapeutics to treat retinal diseases as a more appropriate and efficient route of administration.
Thereby, the drug is applied in a way to detach the neuroretina at the level between the photoreceptors
and the retinal pigment epithelium (RPE); this generates a temporal artificial, so called “subretinal”,
compartment (Bennett et al. 2012; Peng et al., 2017). In humans, the lens occupies little space in the eye,
which allows anterior insertion of the injection needle under direct monitoring (Maguire et al., 2008;
Bennett et al., 2012). In the mouse, a relatively large part of the eye is filled by the lens. An anterior
approach would therefore have a high potential for lens damage. For this reason, the needle is inserted
from posterior through sclera and choroid (Bennett et al., 1996; Miihlfriedel et al., 2013). The large
anatomical discrepancies between the eyes of mice and humans can be overcome by using large animals
such as dogs. With 20.8 mm, the dog eye has a similar size as the human eye and although the dog is a
crepuscular animal also the ratio lens to vitreous does not differ much from the human eye (Mutti et al.,
1999; figure 5). Therefore, an anterior approach can be performed in dogs similar to that in humans and
also a similar volume of the drug can be administered (Acland et al., 2001; Amado et al., 2010; Winkler

et al., 2013; Bennett et al., 2012).

-27-



Introduction

Choroid

Sclera

Cornea

Fovea centralis
Area centralis

Retina

Iris Optic nerve

77N\
\§ ,/7\ Vitreous Retina
\
Mouse eye Dog eye Human eye
3.5mm 20.8 mm 23.9mm

Figure 5: Comparative illustration of the eyes of mouse, dog, and human. The human eye is 23.9 mm in size and possesses
a small thin lens relative to the vitreous. Light can be deflected and refracted easily, which enables sharp vision. Mice have larger
and thicker lenses relative to the size of the eyeball. Furthermore, the distance from lens to retina is short (focal length) resulting
in a less sharp and smaller, but also in a brighter image. The eye of a mouse is only 3.5 mm in size, almost seven times smaller
than that of a human. With 20.8 mm, the dog eye has a similar size as the human eye and also the ratio lens to vitreous does
not differ much from the human eye. The human retina comprises a fovea centralis, an excavation of the inner retinal cells in
the central posterior part of the retina. In this region, cone photoreceptors are highly concentrated. This area is absent in mice.
The dog eye comprises a fovea-like region where cones are accumulated, but the inner retinal cells are not excavated (area

centralis).

1.4  Physiology and Anatomy of the Retina

The mammalian retina is located in the back of the eye and is basically arranged in layers of neuronal
cells. It consists of three layers of nerve cell bodies each separated by synapses and dendrites (Kolb, 1995;
Hoon et al., 2014). Its thickness is approximately 0.5 mm. In all vertebrates, the retina has an inverse
organization, which means that the photoreceptors, the photosensitive cells converting the light into
electric signals, are reached last by the incoming light. The nuclei of the photoreceptors form the outer
nuclear layer (ONL) and their outer segments (OS) are embedded in the retinal pigment epithelium
(RPE), involved in the regeneration of the visual pigment, digestion of necrotic photoreceptors, and
absorption of light. It also contributes to the blood-retina barrier. The bipolar cells, being part of the
inner nuclear layer (INL), receive the electric signals from the photoreceptors and further transmit it to
the retinal ganglion cells (RGCs). Horizontal and amacrine cells are responsible for combining different
information from specific regions of the retina in order to send specific bundled and amplified
information to the RGCs. Finally, the information containing the visual image is transmitted to the brain

via the ganglion cells along the optic nerve (ON). A detailed retinal structure is displayed in figure 6.
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Figure 6: The inverse organization of a mammalian retina. It consists of three layers of neurons connected by synapses and
dendrites. The retina has an inverse organization, which means that the cell type, that is reached last by the incoming light, are
the photosensitive cells converting the light into electric signals. The nuclei of the photoreceptors form the outer nuclear layer
(ONL) and their outer segments (OS) are embedded in the retinal pigment epithelium (RPE). The inner nuclear layer (INL)
houses bipolar cells, horizontal cells, and amacrine cells. The electric signal is transmitted from photoreceptors to bipolar cells,
passing the signal further to the retinal ganglion cells (RGCs). The electric signals are bundled and amplified at the outer and
inner plexiform layer (OPL and IPL) The synaptic connections of photoreceptors, bipolar cells, and horizontal cells, expanding
parallel to the retinal layers, make up the outer plexiform layer (OPL). Bipolar cells and the RGCs are connected by the amacrine
cells at the inner plexiform layer (INL). The cell bodies of bipolar, horizontal, and amacrine cells form the inner nuclear layer
(INL) and the ganglion cells represent the ganglion cell layer (GCL). The axons of the RGCs spread across the retinal surface,
accumulate at the optic disc, and leave the eye as the optic nerve (ON) (Kolb, 1995; Hoon et al., 2014).

1.4.1  The Photoreceptors

Rod and cone photoreceptors represent the light sensitive cells of the retina (Bowmaker and Dartnall,
1979; Mustafi et al., 2009; Perkins and Fadool, 2010; Hoon et al., 2014; Molday and Moritz, 2015). Cone
photoreceptors mediate color vision within daylight conditions. Different cone types are present in the
vertebrate retina that possess different pigment spectra sensitivities (Rieke and Baylor, 2000; Haverkamp
et al., 2005; Nikonov et al., 2006). The human retina comprises about 6 million cone cells, mainly L-
(long wavelength) and M- (medium wavelength) cones, which are enriched in the central - foveo-

macular - area of the retina. The highest concentration is found in the foveal pit (fovea centralis, see
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figure 5). This area, where the inner retinal cells are excavated, is located at the central posterior part of
the retina where the visual axis is passing through (Kostic and Arsenijevic, 2016). Cone cells have a high
resolution but are less sensitive to light, whereas rod photoreceptors are specialized for dim-light vision.
120 million rods are scattered throughout the retina while being much less present in the fovea (Molday
and Moritz, 2015). They are able to detect even single photons, making them the most sensitive light
detectors in nature (Hecht et al., 1942; Rieke and Baylor, 1998). In the mouse, a fovea is absent, although
there is still a slight concentration of photoreceptors in the central region. The photoreceptor density is
higher but the rod/cone ratio is similar to the peripheral retina humans (Volland et al., 2015).
Furthermore, the human retina (and some non-human primate retinas) is the only retina among
mammals comprising three types of cones (Ahnelt and Kolb, 2000; Yokoyama, 2000; Michalakis et al.,
2018). All other mammalian retinas lack the L-cone being responsible for red color vision. However,
cone-rich areas are found in the retina of some larger diurnal animals. A primate fovea-like region,
termed area centralis, is for example present in the canine retina. Within this area, the cone
photoreceptor density is high (M- and S- (short wavelength) cones), but an excavation of the inner
retinal cells does not exist (Mowat et al., 2008; Beltran et al., 2014; Kostic and Arsenijevic, 2016; Baden
and Osorio, 2019).

The structure of both rods and cones (illustrated in figure 7), being very similar within mammals, is
structurally compartmentalized and can be divided into five main functional regions: outer segment
(OS), connecting cilium (CC), inner segment (IS), cell body and synaptic terminal (Mustafi et al., 2009;
Perkins and Fadool, 2010; Molday and Moritz, 2015). The OS of a rods is filled with tightly packed
membrane discs carrying the photopigments. This very specialized morphology allows for a high density
of photon absorbing molecules (rhodopsin). As a result, each rod contains 150 million rhodopsin
molecules and each of them has the potential to initiate the vision cascade. In contrast, cones lack such
completely internalized discs in their OS. In order to achieve a similar morphology with expanded
surface for the photopigments cones have evolved multiple OS plasma membrane folds - the cone-
specific lamellae — bearing the opsin molecules. This allows for faster fluxes of substances required for
pigment regeneration and light adaptation (Sjostrand, 1953; Cohen, 1961). The IS contains the
biosynthetic machinery where proteins are produced and subsequently trafficked to the OS through the
narrow CC. The cell body harbors the nucleus and the synaptic terminal realizes the light signal
transmission via the neurotransmitter glutamate to the bipolar cells and other secondary neurons

(Molday and Moritz, 2015).
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Figure 7: The rod (left) and the cone (right) photoreceptor. Rods are able to detect single photons and therefore mediate the
dim-light vision. Cones are less sensitive to light, but possess a high resolution. Both rod and cone photoreceptors consist of
outer segments (OS), connecting cilium (CC), inner segment (IS), nucleus, and synaptic terminal. The phototransduction takes
place in the OS of the photoreceptors. The photopigment rhodopsin is present in the completely internalized discs of the rods,
while the opsins are localized in the lamellae of the cones. Phototransduction proteins are folded in the IS and transported
through the narrow CC to the OS. Electric signals coming from the OS are forwarded to the synaptic terminal transmitting the
light signal to the inner retinal cells.

1.5 Retinitis Pigmentosa (RP)

Retinitis pigmentosa (RP) is a hereditary blinding disease characterized by progressive retinal
degeneration affecting approximately 1 in 4000 individuals (Ammann et al., 1965; Boughman et al.,
1980; Jay, 1982; Bunker et al., 1984; Grondahl, 1987; Pagon, 1988, Haim, 2002; Hartong et al., 2006,
Ayuso and Millan, 2010; Sahel et al., 2010; Verbakel et al., 2018; Dias et al., 2018; Rodriguez-Muiioz,
2020). Currently, more than 1.5 million cases are known worldwide. Approximately 50 - 60 % of the RP
variants are inherited autosomal recessively, but also autosomal dominant (30-40 %) or X-chromosomal
forms (5-15 %) are known. The prevalence of the disease as well as the different manifestations vary
enormously between the different ethnic groups from 1:9000 in Korea up to 1:750 in India (Nangia et
al., 2012; Sorrentino et al., 2016; Na et al., 2017; Huang et al., 2017; Bravo-Gil et al., 2017; Birtel et al.,
2018). In many cases, RP is non-syndromic, but there are also manifestations that are associated with

extraretinal disease symptoms (syndromic), such as hearing loss (Usher syndrome), polydactyly and
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renal dysfunction (Bardet-Biedl syndrome), bone disease (Refsum syndrome), muscle weakness,
obesity, or mental retardation (Boughman et al., 1983; Weinstein, 1999; Koenig, 2003; Forsythe and
Beales, 2013). To date, more than 80 different genes involved in non-syndromic RP have already been
identified (https://sph.uth.edu/retnet/home.htm), making this disease highly heterogeneous. Among
the different manifestations, the main symptoms are similar, but the age of onset, as well as the course

and severity of vision loss are dependent on the genetic defect.

1.5.1  Pathophysiology, Symptoms, and Clinical Course

In most cases of non-syndromic RP, the disease is characterized by a primary degeneration of rods
followed by the death of cone cells in the advanced stages of the disease (Hartong et al., 2006; Hamel et
al., 2006; Verbakel et al., 2018). Rod degeneration manifests in night blindness and in a constricted
peripheral vision which is termed as the characteristic “tunnel vision” (figure 8). Many patients do not
notice or ignore difficulties in dark adaptation and are also able to compensate peripheral vision loss,
which makes it difficult to generally determine the exact age of disease onset. The function at the fovea
is relatively well preserved until later disease stages. Therefore, most patients need a lot of aids to
orientate in the surroundings but are still able to read a book. One side effect of the rod degeneration is
a higher sensitivity to bright light (glare sensitivity). Due to a dependency between rod and cone
photoreceptors, a time-shifted, non-cell autonomous cone death is triggered in the advanced disease
stage resulting in constriction of the visual field, followed by a decline of visual acuity, as well as the
development of a dyschromatopsia. Particularly blue color vision is diminished, since blue cones are
only sparsely distributed at the fovea (Kolb, 1995; Kostic and Arsenijevic, 2016). A deterioration of visual
acuity is not noticed by the patients until the final stage of the disease, as the brain is able to compensate
a loss of about 90 % of the cones (Geller and Sieving, 1993). Depending on the disease progression, RP
can result in legal blindness, although most patients preserve the ability to perceive light, ensured by

residual retinal islands or retained function at the fovea (Hamel, 2006).

s

normal vision ge RP - intermediate stage RP - advanced stage

Figure 8: Visual field loss with RP disease progression. Due to functionless rod photoreceptors, patients suffer from night
blindness in the early stage of the disease. Furthermore, rods start to degenerate resulting in a constricted peripheral vision. As
disease progresses (intermediate stage), the characteristic “tunnel vision” develops, caused by a further reduction of the visual
field. One side effect of the rod degeneration is light sensitivity. In the advanced stage of the disease, the mutation-independent
death of cone photoreceptors results in a further visual field constriction followed by a decline of visual acuity and

dyschromatopsia, eventually resulting in legal blindness.

-32-



Introduction

About 50 % of all RP cases develop posterior subcapsular cataracts (Berson et al., 1980; Pruett, 1983;
Fishman et al., 1995). Common fundus abnormalities involve attenuated superficial retinal blood vessels
as well as the characteristic intraretinal pigmentation (“bone spicules”), predominantly found in the
periphery resulting from migrating retinal pigment epithelial cells into the neural retina (Berson et al.,
1980; Li et al., 1995; Hartong et al., 2006; Hamel, 2006; see figure 9). With disease progression, patients
further develop a waxy pallor in the optic discs, which is another hallmark sign of RP (Szamier, 1981;
Hartong et al., 2006; Hamel, 2006; Hwang et al., 2012; Verbakel et al., 2018).

RP - early stage RP - intermediate stage RP - advanced stage

Figure 9: Fundus images of an RP patient (adapted from Hamel, 2006). Common fundus abnormalities involve attenuated
retinal blood vessels as well as the characteristic “bone spicules” predominantly found in the periphery. The macula is relatively
well preserved at the intermediate stage. In the advanced stage, pigment deposits are spread over the entire retina. Further

clinical hallmarks are optic disc pallor and retinal atrophy.

1.5.2  Diagnosis and Disease Progression Monitoring

Since there is a large number of inherited retinal diseases which initially appear very similar, it is not
sufficient to make a diagnosis based on the symptoms. In order to determine the disease unambiguously
as well as to monitor disease progression, several well-established non-invasive imaging techniques and
functional tests are available for physicians and scientists (Hartong et al., 2006; Verbakel et al., 2018).
Electroretinography (ERG; Marmor, 1989) is used to analyze retinal function and in order to obtain
information about the retinal morphology several imaging methods exist such as fundus imaging or
confocal scanning laser ophthalmoscopy (cSLO; Witmer and Kiss, 2013), spectral-domain optical
coherence tomography (SD-OCT; Huang et al., 1991; Chen et al., 2005; Yaqoob et al., 2005), fluorescein
angiography or optical coherence tomography angiography (OCTA; Gao et al, 2016), fundus
autofluorescence (FAF; Delori et al., 1995; Keilhauer and Delori; 2006), as well as adaptive optics

scanning laser ophthalmoscopy (AOSLO; Georgiou et al., 2017).

SD-OCT images show retinal cross-sections providing information about the individual layers of the

retina. With a weak laser light, the retina is scanned in vivo and the light reflections on the different
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retinal structures are measured (Fujimoto, 2003). The earliest histopathological alteration occurring
within RP disease progression, is a disorganization of the outer retinal layers referring to the shrinkage
of photoreceptor outer segments (Milam et al., 1998; Liu et al., 2016; Goldberg et al., 2016; Verbakel et
al., 2018). Disease progression results in a degeneration of photoreceptor cells which is recognizable in
the OCT as a decrease of the outer nuclear layer (ONL) thickness. In late disease stages, the ONL is
completely absent, whereas the inner retinal layers remain largely unchanged (Hood et al., 2011).
Hyperreflective foci indicating migrating RPE or microglial cells are further pathologic attributes

(Kuroda et al.,, 2014; Nagasaka et a., 2018).

Retinal function is determined by electroretinograms (ERGs) that measure the electric signal of the
retina in response to emitted light flashes (Berson et al., 1969; Marmor, 1989; Marmor et al., 1995;
McCulloch et al.,, 2015). RP patients show aberrant ERG signals even before they notice any night
blindness symptoms. Rod-specific measurements under scotopic conditions (under exclusion of light)
point out delayed electric responses as well as markedly decreased a- and b-wave amplitudes (for details
see sections 2.7.4 and 3.9). Cone responses (measured via photopic ERG) are less affected but also
distinctly reduced in the advanced disease stages (Marmor, 1979; Berson et al., 1993; Iannaccone et al.,

1995; Sandberg et al., 1996; Holopigian et al., 1996).

1.5.3  Treatment Options for Retinitis Pigmentosa

Due to the enormous heterogeneity, there are only limited generally applicable treatment options for RP
(Musarella and McDonald, 2011; Lin et al., 2015; Dias et al., 2018). Supplementation with antioxidants,
such as vitamin A palmitate, fish oil (docosahexaenoic acid (DHA)), and lutein (Cuenca et al., 2014;
Guadagni et al., 2015) as well as avoiding vitamin E can delay but not prevent the degeneration. Further
pharmacological treatment intended to slow disease progression includes neuroprotection agents such
as neurotrophic or growth factors (Harvey et al., 2006; Buch et al., 2007; Trifunovic et al., 2012), anti-
apoptotic agents (Doonan et al., 2011; Fernandez-Sanchez et al., 2012; Cuenca et al., 2014; Guadagni et
al., 2015), or anti-inflammatory agents (Glybina et al., 2009; Yoshida et al., 2013a and b). One
pharmacological option for types of RP caused by mutations affecting the retinoid cycle is the
continuous oral administration of a synthetic retinoid (9 cis-retinyl acetate), shown to achieve a
significant improvement in vision in several RP patients (Koenekoop et al., 2014; Scholl et al., 2015;
Kenna et al., 2020). For a few patients in the terminal stage of the disease, the option of an electronic
retinal implant has recently become available to restore some basic visual perception by inducing neural
activity in remaining retinal cells (Weiland and Humayun, 2014). In a growing number of preclinical

studies, delayed degeneration or restored vision was already demonstrated via gene therapy using
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different viral vectors. Adeno-associated viruses (AAVs), lentiviruses (LV), and adenoviruses (Ad), have
been already used to target RPE or photoreceptors (Vollrath et al., 2001; Pang et al., 2004; Tschernutter
et al., 2005; Chen et al., 2006; Trapani et al., 2014; Dalkara et al., 2016; Dias et al., 2018). Among the
AAVs, serotype 1, 2, 4, and 6 demonstrated a tropism for the RPE (Auricchio et al., 2001; Weber et al.,
2003; Bainbridge et al., 2008), while AAV5, 7, 8, and 9 showed photoreceptor transduction (Alloca et al.,
2007; Auricchio et al, 2001; Lebherz et al., 2008; Lotery et al, 2003). While most RP gene therapy
programs are still in the preclinical or early clinical stage of development, a first approved gene therapy
drug already exists for RPE65-linked Leber’s congenital amaurosis (LCA), a severe juvenile form of RP
(Bainbridge at al., 2008 and 2015; Bennett et al., 2016; Russell et al., 2017). The gene therapy product
voretigene neparvovec-rzyl (AAV2-hRPE65v2), commercialized under the brand name LUXTURNA™,
is available to patients since late 2018. Further gene therapy approaches targeting different gene
mutations (e.g. PDE6B or the Retinitis pigmentosa GTPase Regulator (RPGR)) are currently being tested
in clinical trials (Petit et al., 2012; Beltran et al., 2012; Pichard et al., 2016; Cideciyan et al., 2018; Garafalo
et al., 2019). In addition, there are also cell-based strategies aiming to treat advanced stage RP patients
by transplantion of allogeneic healthy cells to compensate for lost photoreceptors (Jones et al., 2017;
Dias et al., 2018). Currently, main sources for such allogeneic cell transplants include adult or fetal
retinal cells, bone marrow-derived stem cells (BMSCs), as well as human pluripotent stem cells (hPSCs;
Di Foggia et al., 2016; Javed and Cayouette, 2017; Liu et al., 2017; Jones et al., 2017; Park et al., 2017;
Stern et al., 2018; Singh and MacLaren, 2018; Singh et al., 2019; Singh et al., 2020; Foltz and Clegg, 2019;
M’Barek and Monville, 2019).

1.6  Retinitis Pigmentosa Type 45 (RP45)

Retinitis pigmentosa (RP) type 45 is caused by mutations in the cyclic nucleotide gated channel beta 1
subunit (Cngbl) gene, being responsible for about 4 % of all autosomal recessive RP cases (Hartong et
al., 2006). To date, about 30 disease-causing mutations within the Cngbl gene are published (Bareil et
al., 2001; Kondo et al., 2004; Simpson et al., 2011; Song et al., 2011; Azam et al., 2011; Schorderet et al.,
2013; Bocquet et al., 2013; Fu et al., 2013; Nishiguchi et al.; 2013; Xu et al., 2015; Maria et al., 2015; Saqib
et al., 2015; Lingao et al., 2016; Fradin et al., 2016; Perrez-Carro et al., 2016; Habibi et al., 2017; Hull et
al., 2017; Banerjee et al., 2017; Xiang et al., 2018; Ba-Abbad et al., 2019; Fuster-Garcia et al., 2019; Dan
et al., 2020; Rodriguez-Mufioz et al., 2020). The Cngbl gene encodes for the beta subunit of the rod-
specific cyclic nucleotide-gated channel, which is responsible for the “dark current” of the rod outer

segments (ROS).
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1.6.1  The Role of the CNG Channel in Rod Phototransduction

In the dark, high levels of cyclic guanosine monophosphate (cGMP) are consistently produced by
guanylyl cyclases (GCs). Cytosolic cGMP binds to the cyclic nucleotide binding domain (CNBD) of the
CNG channel keeping it in its open state. This allows for the influx of sodium (Na*) and calcium (Ca*)
ions, leading to glutamate release at the synapse of the rod (Yau, 1994; Pugh et al., 1997; Michalakis et
al., 2018). Incoming light causes a conformational change in the photo pigment rhodopsin, which
subsequently activates a phosphodiesterase (PDE6A/B) (Kaupp and Seifert, 2002; Lamb and Pugh, 2006;
Luo et al,, 2008; Ashavsky and Burns, 2012; Ashavsky and Burns, 2014; Palczewski, 2014). In its active
form, PDE hydrolyzes the second messenger cGMP, resulting in a reduction of the intracellular cGMP
level, consequently leading to the closing of the CNG channel. The resulting hyperpolarization of the
rod leads to a reduction of the glutamate release at the synaptic terminal (Hodgkin et al., 1985; Yau and
Nakatani, 1985; Vinberg et al., 2017). Depending on the bipolar cell type, a decreased glutamate release
initiates either a depolarization or a hyperpolarization of the respective bipolar cell. Finally, the electric
signal is passed on to the retinal ganglion cells (RGCs) and transmitted via the optic nerve to the visual
cortex for processing by the brain (Wissle, 2004). A detailed description of the phototransduction

process is given in figure 10.

A mutation-caused deficiency of the rod CNG channel consequently leads to functionless rod
photoreceptors resulting in photoreceptor degeneration. RP45 is inherited autosomal-recessively, which
means that the altered allele must be present on both homologous chromosomes for phenotypic
manifestation of the disease. Affected patients develop the characteristic night blindness already in early
childhood, but the further course of the disease proceeds comparatively slowly. RP45 in most cases
manifests at about 30 years of age when peripheral vision gets lost. The mutation-independent death of
cones during disease progression leads to legal blindness at an age of about 60 years (Bareil et al., 2001;
Kondo et al., 2004; Hartong et al., 2006; Simpson et al., 2011; Nishiguchi et al., 2013; Bocquet et al., 2013;
Schorderet et al., 2013; Fu et al., 2013; Maranhao et al., 2015; Maria et al., 2015; Saquib et al., 2015; Fradin
et al., 2016; Hull et al. 2017). Currently, there are no curative options for this type of RP.
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Figure 10: The phototransduction process in rod photoreceptors. In the dark, guanylyl cyclases (GCs) consistently produce
high levels of cGMP that bind to the cyclic nucleotide binding domain (CNBD) of the CNG channel resulting in an open
channel confirmation and a constant influx of Na* and Ca**. This “dark current” leads to the depolarization of the cell and
further to the glutamate release at the synapse (Pugh et al., 1997; Biel and Michalakis, 2009; Michalakis et al., 2018). When a
photon of light is absorbed by one of the 10° rhodopsin (Rh) molecules in the OS, its chromophore is isomerized to its all-trans
configuration and the rhodopsin molecule is activated (Kaupp and Seifert, 2002; Lamb and Pugh, 2006; Luo et al., 2008;
Ashavsky and Burns, 2012; Ashavsky and Burns, 2014; Palczewski, 2014). The stimulated rhodopsin triggers a conformational
change of the trimeric G-protein transducin (Gu) leading to the dissociation of its o.-subunit (after binding GTP) and to the
activation of a cGMP phosphodiesterase (PDE6A/B). cGMP is hydrolyzed by the PDE, resulting in a reduction of the
intracellular cGMP level which consequently leads to CNG channel closing. The Ca**-influx can be only conducted by a CNG
channel and since the Na?*/Ca?*/K*-exchanger (NCKX1) continues to efflux Ca** from the cytosol, the intracellular Ca**-level
decreases (Hodgkin et al., 1985; Yau and Nakatani, 1985; Vinberg et al., 2017). The ensuing photoreceptor hyperpolarization
leads to a reduction of the glutamate release at the synaptic terminal. Depending on the bipolar cell type, a decreased glutamate
release initiates either a depolarization or a hyperpolarization of the respective bipolar cell and also of the other secondary
neurons. The resulting electric signals are finally transmitted to the visual cortex for processing (Wissle, 2004). Numerous
negative feedback loops interact with the rods to allow the rod cell to quickly return to its resting state after a flash of light and

to support its adaptability by lowering its responsiveness. One mediator is the intracellular Ca**-decrease leading to activation
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of GCs via GC-activating proteins (GCAPs) and to the increase of the cGMP affinity of the CNG channel via calmodulin (CaM;
Weitz et al., 1998; Bradley et al., 2004; Palczewski et al., 2004; Tolone et al., 2019). Rh. rhodopsin, act. Rh. activated rhodopsin,
PDE6A/B. phosphodiesterase 6A/B, act. PDE6A/B. activated phosphodiesterase 6A/B, Gu. G-protein transducing. GC1/2.
guanylyl cyclase 1/2, CNG channel. cyclic nucleotide-gated channel, CNBD. cyclic nucleotide binding domain, GDP. guanosine
diphosphate, GTP. guanosine triphosphate, NCKX1. Na**/Ca*/K*-exchanger, cGMP. Cyclic guanosine monophosphate.
GMP. Guanosine monophosphate, GCAP1/2. GC-activating protein %, CaM. Calmodulin, Ca®*. calcium-ions, Na?*. sodium

ions. K*. potassium ions

1.6.2  The Cyclic Nucleotide-Gated Channel Beta Subunit 1 (CNGB1)

The Cngbl gene is located on human chromosome 16 on the long arm at position 21 (16q21; figure
11A). In mice it is present on chromosome 8 and in dogs on chromosome 2. The gene consists of 33
exons, that can be spliced into different isoforms (Ardell et al., 1996 and 2000). The CNGB1b isoform is
expressed in olfactory neurons (Bonigk et al., 1999; Sautter et al., 1998), whereas CNGBla is the rod-
specific variant (Korschen et al., 1995; Ardell et al., 2000). In contrast to CNGB1b, the longer CNGB1a-
isoform (240 kDa) additionally possesses a cytosolic N-terminus encoding for the glutamic acid-rich
protein (GARP) important for rod outer segment (ROS) morphogenesis and structural integrity (figure
11A; Korschen et al., 1995; Ardell et al., 2000; Kaupp and Seifert; 2002; Biel et al., 2009; Zhang et al.,
2009). The rod-specific CNG channel is a heterotetramer consisting of three CNGA1 subunits and one
CNGBI subunit (figure 11C), both indispensable for the functionality of the CNG channel (Weitz et al.,
2002; Zheng et al., 2002; Zhong et al., 2002; Kaupp and Seifert, 2002; Biel and Michalakis, 2009). The
CNGAL1 subunits possess the principal channel properties. It has been shown that CNGA1 subunits are
able to form functional homomeric channels in HEK293 cells as well as in xenopus oocytes. However,
these channels are physiologically different from native CNG channels and are virtually non-existent in
vivo (Korschen et al., 1995). The CNGBI1 subunit contributes to the biophysical status of the CNG
channel and is essential for the channel trafficking to the rod outer segment membrane (Biel et al., 1999a;
Hittl et al., 2005; Kaupp and Seifert, 2002; Trudeau and Zagotta, 2002; Matulef and Zagotta, 2003;
Jenkins et al., 2006; Michalakis et al., 2006; Kizhatil et al., 2009; Michalakis et al., 2018). Each subunit
consists of 6 alpha-helical transmembrane segments (1-6) forming a pore between segments 4 and 5
(figure 11B). The CNBD is connected to segment 6 via a C-linker in the carboxy (C)-terminal region.
Both amino (N)- and carboxy (C)-terminus are located on the intracellular side. The binding of cGMP
to the CNBD leads to a conformational change of the CNG channel. This results in the opening of the
pore, enabling the influx of calcium (Ca*)- and sodium (Na*)- ions into the cell (Biel and Michalakis,

2009).
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Figure 11: The human CNGBI gene encodes for the beta subunit of the human rod specific CNG channel. A. The human
CNGBI gene is located on chromosome 16 on the long arm (position 16q21). It consists of 33 exons, of which the first 16 exons
encode the GARP part, while exons 17-33 constitute the channel. The functional domains are two calmodulin domains (CAM),
the 6 transmembrane segments (S 1-6), the pore (P), and the cyclic nucleotide binding domain (CNBD) B. Representative
topology of a CNG subunit comprising six alpha-helical segments (segment 1-6) forming a pore between segments 4 and 5. N-
and C-terminus are located on the intracellular side. The CNBD is connected to segment 6 via a C-linker in the C-terminal
region. Binding of cGMP to the CNBD leads to a conformational change of the CNG channel, causing an opening of the pore
and allowing the influx of calcium (Ca**)- and sodium (Na*)- ions. C. The rod-type CNG channel is a heterotetrametric protein
complex consisting of three CNGALI subunits and one CNGB1 subunit. S1-6 / 1-6. transmembrane segments 1-6; P. pore; N.
amino terminus; CNBD. cyclic nucleotide binding domain; C. carboxy terminus. cGMP. cyclic guanosine monophosphate.
GARP. glutamic acid-rich protein; CAM. Calmodulin (Adapted from Ardell et al., 2000 and Biel and Michalakis, 2009)
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1.6.3  Animal Models for RP45

One form of RP45 is developed by a CngbI knockout (KO; CngbI”") mouse model. It was generated by
directed genetic manipulation to delete exon 26 of the Cngbl gene, which encodes the sixth
transmembrane domain and is involved in pore formation. The deletion causes a shift of the reading
frame, creating a stop codon at the first triplet of exon 27, which terminates the translation (Hiittl et al.,
2005). Consequently, none of the ion channel CNG channel subunits are produced. In this mouse model,
RP45 manifest with early onset and a slow disease progression. The rod outer segments start to
degenerate already at the age of 15 days, resulting in markedly shortened OS at the age of 4 months.
Cone photoreceptors start to degenerate at the age of 6 months, while about 50 % of the rods have been
died. At about 1 year, only 10-20 % of the photoreceptors remain in the retina. (Hiittl et al., 2005). In
addition, the Cngbl KO mouse model exhibits an olfactory dysfunction (Hiittl et al., 2005), as it has
already been observed in CNGB1-deficient patients manifesting as anosmia and hyposmia (Charbel Issa
et al., 2018; Afshar et al,, 2020). Previous studies demonstrated an AAV-mediated supplementation of
the murine CngbI gene to this mouse model, resulting in deceleration of disease progression (Koch et

al,, 2012).

In previous years, a spontaneous mutation was identified within exon 26 of the canine Cngbl gene
leading to loss of full-length CNGB1 (Winkler et al., 2013; Petersen-Jones et al., 2018). Exome
sequencing revealed a 1-bp deletion and a 6-bp insertion (c.2387delA;2389_2390insAGCTAC),
resulting in a frameshift and a premature stop codon. The affected Cngb1 KO dogs develop progressive
retinal degeneration manifesting as early loss of rod vision and slow photoreceptor degeneration
(Winkler et al., 2013; Petersen-Jones et al., 2018). Thus, both animal models represent a majority of the

so far reported RP45 cases.
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1.7 Aim of the Study

Retinitis pigmentosa (RP), a group of hereditary eye diseases resulting in blindness, severely limits the
life of the affected person and has a profound impact on the society. As there has been no curative
treatment available for autosomal recessive human RP45 (CNGBI-linked RP) a gene supplementation

therapy of hCNGBI to treat this form of retinal degeneration is the therapy of choice.

The aim of the following study is to develop a novel recombinant AAV vector optimized to enable the
expression of human CNGBI in rod photoreceptors and to evaluate its efficacy treating RP45 in two

different preclinical models.

To this end, an rAAV vector expressing the tCNGBI gene under the control of a rod-specific promoter
should be generated and produced, possessing a gene expression cassette that does not exceed the cargo
capacity of an AAV. For the preclinical development of the drug, its treatment efficacy should be
examined by evaluating the transspecies efficacy in small as well as in large animal models of RP45.
Therefore, the generated vector should be administered to CNGB1-deficient animals and the therapeutic
outcome of the gene supplementation therapy should be evaluated at the cellular, histological and

functional level to address the following aspects:

Is the h(CNGBI gene, introduced by the rAAV vector, expressed in rod photoreceptors?

e Isafunctional CNG channel formed in the rods as a result of the introduction of \CNGBI?

e Is the retinal degeneration in the Cngbl KO animals decelerated by the hCNGBI gene

supplementation?

e Do Cngbl KO animals regain vision in the dark after treatment with h(CNGB1?

e Is the efficacy of the hCNGBI gene supplementation dose dependent?
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2 Materials and Methods

2.1  Chemicals, Solutions and Buffers

If not mentioned otherwise, all used chemicals were obtained from VWR, Sigma-Aldrich, Merck, Fluka,
Roche, Bio-Rad or Roth and had the quality “pro analysi” or “for molecular biological use”. All solutions
were prepared using deionized water (Milli-Q Plus System, Millipore, Burlington, MA, USA) and

subsequently autoclaved (Sterilisator, Miinchener Medizin Mechanik, Munich, Germany).

2.2 Animals

The Cngbl KO mouse line (Cngbl”; Hiittl et al., 2005) was generated and maintained at the mouse
facility of the Department of Pharmacy Center for Drug Research, Ludwig-Maximilians-Universitat
Munich. The corresponding Cngb1 wildtype mice (Cngb1"*) were used as wildtype controls. The Cngb1
mutation was generated previously by removing exon 26 via Cre-mediated excision (Hiittl et al., 2005).
Using a BAC clone (Genome Systems, St. Louis, MO, USA) isolated from a genomic 129Sv]J library, a
targeting vector was constructed such that exon 26 of the CngbI gene was flanked in upstream direction
by a loxP-neo/tk-loxP cassette and in downstream direction by a single loxP site. Cre-mediated
recombination resulted in the deletion of exon 26, causing a frame shift and the introduction of a stop
codon in the first triplet of exon 27 (Hiittl et al., 2005). Mouse keeping was carried out according to the
legal guidelines. The mice were bred with a genetically mixed background of the strains 129Sv] and C57-
BI6/N. The rd8 mutation within the CrbI gene, previously detected in different North American and
Asian laboratory mouse lines (Mattapallil et al., 2012) and significantly influencing the course of retinal

degeneration, was not detectable in the Cngbl KO mouse line used in this work.

All mice received food (Ssniff; regular feed: R/M-H autoclavable V1534/35-3; balanced nutrient
concentration with an average energy density and low nitrosamine concentration - well adapted for
being a basis food during long-term studies; breeding feed: M-Z Extrudat, autoclavable V1124/25-3;
protein concentration and quality as well as energy density is adapted to a high performance and high
energy needs) and water ad libitum and were maintained in a 12 h light/dark cycle (lights on at 7 am).
Five female or four male siblings were kept together at maximum. The inside temperature hovered
around 22 °C and the relative air humidity was 60 %. For the purpose of environmental enrichment, the
cages were equipped with tissue paper and, in case of breeding cages, nesting material. Ear punctures

were used for identification.
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The Cngbl KO dogs were descended from a small Papillon breeding colony, which was derived from a
Cngbl KO female and her offspring, diagnosed with a form of progressive retinal atrophy (Winkler et
al., 2013). The papillon female was donated to the Laboratory of Comparative Ophthalmology at
Michigan State University. Sequencing identified a deletion of one base pair and a 6-base-pair insertion
within the CngbI gene (c.2387delA;2389_2390insAGCTAC), resulting in a frameshift and a premature
stop codon (Winkler et al., 2013). The dogs were housed in standard laboratory accommodation in the
AAALAC approved vivarium at the MSU College of Veterinary Medicine. They were maintained in a
12-hour light-dark regimen and fed a commercial laboratory dog diet with a light-dark cycle of 12:12

hours.

2.3 Genotyping

2.3.1 Genomic DNA Isolation

To obtain genomic DNA for genotyping, mouse ear biopsies were digested in 600 pL of 50 mM NaOH
for 10 min at 95 °C. Subsequently, samples were mixed by vortexing and 50 uL of 1 M Tris-HCI (pH 8.5)
were added for neutralization. The samples were centrifuged for 6 minutes at 13000 rpm and the DNA

remaining in the supernatant was then used for amplification via polymerase chain reaction (PCR).

23.2 Polymerase Chain Reaction (PCR)

The PCR reaction mix using the GoTaq® DNA polymerase together with the 5x Green GoTaq" buffer
(Promega, Madison, Wis, USA) was set according to the manufacturer’s instructions. Annealing
temperatures were adjusted to the corresponding primers that were used. The number of cycles and the
duration of denaturation and elongation were dependent on the fragment to be amplified. The primers
used for genotyping of Cngbl KO and Cngbl WT mice the (genomic Cngbl), the reaction mixture, as
well as the corresponding PCR protocol are listed below. All primers have been produced by Eurofins
Genomics (Ebersberg, Germany). The PCR reaction was run using the ProFlex PCR system (Thermo

Fisher Scientific, Waltham MA, USA).
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Primer name Sequence 5°-3

PSHVG6DR (rev) GCC CAG ACT AGA ACA CAA GTC
PSHVIR (rev) CACAGCCATTACACATAGCAGTG
PSHVSE (for) CCT CAT GCATGC GACCTG AAAT
PCR reaction mixture Volume

Template DNA 2L

Primer 1 (10 uM) 1.25 uL

Primer 2 (10 uM) 1.25 uL

Primer 3 (10 uM) 1.25 uL

dNTP’s 0.5 puL

5x Green GoTaq® buffer 5uL

GoTaq® DNA polymerase 0.125 uL

H,O ad 25 pL

PCR reaction protocol Temperature Duration Cycles
Initial denaturation 95°C 5 min 1 cycle
Denaturation 95°C 30s

Annealing 57°C 30s 30 cycles
Elongation 72°C 30s

Final elongation 72°C 7 min 1 cycle

2.3.3 Agarose Gel Electrophoresis

DNA fragments smaller than 700 bp were separated using agarose gels in a concentration of 2 % agarose
in TBE. The gels were prepared by boiling the corresponding amount of agarose (peqGOLD Universal
Agarose, Peqlab Biotechnologie GmbH, Erlangen, Deutschland) in 200 mL 1x TBE in a laboratory
microwave. After cooling the agarose to about 50 °C, PeqGreen (Peqlab Biotechnologie GmbH,
Erlangen, Germany) was added at a final concentration of 0.025 pL mL™ for the visualization under UV
light and was allowed to get solid in a specialized chamber. The solid gel was placed in a horizontal
electrophoresis chamber filled with the respective running buffer (1x TBE) and loaded with the PCR
samples by filling them into small gel pockets. An additional molecular weight marker (Gene Ruler 1 kb
plus DNA ladder, Thermo Fisher Scientific) was applied as a DNA size reference. The DNA fragments
were separated at about 135-150 V. Finally, the DNA was visualized under UV light (Gel Doc 2000,
Biorad, Hercules, CA, USA). A gene product of 480 bp was amplified in case of a wild-type sample and
a Cngbl KO mouse was identified by a gene product of 415 bp.
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1 x TBE buffer Volume
0.5M EDTA pH 8.0 20 mL
Boric acid 275¢g
Tris 540¢g
H,O ad5L

Materials and Methods

2.4  Cloning of the pGL-hRHO194-hCNGB1a-5V40 Plasmid

The full-length transcription variant 1 of h\CNGBI (NM_001297.4; 3.75 kb) was cloned between the

inverted terminal repeats (ITRs) of serotype 2 originating from the pSub201 cis-plasmid (131 bp each;

Samulski et al., 1987; Schon et al., 2017) together with the short AFRHO (194 bp) and a previously used

short polyadenylation signal (221 bp; Koch et al., 2012) acting as an effective termination and

polyadenylation enhancer (Schambach et al., 2007). The plasmid backbone used contained a pUC18

(Clontech Laboratories, Mountain View, CA, USA) origin of replication, a kanamycin resistance gene

(KanR), and randomized synthetic DNA fragments (pGL2.0; Schon et al., 2017). Finally, the size of the

designed vector construct was 4.66 kb from 5ITR to 3’ITR and thus did not exceed the packaging

capacity of rAAV vectors. The plasmid map of pGL2.0-hRHO194-hCNGB1a-SV40 is shown in figure 12.

(10.230) Pvul

(9267) Bel1*
(9165) FspAI

(8480) BsmBI - Esp3I
(8321) KpnI
(8317) Acc65I

(7653) PIuTI
(7651) Sfol
(7650) Narl —*
(7649) KasI
(7490) BspDI* - ClaI*
(7472) AvrlI

(6523) Xbal*

(6009) Bstz171

AfIII (203)

Spel (405)

Stul* (910)

Fsel (4093)
BamHI (4217)
Hpal (4360)
Mfel (4369)
PaeR7I - XhoI (4451)

Pcil (4873)

SaclI (3111)
SexAI* (3203)

HindIII (3541)
BSpEI (3675)

Figure 12: Plasmid map of pGL2.0-hRHO194-
hCNGBI1a-SV40. The coding sequence of the full-length
hCNGBl1a (NM_001297.4; 3.75 kb) was cloned between
the inverted terminal repeats (ITRs) of serotype 2
originating from the pSub201 cis-plasmid (131 bp each)
together with the short hRHO (194 bp) and a short
polyadenylation signal (221 bp). The plasmid backbone
used contained a pUC18 (Clontech Laboratories) origin
of replication, a kanamycin resistance gene (KanR), and
randomized synthetic DNA fragments (pGL2.0; Schén et
al,, 2017). The plasmid map was designed using the
SnapGene Viewer software (GSL Biontech LLC, San
Diego, CA, USA).

2.4.1 Polymerase Chain Reaction based cloning of hRHO194 promoter

In order to amplify the designed hRHO194 promoter with overhangs containing restriction sites for

AflIT in 5’ and Spel in 3’ a polymerase chain reaction (PCR) was performed using the Q5 high fidelity

DNA polymerase (New England Biolabs, Ipswich, MA, USA) according manufacturer’s instructions. 1
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ng of pSub-hRHO-hPDE6A-WPRE (Schon et al., 2017) was used as the template DNA for the 50 puL
reaction mix. The PCR reaction was run using the ProFlex PCR system (Thermo Fisher Scientific).
Primers used (produced by Eurofins Genomics), the reaction mixture, as well as the reaction protocol

are listed below.

Generated

Primer name  Sequence 5’-3’
restriction sites

hRHO 194 for CAT AGC TAG CTT AAG CCT CTC CTC CCT GAC CTC AG Nhel and AfIII
hRHO 194rev. TCA TGG ATC CAC TAG TGA TGA CTC TGG GTT CTG ACC BamHI and Spel
PCR reaction mixture Volume

Template DNA 1 ng

hRHO 194 for (10 uM) 2.5uL

hRHO 194 rev (10 uM) 2.5uL

2 x Q5 master mix 25uL

H,O ad 50 pL

PCR reaction protocol Temperature Duration Cycles

Initial denaturation 98 °C 30s 1 cycle

Denaturation 98 °C 10s

Annealing 67 °C 20s 35 cycles

Elongation 72°C 155

Final elongation 72°C 2 min 1 cycle

242  Precipitation of DNA Fragments

In order to precipitate an amplified PCR product, H,O had to be first added to a total volume of 100 pL,
followed by 10 uL of 3 M sodium acetate buffer (pH 5.2) and 275 pL of cold ethanol (100 %). After an
incubation step for 10 min at -80 °C, the mixture was centrifuged at 20,000 x g at 4 °C for 15 minutes.
The pellet was washed with 70 % (v/v) cold ethanol after discarding the supernatant. Subsequently, it
was centrifuged at 20 000 x g at 4 °C for 5 min, the supernatant was discarded and the pellet was dried

at 50 °C for 20 min. Finally, a suitable volume of H,O was used for resuspension of the purified DNA.
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24.3 Restriction Digest

FastDigest restriction enzymes purchased from Thermo Fisher Scientific were used in this work
according to manufacturer’s instructions. For cloning, 3 pg DNA was applied and digested by 0.5 puL of

each of the respective enzyme in a total volume of 30 uL.

For the production of the pGL-hRHO194-hCNGB1a-SV40, the generated hRHO194 promoter was first
cloned into the pAAV2.1-mRho-hCNGB1-SV40 plasmid (Michalakis et al., unpublished). Therefore,
hRho194 was digested with AflIT and Spel while the mRho promoter was cut out using the same enzymes.
To subclone the resulting ligation product into the pGL2.0-backbone, pAAV2.1-hRHO194-hCNGB1a-
SV40 and pGL2.0-hRHO-PDE6A-SV40 (Schon et al., 2017) were digested using AflIT and Xhol.

244  Gel Electrophoresis and Fragment Isolation

To obtain the DNA fragments, the restriction digest was applied to a 0.7 % agarose gel. In order to load
the whole 30 pL to the gel, it was made of 60 mL 1x TBE and allowed to become solid in a specialized
chamber to create larger pockets. For cloning, the DNA was separated at about 120 V and the desired
DNA bands were excised from the gel. DNA isolation was performed using the QIAquick Gel Extraction

Kit (Qiagen) according to the manufacturer’s instructions.

245 Dephosphorylation and Ligation

Prior to ligation, it is important to ensure that the DNA fragments generated by the digestion do not re-
ligate themselves. For that reason, the DNA to be ligated was dephosphorylated in advance using the
Rapid DNA Dephosphorylation Kit (Roche, Basel, Switzerland) in accordance with the manufacturer’s
protocol. The mixture (see below) was mixed by pipetting and then incubated first for 10 min at RT
prior to a second incubation step at 75 °C for 2 min. The dephosphorylated fragments had to be run on

the gel and to be isolated again using the QIAquick Gel Extraction Kit (Qiagen, Venlo, The Netherlands).
The T4 DNA Ligase (Thermo Fisher Scientific) was used for ligation according manufacturer’s manual.

60-80 ng of vector DNA was applied and the molar ratios of vector and insert were 1:3, respectively. The

mixture was either incubated at 16 °C over-night, or for 1.5 h at RT.
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Dephosphorylation mixture Volume Ligation mixture Volume
Vector DNA <1lpg Vector DNA 60-80 ng
10 x Phosphate buffer 2uL Insert DNA 1:3 of the vector mass
Phosphatase 1uL T4 10 x Ligase buffer 1pL
H,O ad 20 pL T, Ligase 1uL

H,O ad 10 pL

2.4.6 Transformation

To produce plasmid DNA in a larger-scale, chemically competent E.coli cells (beta-10 competent, K12
strain, NEB, Ipswich, MA, USA) were used to perform DNA transformation. Therefore, a 100 pL aliquot
of the corresponding cell suspension was thawed on ice and received 2-5 pL of the ligation mixture
(about 1-10 ng of plasmid DNA). After they were gently mixed and incubated on ice for 30 min, the cells
were heat shocked at 42 °C for 45 s and rested on ice for at least 2 minutes before being plated on LB(+)
agar plates with either 100 ug mL" ampicillin or 200 ug mL" kanamycin, depending on the antibiotic
resistance gene in the plasmid. In the case of kanamycin, the transformed cell suspension had to be
diluted in 900 pL LB(+) and was shaken at 300 rpm for 1 h at 37 °C. Either, 100 uL of the grown cell
suspension was directly plated, or it was first centrifuged for 2 min at 3500 rpm (at RT), and the pellet
was resuspended in only 100 pL of the supernatant. The agar plate was then incubated overnight at 37

°C in a reversed position.

LB(+) medium LB(+) agar

Peptone 10g Agar I5¢g
Yeast extract 5g LB(+) medium ad1L
NaCL 5g

D-(+)-glucose lg Let the solution cool down to 50 °C
H,O ad1L and add 100 mg ampicillin or 150 mg

Adjust pH to 7.2-7.5 and autoclave kanamycin

2.4.7 Inoculation of Bacterial Cells and Alkaline Lysis

Individual bacterial colonies were taken from the overnight incubated selection plate and transferred to
13 ml tubes (Sarstedt, Niimbrecht, Germany) containing 5 ml LB (+) medium and ampicillin (100 pg
mL™") or kanamycin (150 ug mL™"). The suspension was incubated overnight in a thermoshaker at 37 °C
and 225 rpm. Bacterial clones carrying the kanamycin resistance gene were incubated for 1 h at 37 °C

before the antibiotic was added to the tubes. The next day, the suspension was centrifuged for 10 min at

-48 -



Materials and Methods

3500 rpm. After removing the supernatant, the bacterial cells were resuspended in 250 pL resuspension
buffer and transferred to a 2 mL tube (Eppendorf, Hamburg, Germany). Subsequently, 250 pL lysis
buffer were added and the resultant suspension was mixed by inverting (5-6 times) prior to a 5-min
incubation step at RT. Afterwards, 250 pL of a neutralization buffer were added and inverted 5-6 times
before incubating on ice for 15 min. The suspension was then centrifuged for 15 minutes at 20,000 x g
and 4 °C and the resulting supernatant was transferred to a new 1.5 mL Eppendorf tube. For
precipitation, 525 pL cold isopropanol (100 %) was added to the DNA. Then, the samples were
thoroughly mixed and centrifuged at 20,000 x g for 15 minutes at 4 °C. After removing the supernatant
and adding 700 uL 70 % (v/v) ethanol, the solution was centrifuged at 20 000 x gand 4 °C for 5 minutes
and the resulting supernatant was discarded. The pellet was allowed to dry at 50 °C before being
resuspended in 20 uL H,O. By using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific)
the DNA concentration as well as the purity were determined. Before being used, the constructs were
first undergone restriction analysis and if the bands were at the right position on the gel, the modified
parts of the plasmids were sequenced at Eurofins Genomics. In case of a correct sequence, the PureLink
HiPure Plasmid Maxiprep Kit (Invitrogen, Carlsbad, CA, USA) was used for large scale and high purity
plasmid isolation. This involved inoculating 200 ml LB(+) medium with single colonies according to the

manufacturer's instructions.

Resuspension buffer Lysis buffer

Tris 6.06 g NaOH 80g
EDTA 372¢g 10 % (w/v) SDS solution 100 mL

RNase A 100 mg H,O ad1L
H,O adlL

Adjust pH to 8.0

Neutralization buffer Volume

3 M Potassium acetate pH 5.5 500 mL
H,O adl1L

2.5 Production of rAAV Particles via Triple Transfection In-House

2.5.1 Cultivation of Mammalian Cell Lines

For in-house rAAV production the HEK293T cell line (LentiX 293 T cell line, Clontech Laboratories)
was used. These adherent cells were cultivated in T75 cell culture flasks (CELLSTAR®; Greiner Bio-One,

Kremsmiinster, Austria) in DMEM + GlutaMAX™-1 medium ((+) 4.5 g/l glucose, (-) pyruvate, (+) 10
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% FBS, (+) 1 % penicillin/streptomycin (Thermo Fisher Scientific)) at 37 °C and 10 % CO,. Cells were
passaged every 3-4 days by washing once with pre-warmed 1 x phosphate buffered saline (PBS) before
detaching them by incubating with 2 mL of Trypsin-EDTA (0.05 %; Thermo Fisher Scientific) for 5 min
at 37 °C. Trypsinization was stopped by adding 16 mL of the cell culture medium. After segregating cells
by pipetting up and down, 1.5 mL of the cell suspension was transferred into a new T75 cell culture flask
that was already filled with 13 mL of cell culture medium. For transfection, the HEK293T cells were

seeded in 15 x 15-cm plates in a volume of 16 mL and were allowed to grow at 37 °C and 10 % CO..

1 x PBS Volume
NaCl 8g
KCl 02g
Na,HPO, 142 ¢g
KH,PO, 027g
H,O ad1L

Adjust to pH 7.4 and autoclave

2.5.2  Triple Transfection

The triple transfection included the recombinant plasmid carrying the respective transgene (e.g.
hCNGBI), the AAV plasmid consisting of Rep and Cap gene (e.g. pAAV2/5), and the pAd helper
plasmid containing the necessary adenoviral genes (E2A, E4, VA). When the HEK293T cells were 50-70
% confluent, they were transfected using the calcium phosphate technique (Graham and van der Eb,
1973). Dextran 500 (Sigma) and polybrene (hexadimethrine bromide, Sigma) were added to the

conventional transfection mixture to increase gene transfer efficiency (Wu and Lu, 2007).

Transfection mixture Volume
Recombinant vector 270 ug
pAd helper X1 Hg
AAV plasmid X2 g
Polybrene (8 mg mL™") 15 uL
Dextran 500 (10 mg mL™") 1.5mL
2.5 M CaCl, 1.5mL
H,O ad 15 mL
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The quantities of the pAd helper and pAAV2.1 were calculated using the following equations:

__ 270 ug X MM of pAd helper : g = 270 ug X MM of AAV plasmid
2! =

X ng

T MM ofrecombinant vector MM of recombinant vector

MM = molar mass of the double stranded plasmid

The transfection mixture was prepared by pipetting and vortexing the DNA, Polybrene, and Dextran
500. After adding CaCl, (dropwise) and H,O, the mixture was vortexed under dropwise addition of 15
mL 2 x BBS before it was incubated at RT for 12 min to allow the formation of homogeneous DNA
complexes. Afterwards, 2 mL of the solution was homogeneously distributed on each of the 15 culture
dishes and the cells were then incubated overnight at 37 °C and 5 % CO.. The next morning, the medium
was removed and 18 mL of fresh cell culture medium was added to the cells, which were then incubated

overnight at 10 % CO, and 37 °C.

2 x BBS Volume
BES (Sigma) 8¢g
NaCl 13.08 g
NaH2PO4 0.17g
H,O ad 800 mL

Adjust to pH 6.95, sterile filtrate and autoclave

253 Harvesting

Cell Harvesting

For cell harvesting, the cells of each dish were scraped off with a cell scraper and collected with the
medium in a 500 mL-centrifuge tube and were then centrifuged for 15 min at 4000 rpm at 4 °C (JA-10
rotor, J2-MC high-speed centrifuge; Beckman Coulter, Brea, CA, USA). The rAAVs were either
obtained from the harvested cells or via isolation from the supernatant. Whether an rAAV is more likely

to be found in the cell pellet or released into the supernatant depends on the capsid being produced.

rAAYV Isolation from the Cell Pellet

In order to isolate the rAAV from the cell pellet, the supernatant was removed after the centrifugation
step and the pellet was resuspended in 7.5 mL lysis buffer. Subsequently, the cells were treated by three
cycles of shock freezing in liquid nitrogen and thawing at 37 °C in a water bath to disrupt the lysed cells.

The samples are stored at -80 °C.
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Lysis buffer Volume
NaCl 150 mM
Tris-HCl pH 8.5 50 mM
H,O ad 50 mL

Sterile filtrate

rAAV Isolation from the Supernatant

For an isolation from the cell culture medium, the supernatant was sterile filtered and subsequently
precipitated with 8 % polyethylene glycol (PEG 8000, sterile filtered) over night at 4 °C. After
centrifuging the next day at 4000 rpm for 15 min, the resulting pellet was resuspended in 7.5 mL of 1x
PBS and stored at -80 °C.

2.54 lodixanol Gradient Ultracentrifugation

Both the lysed cell pellet and the precipitated medium were mixed with benzonase (VWR, Radnor, PA,
USA) to a final concentration of 50 U mL" and incubated at 37 °C for 30 min. The digested pellet was
centrifuged for 25 min at 4000 rpm and 4 °C and the resulting supernatant was transferred to a Quick-
Seal polypropylene tube (39 mL, Beckman Coulter). The pellet was discarded. A gradient was then
generated in the tube in a way that the virus-containing supernatant was underlaid with 7 mL of 15 %,
5 mL of 25 %, 5 mL of 40 % and 6 mL of 60 % iodixanol using a long glass pipette and a Gilson
MINIPULS3 pump (Hermens et al., 1999). The tube was then sealed with a Tube Topper (Beckman
Coulter) and centrifuged at 70 000 rpm at 18 °C for 105 minutes in an ultracentrifuge (Optima L-80K
with a 70 Ti rotor; Beckman Coulter). The virus accumulated in the 40 % iodixanol layer. To remove it
from the tube, the tube cap was first perforated several times to equalize the pressure. Subsequently, the
tube was pricked laterally with a 21-gauge needle at the lower limit of the 40 % phase and the entire layer
(approx. 5 mL), up to the level immediately below the 25 % phase, was extracted with a syringe (shown

in figure 13). The collected 40 % phase was frozen at -80 °C.

-

Vi Figure 13: Extraction of the virus-containing phase from the Quick-Seal tube after

o i

density gradient ultracentrifugation. Because of the generated gradient (7 mL 15 %, 5 mL
15 9% 25 %, 5 mL 40 % and 6 mL 60 % iodixanol), the virus is accumulating in the 40 % iodixanol

phase during ultracentrifugation. For extraction, the tube is pricked laterally at the lower

ultracentrifugation

limit of the 40 % phase and the entire layer can be collected with a syringe.

25%
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15 % Iodixanol Volume 25 % Iodixanol Volume
10x PBS 5mL 10x PBS 5mL
1 M MgCl, 50 uL 1 M MgCl, 50 uL
2.5 MKCl 50 uL 2.5 MKCl 50 uL
5M NaCl 10 mL Optiprep (Progen) 209 mL
Optiprep (Progen) 12.5mL 1 % Phenol red 50 pL
1 % Phenol red 37.5uL H,O ad 50 mL
H,O ad 50 mL Sterile filtrate

Sterile filtrate

40 % Iodixanol Volume 60 % Iodixanol Volume
10x PBS 5mL 1 M MgCl, 50 pL
1 M MgCl, 50 uL 2.5 MKCl 50 uL
2.5 MKCI 50 pL Optiprep (Progen) 33.3mL
5 M NaCl 10 mL 1 % Phenol red 37.5uL
Optiprep (Progen) 33.3mL H,O ad 50 mL
H,O ad 50 mL Sterile filtrate

Sterile filtrate

2.5.5 Anion Exchange Chromatography

For further purification of the virus particles, anion exchange chromatography was performed using the
chromatography system AKTAprime plus (GE Healthcare, Chicago, IL, USA) connected to a HiTrap Q
FF Sepharose column (GE Healthcare). Prior to this, the column had to be equilibrated with 30 ml buffer
A (10 mL min™ flow rate). The virus-containing solution collected from the Quick-Seal tube was diluted
1:1 in buffer A and loaded onto the Sepharose column using a loop injector (Superloop, 50 mL, GE
Healthcare). The flow rate was adjusted to 1 mL min and the resulting fractions (fraction size: 1 mL)
were collected in 1.5 mL tubes. UV and conductance curves were recorded by using the PrimeView 5.31
software (GE Healthcare). As soon as the conductance curve returned to baseline, the system was first
loaded with Buffer B and then with double-distilled water (ddH,O) to eliminate residual virus particles
and remaining salt from the column. Cleaning was carried out until the conductance curve reached the
value 0 and then extended for another 20 min. The fractions collected at the peak of the conductance

curve were pooled in a 15 mL falcon.
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Buffer A Volume Buffer B Volume
Tris 20 mM NacCl 25M
NacCl 15 mM H,O addtolL
H,O addto 1L Adjust pH to 8.5 and sterile filtrate

Adjust pH to 8.5 and sterile filtrate

2.5.6 Concentration and Salination of the rAAVs

To increase the virus concentration, the fractions obtained during the ion exchange chromatography
were transferred to an Amicon column (Amicon® Ultra-4 Centrifugal Filter Units, 100 kDa, Millipore)
and centrifuged several times at 20 °C and 4000 rpm (JA-10 rotor, J2-MC High speed centrifuge;
Beckman Coulter) until the volume was reduced to 500 pL. The flow-through was discarded. A washing
step was performed by adding 1 mL of 0.014 % Tween/PBS-MK solution, thoroughly mixing, and
centrifuging again under the previous conditions until the virus suspension was concentrated to a
volume of about 100 L. Due to its molecular mass, the virus suspension had not passed the pores of the

filter. Finally, 10 uL aliquots were prepared and stored at -80 °C.

Tween/PBS-MK solution Volume
10 x PBS 50 mL
1 M MgCl, 500 pL
2.5 MKCl 500 pL
PS20 (Tween 20) 0.014 %
H,O ad 500 mL

Sterile filtrate

2.5.7 rAAV Titer Determination using Quantitative Real-Time PCR

The genomic titer of the produced batches of rAAVs was determined by quantitative real-time PCR
(qPCR). Basically, a standard curve was generated from a dilution series of an amplified fragment which
was present in the vector plasmid to be measured. For this work, two different primer pairs were used.
Primers to amplify the AAV2-ITRs were applicable to determine the vector genome concentration of all
rAAVs containing the ITRs of AAV2. Primer pair 2 was used for all vectors containing the hFRHO194-

hCNGB1a-SV40 plasmid. Both titer determinations showed similar results.
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Primer pair 1 - AAV2-ITR:
ITR2 for: GCCGAGGACTTGCATTTCTG
ITR2 revl: TCGGCCAAAGCCATTCTC

Primer pair 2 - hCNGB1-SV40:
hCNGB1a for: AGATCCTGTCGGTGAAGATGC
SV40 rev: TCAATGTATCTTATCATGTCTGCGG

The amplified elements were purified form the agarose gel as described before and the concentration
was determined by Nanodrop (Thermo Fisher). To calculate the concentration of the standard for 10"

copies of viral genome per 5 uL, the following equation was used:

101% x 660 x 102 pg mol™! X fragment size
6.022 X 10%23mol=1 x 5 uL

Cc =

660 x 10" pg mol” = mean molar mass of one base pair

6.022 x 10* mol™ = Avogadro constant

A 10-fold serial dilution was prepared, whereby the first dilution usually consisted of 10'° copies per 5
uL and the last one contained 10* copies per 5 uL. The qPCR was performed using the SYBR™ Select
Master Mix (Thermo Fisher Scientific) and the StepOnePlus real-time PCR system (Thermo Fisher
Scientific) according manufacturer's instructions. The rAAVs to be measured were diluted 1:100 in H,O.
Afterwards, the standard curve as well as the diluted rAAVs were pipetted as triplicates in a 96-well plate
and the master mix was added subsequently as shown below. The fluorescent dye (SYBR Green) bound
to the DNA and for each sample the fluorescence was measured throughout each PCR cycle. To analyze
the virus concentrations, the standard curve was first generated by plotting the resulting C; values (cycle
threshold) against the logarithm of the dilution factors. The genomic titers were then calculated from

the C, values and the corresponding values of the standard curve.

qPCR reaction mixture 1 Volume qPCR reaction mixture 2 Volume
SYBR Select Master Mix 10 uL SYBR Select Master Mix 10 uL
ITR for (10 uM) 1uL hCNGBI for (10 uM) 1uL
ITR rev (10 uM) 1uL SV40 rev (10 uM) 1uL
Template DNA 5uL Template DNA 5ul
H,O ad 20 pL H,O ad 20 pL
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qPCR reaction protocol ~ Temperature Duration Cycles

Initial denaturation 95°C 10 min 1 cycle
Denaturation 95°C 10s

Annealing 60 °C 5s 40 cycles
Elongation 72°C 20s

Final elongation 72°C 5 min 1 cycle

2.6 Production of rAAV Particles at Sanofi Genzyme

The production of all vectors used for the preclinical animal studies was conducted by Sanofi Genzyme
(Framingham, MA, USA). They used two different manufacturing processes, the triple transfection
technique using HEK293 cells as well as a large-scale vector production using a producer cell line.
Lot#X17044A and Lot#X17044B were produced by triple transfection of HEK293 cells using
polyethyleneimine. The detailed process is described elsewhere (Xiao and Samulski, 1998; Nass et al.,
2018). Lot#R18026 was manufactured using a producer cell line. The whole process is described
elsewhere in detail (Martin et al., 2013). Briefly, HeLaS3 cells (ATCC CCL-2.2) were transfected with a
single plasmid containing the AAV2 Rep genes as well as the Cap genes of the desired serotype (e.g.
AAV?2/5), the vector genome flanked by AAV2 ITRs (e.g. pGL2.0-hRHO194-CNGB1-§V40), and a
puromycin resistance gene. Stable clones were obtained by culturing the cells in the presence of
puromycin. After screening the generated cell line for AAV productivity it was infected with wtAd5
virus. For both manufacturing platforms, a two-column vector purification was conducted using an
AVB Sepharose HP column (GE Healthcare) followed by an anion exchange chromatography (Qu et al.,
2007). Virus particle concentration was determined by TagMan PCR assay (Nass et al., 2018). The three

vectors produced by Sanofi Genzyme are listed below (vector diluent: BSS + 0.014 % Tween20).

Table 1: rAAV vectors produced by Sanofi Genzyme, that were used in this work. #. number, n.d. not determined, ad.

Adenovirus, EU. endotoxin units

rAAV Production Lot # Full capsid titer Full capsid Endotoxin level Residual
technique ratio infectious Ad

rAAV5hCNGB1 triple X17044A 8.9 x 10" vg mL"* n.d. n.d. n.d.
transfection

rAAV5.eGFP triple X17044B 1 x 10" vg mL™ n.d. n.d. n.d.
transfection

rAAV5hCNGBI1 producer cell R18026 9.7x 102 vgmL' 81 % full <0.1 EU* mL" none
line detected
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BSS + 0.014 % Tween20 Volume
C,H;NaO, 29 mM
CsHsO; 6 mM
NaCl 110 mM
KCI 10 mM
CaCl, 3 mM
MgCl, 1 mM
PS20 (Tween 20) 0.014 %
pH?7.0

2.7 Mouse In Vivo Experiments

2.7.1  Subretinal Injections

All in vivo interventions were performed under anesthesia evoked by intraperitoneal injection of a
combination of ketamine (100 mg kg body weight; Medistar GmbH, Ascheberg, Germany) and
xylazine (10 mg kg body weight, Xylariem®; Ecuphar GmbH, Greifswald, Germany), diluted in 0.9
% sodium chloride (NaCl 0.9 %, B. Braun, Melsungen, Germany).

Prior to an in vivo intervention, mice were anaesthetized and pupils were dilated by tropicamide eye
drops (Mydriaticum Stulln, Pharma Stulln GmbH, Stulln, Germany). All used tools and surfaces were
thoroughly cleaned using 70 % ethanol and ddH,O. The procedure of rAAV subretinal injection was
performed using a 34-gauge bevelled needle manually operated with a NanoFil syringe (World Precision
Instruments, Sarasota, Fl, USA). The process was controlled by a surgical microscope (OPMI 1 ER Pro,
Zeiss, Oberkochen, Germany). With the bevelled side facing up, the needle was carefully inserted from
the ora serrata into the subretinal space at an angle of approximately 60 degrees. 1.0 pL of diluted viral
particles were slowly delivered into the subretinal space (see figure 14). An injection was considered to
be successful if, as a result, the formation of a bleb was visible, indicating a temporal subretinal
detachment of the retina. To confirm the observed result, a further fundus and retinal monitoring was
performed using spectral domain optical coherence tomography and fundus imaging using the
Spectralis™ HRA + OCT diagnostic imaging platform (Heidelberg Engineering, Heidelberg, Germany;
described in detail below). Mice showing any sign of retinal damage or no subretinal bleb were excluded
from further analysis. Afterwards, all injected eyes were treated with dexamethasone and gentamicin
ointment (Dexamytrex®, Bausch and Lomb, Berlin, Germany) for prevention of infection as well as for

eye moisturization. Finally, mice were allowed to wake up on a 37 °C heat plate.
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Figure 14: Subretinal injection of rAAVs into the mouse eye.

I The procedure of rAAV subretinal injection was performed using
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A /}// ; syringe (World Precision instruments). With the bevelled side
FAAV i facing up, the needle was carefully inserted from the ora serrata
/ into the subretinal space at an angle of approximately 60 degrees.
J/ If the needle was visible beneath the retina, 1.0 uL of diluted viral

/ \ particles were slowly delivered into the subretinal space. A

/ temporal subretinal detachment seen as a subretinal bleb of the

retina indicated a successful injection, which was confirmed

spectral domain optical coherence tomography and fundus

. subretinal imaging using the Spectralis™ HRA + OCT.

S0\ bleb
N \\\,)\
SR\ .
| SN

~ |
)/ ~
~

2.7.2  Fluorescent Fundus Imaging

Fundus images were recorded using the Micron IV retinal imaging microscope (Phoenix Technology
Group, Pasadena, CA, USA). Mice were anaesthetized and pupils were dilated as stated before. The eyes
were moistened with 2 % hydroxypropyl methylcellulose (Methocel™, Santa Clara, CA, USA) and
positioned in front of the retinal image lens. Bright field (450 nm) and fluorescent fundus images were
obtained using the Streampix 6 software (Norpix, Montreal, QC, Canada). Mice were allowed to wake

up as indicated above.

2.7.3  Monitoring the Retinal Morphology using Spectral Domain Optical Coherence Tomography

In case of mice, spectral domain optical coherence tomography measurements were conducted using an
adapted Spectralis™ HRA + OCT diagnostic imaging platform (Heidelberg Engineering, Dossenheim,
Germany) in combination with optic lenses as described previously (Schon et al., 2012). Mice were
sedated and pupils were dilated as indicated above. Mice were placed on a platform and the light emitter
and receiving unit (head) were positioned in front of the measured eye receiving one drop of Methocel™
and a corneal contact lens. OCT scans were obtained using a 12 ° circular scan mode. Following this

procedure, it was taking care of mice as described above. Data was analyzed via the Heidelberg Eye

explorer software (Heidelberg Engineering).
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2.74 Functional Analysis of the Photoreceptors using Electroretinography (ERG)

Full field electroretinography measurements were conducted using the Celeris Fullfield ERG (Diagnosys
LLC, Lowell, MA, USA). The following ERG measurements took place under scotopic (dark-adapted)
conditions to assess rod-dominated activity. Before measuring, the animals had to be dark adapted
overnight (>12 h). Animals were sedated and pupils were dilated as describe before. After completion

of mydriasis, eyes were prevented from drying using Methocel™

which also provides the corneal contact
to the electrode. Both eyes are measured alternating for each light luminance level: while one eye was
measured the other eye served as the reference, respectively. Flashes of varying luminance were directed
towards the eyes and the responses were recorded by the ERG machine. For single-flash measurements,
7 different stimuli from 0.01 to 10 cd s m? were used (see below), based on the ISCEV standardized
protocol for clinical dark-adapted ERG recordings (Marmor et al., 1989; regularly updated). All stimuli
consisted of white light with a colour temperature of 6500 K. The time between the results as well as the
inter sweep delays increased with increasing luminance level (from 10 to 22 s and from 5000 to 10000,
respectively), whereas the 1* sweep delay was maintained constant (6000 ms). One result was generated
by averaging 5 sweeps. 50 ms were recorded prior to one sweep, while post-trigger time was 300 ms. To
ensure moisturization, all mouse eyes receive dexpanthenol eye and nose ointment (Bepanthen®, Bayer)
after the in vivo experiment. Caretaking of mice was done as described before. Data was analysed by the

Espion software (Diagnosys LLC).

Table 2: Scotopic single-flash ERG protocol used in this work. 7 different stimuli from 0.01 to 10 cd s m? were used, based
on the ISCEV standardized protocol for clinical dark-adapted ERG recordings.

Step Luminance Results  Time Sweep Sweep post-  Sweeps  Ist Inter Pulse color
perrun  between pre- trigger time  per sweep sweep
results / s trigger / ms result delay/  delay/
time / ms ms ms
2 0.01 cd. cd s m™ 1 10 50 300 5 6000 5000 white - 6500 K
3 0.03 cd s m™ 1 10 50 300 5 6000 5000 white - 6500 K
4 0.1cdsm? 1 17 50 300 5 6000 10000 white - 6500 K
5 03cdsm? 1 17 50 300 5 6000 10000 white - 6500 K
6 0.1cdsm? 1 22 50 300 5 6000 10000 white - 6500 K
7 03cdsm? 1 22 50 300 5 6000 10000 white - 6500 K
8 10 cd s m™ 1 22 50 300 5 6000 10000 white - 6500 K
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2.7.5 Visual Water Maze Task

A modified Morris Water Maze (Morris, 1984) was previously implemented as a test for vision-guided
behavior (Koch et al., 2012). In this work, the published protocol was carried out in a modified version
without landmarks. In a circular swimming pool (120 cm in diameter, 70 cm high, white plastic; TSE
Systems, Bad Homburg, Germany) mice had to locate a floating platform (10 cm in diameter). Since
mice are shy of water, they try to search for a place where they can escape the pool. Therefore, this task
has a high motivational factor, which encourages the mice to swim until they find the floating platform.
The swimming route of each mouse was recorded by a camera and monitored using the VideoMot2
software by TSE Systems. The design of the visual Water Maze task is shown in figure 15. The experiment
was conducted for two days at dim light conditions of 0.32 c¢cd m™? (red light; the luminance was
determined using the LS-100 luminance meter by Minolta, Marunouchi, Japan) to observe rod-
mediated vision-guided behavior. Therefore, mice had to be dark adapted prior to each task for at least
12 h. Lastly, one day was performed under bright light conditions (82.8 cd m™) to test cone-specific
vision. From trial to trial (6 trials a day) the starting position of the mouse was changed in a
pseudorandom order, whereas the platform was kept in a constant location for one day. Each day, the
platform was placed at a new position. One trial ended either if the mouse climbed onto the platform or
if it had been swimming for 120 seconds. If the mouse did not find the platform, it was gently placed on
it. After each trial, the mouse was allowed to sit undisturbed (for 10 s) on the platform, before warmed
by a heating lamp and transferred to its home cage. The experiment was performed and analyzed blindly

to the animal genotype.

camera

Figure 15: Experimental design of the visual
Water Maze task. Mice were put into a circular
analysis swimming pool (120 cm in diameter) to locate a
stable platform (10 cm in diameter) without the

visible platform mouse help of any landmarks. The swimming route of

each mouse was recorded by a camera and
monitored using the VideoMot2 software by TSE
Systems. The experiment was conducted for two
days at dim light conditions of 0.32 c¢d m™ (red
light) and one day under bright light conditions
(82.8 cd m™). From trial to trial (6 trials a day) the
starting position of the mouse was changed,

whereas the platform was kept in a constant

location for one day. One trial ended either if the

mouse climbed onto the platform or if it had been

swimming pool swimming for 120 seconds.
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2.8 Dog In Vivo Experiments

Dog housing, subretinal injections, all in vivo experiments, as well as tissue dissections were conducted
at the College of Veterinary Medicine at the Michigan State University, MA, USA, by the work group of

Prof. Simon Petersen-Jones.

2.8.1 Subretinal Injection

Anesthesia was performed by standard veterinary techniques. Acepromazine served as premedication,
anesthesia was induced by IV propofol, and intubation and maintenance were performed using
isoflurane. Pupils were dilated with tropicamide eye drops. Subretinal injections were performed as
previously described (Petersen-Jones et al., 2009). Briefly, the subretinal injection was performed under
direct observation through an ophthalmic surgical microscope (Opmi6. Carl Zeiss Meditech Inc.,
Dublin, CA, USA) and a Machemer vitrectomy lens (Ocular Instruments, Bellevue, WA, USA) using a
subretinal injector (RetinaJect. SurModics Inc., Irvine, CA, USA) (Komaromy et al., 2006). The injector
(equipped with a 39-gauge needle) was inserted through the pars plana and pushed through the vitreous
cavity towards the retinal surface. Each dog received two injections containing 100 pL volume into the

subretinal space. The formation of a subretinal detachment was recorded.

2.8.2 Electroretinography

Full-field bilateral ERGs were performed as previously described (Annear et al., 2011; Winkler et al.,
2013). Dark-adapted responses to a luminance series (15 flash stimuli ranging in luminance from -3.7
to 3.6 log cd s m™?) were simultaneously recorded using an Espion E2 electrophysiology unit (ColorDome

Ganzfeld; Diagnosys LLC).

2.8.3 Vision Testing

For investigation of visual acuity of a dog, the four-choice vision testing device was used (Gearhart et
al., 2008). Briefly, a dog was placed in a non-transparent box with four tube-shaped exits. Three of these
tubes were blocked at the external side, leaving only one tube that allowed access to the outside. With a
camera, the behaviour of the dog was recorded. After each trial a different tube was opened, so that the
dog had to find the exit again each time and the learning factor was excluded. The time it took a dog to

find the exit was measured, as well as the number of attempts a dog needed to find the right exit. Seven
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levels of lighting were measured, ranging from scotopic to mesopic to photopic light levels. Each eye was

tested separately by covering the contralateral eye with an opaque contact lens.

2.84 Immunohistochemistry

For retinal dissection, the mouse eyes were enucleated and temporarily inserted into ice cold 0.1 M PB.
Using a stereomicroscope (Stemi 2000, Zeiss), the eye was pierced with a cannula (21G, Sterican, B.
Braun) at the ora serrata and then fixed in 4 % paraformaldehyde (PFA) for 5 min on ice. Using micro
scissors (Vannas Spring Scissor - 2.5 mm Cutting Edge, Fine Science Tools, Heidelberg, Germany) and
micro forceps (Dumont #55, Fine Science Tools) the eye was cut along the ora serrata to remove cornea,
vitreous, and lens. The remaining eye cup was fixed in 4 % PFA for 45 min on ice. Afterwards, the eyes
were washed three times with 0.1 M PB and then incubated in 30 % sucrose (in 0.1 M PB) overnight at
4 °C for cryoprotection. Finally, the eyecup was embedded in tissue freezing medium (Tissue-Tek®

O.C.T.™ Compound, Sakura Finetek™), frozen on dry ice, and stored at -80 °C until use.

0.1 M PB Volume 4 % PFA Volume
Na,HPO, x 2H,0O 2848¢g Paraformaldehyde 6g
NaHPO, x H,O 552¢g 0.1 M PB ad 150 mL
H,O ad2L

Adjust pH to 7.4 and sterile filtrate Dissolve at 60 °C and sterile filtrate

Euthanasia of the dogs was performed by an overdose of pentobarbital. Eye removal, fixation, and
embedding were performed as described earlier (Mowat et al., 2012). After fixation in 4 %
paraformaldehyde (paraformaldehyde powder 95 % in PBS) and embedding in OCT (TissueTek OCT,
Electron Microscopy Sciences, Hatfield, PA, USA), the eyes were frozen on dry ice and shipped to the
LMU for slicing.

Cryosections were obtained using a cryostat (Leica CM3050 S, Leica, Wetzlar, Germany). The embedded
mouse tissue was sliced into 10 pm sections while the thickness of the dog tissue sections was 14 um.
After mounting the tissue on coated glass object slides (Super Frost Plus, Menzel, Thermo Fisher

Scientific), it was dried at RT and stored at -20 °C.

Immunohistochemistry staining for mouse and dog retinal tissue was performed in a similar way. First,
the cryosections were thawed at RT followed by generating a hydrophobic barrier using a liquid blocker
pen (Super PAP Pen Liquid Blocker, Science Services) by surrounding the individual tissues with the

pen. After rehydrating the tissue with 0.1 M PB for 5 min, the cryosections were fixed with 4 % PFA in
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0.1 M PB for 10 min. Afterwards, the tissue was washed three times with 0.1 M PB and then incubated
overnight at 4 °C with the primary antibodies (see table 3) diluted in 0.1 M PB with 5 % ChemiBlocker
(CB, Millipore) and 0.3 % Triton X-100. The next day, the tissue was washed thrice with 0.1 M PB
followed by a 1.5 h-incubation at RT with the secondary antibodies (table 3), that were diluted in 0.1 M
PB with 3 % CB. After the sections were washed again three times with 0.1 M PB, the nuclei were stained
for 5 min with Hoechst 33342 solution (Invitrogen, 10 ug mL™" in 0.1 M PB). After a final washing step
with 0.1 M PB for 5 min the tissue was mounted using Fluoromount-G medium (Thermo Fisher
Scientific, Waltham, MA, USA) and a cover slip (#1.5; Menzel, Thermo Fisher Scientific) and stored at
4°C.

Table 3: Primary antibodies used for immunohistochemistry.

Primary antibody Host Working  Source Target
dilution

Anti-cone arrestin rabbit 1:300 Kindly provided by Prof. Wolfgang Bacehr, cone
University of Utah; stored at -20 °C (Zhanget  photoreceptors
al,, 2012)

Anti-cGMP sheep 1:3000 Dr. HWM Steinbusch, Maastricht rod and cone
University Medical Center; stored at -20 °C photoreceptors
(Tanaka et al., 1997)

Anti-GFAP, Cy3- mouse 1:1000 Sigma-Aldrich, MO, USA; stored at 4 °C, Miiller glia

conjugated, # C9205 monoclonal Michalakis et al., 2005)

Anti-Iba-1, #019-19741 rabbit 1:500 Woako, Richmond, VA, USA; stored at -20 °C microglia

PNA, FITC-conjugated  lectin 1:100 Sigma-Aldrich, MO, USA; stored at 4 °C cone

#L7381 photoreceptors

Anti-CNGBI1, rabbit 1:2000 Sigma-Aldrich, MO, USA; stored at -20 °C rod

#HPA039159 photoreceptors

Anti-CNGA1, mouse 1:30 kindly provided by Prof. Robert Molday; rod

Pmc2Gl1 University of British Columbia; Vancouver; photoreceptors

stored at 4 °C (Molday et al., 1991)
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Table 4: Secondary antibodies used for immunohistochemistry.

Secondary antibody Host Working  Source Target
dilution
Alexa488-conjugated anti- goat 1:800 Life Technologies; CA, USA; stored at 4 °C mouse

mouse, #1397999
Cy3-conjugated anti-rabbit ~ donkey  1:400 Jackson Immuno Research, PA, USA; stored at 4 °C  rabbit
#711-165-152

Alexa488-conjugated anti- goat 1:800 Life Technologies; CA, USA; stored at 4 °C rabbit
rabbit
Cy2-conjugated anti-sheep, donkey  1:200 Jackson Immuno Research, PA, USA; stored at 4°C  sheep

#713-225-147

2.8.5 Laser Scanning Confocal Microscopy

Laser scanning confocal microscope images were obtained using a Leica SP8 confocal system (Leica)
equipped with the following lasers: 405, 448, 514, and 552. Images were acquired as confocal z stacks
using the LAS X software (Leica) and deconvolved by the Huygens software Suite (Scientific Volume
Imaging B.V., The Netherlands) using a signal to noise ratio of 5. Maximum projection (merging of all

z stacks) and background subtraction (value of 30) was conducted via the Fiji Image] software.

2.9 Statistics

Statistical significance was evaluated via the GraphPad Prism software (version 8). As statistical tests,
either paired, or unpaired Two-way analysis of variance (ANOVA) tests have been conducted followed
by Sidak’s post-hoc test for multiple comparison. All values are given as mean + standard error of the
mean (SEM). n is the number of independent measurements and measured values were considered to
be statistically significant if the p-value was less than or equal to 0.05. It is defined precisely as follows:

%, p<0.05, **, p<0.01. ***, p<0.001.
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2.10 Software Used in this Work

Table 5: Software used in this work.

Application

Software

Materials and Methods

Company

Cloning
Vector purification

qPCR

Fundus imaging
ERG analysis

OCT analysis

Behavioral analysis
Confocal imaging

Image processing

Statistical analysis and graphics

Ilustration

SnapGene Viewer
PrimeView 5.31

StepOnePlus

Streampix 6
Espion

Spectralis diagnostic imaging

VideoMot2

LasX

Huygens Essential
Image J Fiji
Affinity Photo
Prism 8

Procreate

Affinity Designer
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GSL Biontech LLC, San Diego, CA, USA
GE Healthcare, Chicago, IL, USA

Thermo Fisher Scientific, Waltham MA,
USA
Norpix, Montreal, QC, Canada

Diagnosys LLC, Lowell, MA, USA

Heidelberg Engineering, Heidelberg,
Germany

TSE Systems, Bad Homburg, Germany
Leica, Wetzlar, Germany
Scientific ~ Volume
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Hilversum, The Netherlands
Serif (Europe) Ltd., Nottingham, UK
GraphPad, San Diego, CA, USA
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3 Results

In this work, the biological efficacy of a recombinant AAV carrying a human CNGBI, which expression
is controlled by a shortened and optimized human rhodopsin promoter, was assessed using a Cngbl KO
mouse model as well as a Cngbl KO dog model aiming to evaluate it as a potential candidate for a gene

supplementation therapy in humans.

3.1 Design and Production of rAAV5.hCNGB1

In addition to its numerous advantages as a vector, the adeno-associated virus (AAV) only has a low
cloning capacity of maximum 5.2 kb (from 5ITR to 3'TTR), while the production yield is markedly
decreased for transgenes exceeding the AAV genome size of 4.7 kb (Grieger and Samulski, 2005; Wu et
al., 2010; Dong et al., 2010; Lai et al., 2010). However, the transcripts of the majority of genes expressed
in photoreceptors, which mutations are known to lead to hereditary degenerative diseases, have almost
this or even a larger size. The cDNA of the human CNGBI gene has a size of about 3.7 kb, so the
regulatory elements had to be incorporated into the plasmid within 1.5 kb. Therefore, shortened cis-
regulatory elements were used in order to obtain an AAV plasmid harboring the full-length gene
precisely fitting into the AAV vector together with the necessary regulatory elements in cis. To achieve
a rod-specific expression, the human rhodopsin promoter (hRHO) was chosen, as it is known to be a
suitable promoter to ensure strong target gene expression in rod photoreceptors (Lem et al., 1991; Zack
et al., 1991; Flannery et al., 1997). In addition, the murine rhodopsin promoter (mRho) already showed
specific gene expression in Cngbl KO mice (Koch et al., 2012). However, combining the coding sequence
of the full-length h(CNGBI together with a full-length /RHO and an additional terminator, would lead
to package capacity excision. Hence, this condition made the intended construct consisting of a h(CNGBI
coding sequence under the control of a hRHO a reasonable candidate for the design of a shortened hBRHO

without any loss of its efficiency and specificity.

In the past, the conserved sequences for the binding of transcription factors (TFs) were already identified
in the rhodopsin promoter. Using the example of mRho, it was shown that within the last 200 base pairs
three binding sites for CRX are present, as well as one for NRL, which are sufficient to ensure efficient
rod-specific expression of the downstream gene (Lee et al., 2010). The Crx gene encodes for the cone-
rod homeobox protein and is expressed in both rods and cones (Chen et al., 1997), whereas the neural
retina-specific leucine zipper protein, encoded by the Nrl gene, is exclusively expressed in rod

photoreceptors (Swaroop et al., 1992; Swain et al., 2001; Mears et al., 2001). Both transcription factors
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interact with each other in order to regulate the expression of rhodopsin and thus largely contribute to
rod cell development (Rehemtulla et al., 1996; Mitton et al., 2000; Mears et al., 2001; Hennig et al., 2008;
Reks et al., 2014). In order to design the short human RHO, the same binding sites for CRX and NRL
were searched within the full-length #/RHO since they are highly conserved within mammals. By taking
into account the conserved TF binding sites, a sequence over 194 bp (figure 16; from bp 617 to bp 810

of the full-length hRHO promoter) was defined as the optimal shortened h"RHO promoter.

(377) BpmlI - Eco57MI
(367) EcoNI

(343) BStAPI Psil (776)
(321) BfuAI - BspMI PfoI* (599) Ecil (799)
(311) BanI (s61) DrdI BamH (603) EcoRV (528)
(295) Apal* - AvrlI - BaeGI - Bme15801 (546) PspFI | Bsu3sl (630) BsaBI (830)
(291) PspOMI* (542) BseYI BStXI (838)
(5) Bt oy (7) (213) PasI \ (505) BtgI - NcoI pat 76) | | [Fael - Eagl (843)
(1) Nher | | | MspA1I (695) ||/ BsiEx (sas)
(0) start )\ | ‘Tsol @7 (e Bval‘ | (460) BmrI ‘ Asel (702) | ||/ End (sa8)
L | | | [
2007 2007 6007 8007
0 hRHO794

CRX site #3 NRLsite |
CRX site #2 CRX site #1

full-length human rhodopsin promoter (hRHO)
848 bp

Figure 16: The short human rhodopsin promoter (hRHO194). The transcription factor binding sites (conserved motifs)
necessary for efficient and rod specific transgene expression are located within the 3' region of the human rhodopsin promoter.
The short lRHO was designed with a sequence over 194 bp from position 617 to 810 of the full-length hRHO containing three
CRX sites and one NRL motif.

The short ARHO (194 bp) was placed upstream of the full-length transcription variant 1 of h(CNGBI
(NM_001297.4; 3.75 kb) to produce the recombinant vector plasmid. Together with a previously used
short polyadenylation signal (Sv40; 221 bp; Koch et al., 2012), acting as an effective termination and
polyadenylation enhancer (Schambach et al., 2007), the promoter and the transgene were inserted
between the inverted terminal repeats (ITRs) of serotype 2 originating from the pSub201 cis-plasmid
(131 bp each; Samulski et al., 1987; Schon et al., 2017). Finally, the size of the recombinant vector was
4.66 kb from 5’ITR to 3’ITR and thus did not exceed the packaging capacity of rAAV vectors.

To guarantee a photoreceptor-targeted transgene expression, the recombinant plasmid was packaged in
AAV2/5, due to its well-proven ability to transduce postmitotic photoreceptors following subretinal
injection in various animal models (Yang et al. 2002; Lotery et al., 2003; Mancuso et al., 2009; Beltran et
al., 2010; Boye et al., 2012; Banin et al,, 2015). For the first proof-of-concept experiments, the vector was
produced in-house by triple transfection using HEK293T cells. For the preclinical animal studies, two
vector batches carrying this construct were produced at Sanofi Genzyme at the Framingham facility,
MA, USA. For one batch, the rAAV was produced as a triple transfection vector in HEK293 cells (Lot
#X17044A; see figure 4A) to primarily assess biological efficacy in the Cngbl KO mouse model. This

batch was also used for the large animal dose escalation study conducted in a Cngbl KO dog model. A

-67 -



Results

second vector batch was obtained through a HeLaS3-based producer cell line (PCL; Lot#R18026; figure

4B) for a further assessment of dose dependency and long-term efficacy in the Cngb1 KO mouse model.

3.2 The hRHO194 Promoter has Driven Efficient, Specific, and Stable Transgene Expression

in Rod Photoreceptors

Before both hCNGB1-vectors were used for preclinical animal studies, the designed hRHO194 promoter
was tested for specificity and efficiency. Therefore, a control vector (Lot#X17044B; the transgene
expression cassette is illustrated in figure 17A) was applied carrying the same plasmid as Lot#X17044A
and Lot#R18026, but possesses the cDNA encoding the enhanced green fluorescent protein (eGFP)
instead of the hCNGBI gene. Due to the fluorescent characteristics of the eGFP, it was possible to
monitor the expression level in vivo. In order to do this, 10" vector genomes (vg) of Lot#X17044B (1 pL
volume) were injected subretinally into the eyes of adult wildtype mice (Cngbl wildtype) and the
expression of eGFP was recorded by fundus fluorescence imaging using the Micron IV retinal imaging
microscope (Phoenix Technology Group). Pictures were collected at 2, 4, and 6 weeks post injection (pi)
and are illustrated in figure 17A. At 2 weeks pi, eGFP fluorescence was already measurable while
intensifying at 4 weeks and further at 6 weeks pi. The eGFP expression was seen across approximately
30 % of the retina. This range increased only marginally in size over time, indicating that only minimal
lateral spreading occurred. This showed, that the area of target gene expression was restricted to the area
of the subretinal bleb covering about 30 % of the retina (highlighted by the grid line in the bright field
image). In order to test the vector for rod-specificity, mouse retinas were dissected at 8 weeks pi and
immunohistochemistry of the respective cryosections was performed. Cones were visualized using an
antibody against murine cone arrestin (CAR), which is a marker for cone cells (Zhang et al., 2012). The
respective confocal images (figure 17A, upper pictures) showed a distinct native eGFP expression within
the photoreceptor layer. The green fluorescence was mainly visible in the outer nuclear layer (ONL) and
in the inner segments (IS) of the photoreceptors. Furthermore, a faint signal was seen in the outer
segments (OS). The staining with anti-CAR revealed no overlap of the green eGFP fluorescence and the
red signal representing the cone marker expression. This indicated, that eGFP was not expressed in
cones and consequently, the hRHOI194 promoter provoked an expression restricted to rod

photoreceptors.

Previous studies demonstrated a lack of the murine CNGBI1 protein in the Cngbl KO mouse model due
to a non-functional expression caused by a mutation in exon 26 (Hiittl et al., 2005, see sections 1.6.3 and
2.2). Furthermore, an efficient and stable mCNGBI expression was already achieved in the Cngbl KO
mouse after introducing mCNGB1 using AAVs (Koch et al., 2012). To investigate whether it is possible
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to also achieve a human CNGBI1 expression in rod cells of this mouse model, 4-week-old Cngbl KO
mice were injected into the subretinal space (see figure 14) with 10" vg (1 uL) of rAAV5.hCNGBI
(Lot#X17044A; displayed in figure 17B). The contralateral eyes received the same volume of PBS-MK

(sham-injected eyes).

The retinas were dissected 9 months postnatal (pn) and immunohistochemistry was performed using an
antibody against CNGBI1 (#HPA039159, Sigma-Aldrich) binding the carboxyterminal region of the
human as well as of the murine and the canine CNGBI protein. Figure 17B illustrates confocal images
displaying the CNGB1 expression as a red signal and the nuclei in blue using Hoechst 33342. The treated
area of the Cngbl KO retina represented the part of the retina covered by the subretinal bleb (up to 30
% of the retina — closer to the injection site), while the untreated area showed a cross section outside of
the treated part (more far from the injection site). The treated area revealed a distinct expression of the
CNGBI (red) in the photoreceptor layer (figure 17B, upper pictures), whereas there was no red signal
visible in the untreated part of the same retina (figure 17B, lower pictures). This demonstrates, that the
human CNGBI gene under the control of the human RHO194 promoter was expressed in mouse rod
photoreceptors leading to the production of the human CNGBI subunit. It further points out, that the

forced transgene expression was stable until at least 8 months post treatment.

It is known that native rod CNG channel subunits (CNGB1 and CNGAIl) are formed to
heterotetrametric channels in the inner segments of rods, but are subsequently transported to the ROS.
Therefore, rod CNG channels are natively localized in the plasma membrane of the ROS (Kaupp and
Seifert, 2002; Zheng et al., 2002; Biel et al., 2009). However, the human CNGBI1 protein was not strictly
localized in the ROS, but was also found in the inner segments of these cells (figure 17B, upper left
picture). This suggested, that not all AAV-born CNGBI1 subunits were able assemble with the three
required CNGA1 subunits to form a wildtype-like heterotetrameric CNG channel complex. Only
heterotetrameric channels are transported to the OS. Thus, CNGBI signal in the inner segment might
suggest that the vector was overdosed, or the human CNGB1 subunit was not efficiently forming a

functional CNG channel together with the murine CNGAL.

In addition, Hoechst 33342 staining revealed a presence of about 9 layers of photoreceptor nuclei in the
treated part of the retina (figure 17B, upper pictures), whereas only 2 layers were left in the untreated
Cngbl KO retina (figure 17B, lower pictures). This suggests, that the rAAV5.hCNGBI1 treatment
(Lot#X17044A) at 4 weeks of age achieved a rescue of the photoreceptor cells from degeneration at least

until the Cngbl KO mouse was 9 months old.
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Figure 17: The hRHO194 promoter has driven efficient, specific, and stable transgene expression in rod photoreceptors.
A. Native eGFP florescence in a wildtype mouse after a subretinal injection of 10'° vg (1 uL) of rAAV5.eGFP (Lot#X17044B).

Representative fundus fluorescence images (upper pictures) showing eGFP fluorescence at 2, 4, and 6 weeks pi revealed

transgene expression starting about 2 weeks after injection and reaching the plateau about 6 weeks pi. The grid line shows the
subretinal bleb. Scale bar marks 200 pm. In the lower pictures, representative confocal images of a retinal cross section showing
native eGFP fluorescence (green signal), cone arrestin expression (red signal), and Hoechst (blue signal), are illustrated.
Merging revealed no overlap of the green and the red signal indicating a rod-specific expression. Scale bar marks 25 pm. B.
Representative confocal images of human CNGBI1 expression in cross sections of a Cngbl KO mouse retina treated with
rAAV5.hCNGBI1 (Lot#X17044A - 10" vg) at 9 months (8 months pi). The treated area displayed a distinct expression of the
hCNGBI gene (red signal, upper left picture) in the ONL as well as in the photoreceptor OS whereas there was no red signal
visible in the untreated part of the same retina (lower left picture). Hoechst 33342 staining revealed 8 lines of photoreceptor
nuclei (shown in blue) in the treated part of the retina (upper middle picture) whereas only 2 layers were left in the untreated

area (lower middle picture). Both pictures at the right side (merge) show the combination of CNGB1 and Hoechst 33342. Scale
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bar marks 25 pm. ONH. Optic nerve head, OS. outer segments, IS. inner segments, ONL. outer nuclear layer, OPL. outer

plexiform layer, INL. inner nuclear layer

3.3 Design of the Preclinical Mouse Dose Escalation Study

To investigate, whether the vector was overdosed by applying 10" vg of X17044A to the Cngbl KO
mouse model, or whether there was a poor compatibility of murine and human CNG subunits,
preclinical dose escalation studies were designed using Cngb1 KO mice as well as Cngb1 KO dogs to also
further assess the vector efficacy in a large animal model. For the preclinical mouse study, a producer
cell line vector was used (Lot#R18026) and injected as 3 different dosages (10°, 10°, and 10" vg; 1 uL
volume) into 4-week-old Cngbl KO mice (twelve mice for each group). The contralateral eyes received
1 uL of the respective vector diluent (BSS + 0.014 % Tween20). 2 and 8 months after the treatment visual
function was analyzed by fullfield electroretinography and the process of retinal degeneration was
monitored 2, 4, and 8 months pi by spectral-domain optical coherence tomography (SD-OCT).
Additionally, spatial navigation was observed by visual Water Maze (WM) at 8 months pi to get
information about the processing of the visual information in treated mice. Transgene expression as well
as cell morphology and physiology were investigated by immunohistology at 10 months postnatal (pn).

The design of the dose escalation study using the PCL-vector is shown in figure 18.
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Figure 18: Design of the preclinical mouse dose escalation study. For the preclinical evaluation of rAAV5.hCNGBI the Cngb1
KO mouse model was used. In this mouse line the degeneration of the ROS starts at the age of about 2 weeks. By the age of 3

months the outer segments are almost completely degenerated. At this time, the rod cell bodies have also started to degenerate
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(starting at approximately 2 months pn), resulting in a considerably thinner ONL 2 months later (5 months pn). The cone cells
are almost not affected until this time. In the advanced phase of the disease, the cones also degenerate (mutation-independent),
so that at the age of 10 months only one row of cell nuclei remains in the ONL, consisting of a few non-functional cone cell
nuclei. For gene supplementation rAAV5.hCNGBI was injected subretinally to 4-week-old Cngbl KO mice. 2, 4, and 8 months
after the treatment visual function was measured by ERG and retinal morphology was monitored by OCT. Spatial navigation
was investigated by visual Water Maze at 9 months pn. At 10 months pn, retinas were dissected in order to perform
immunohistochemistry. pn. postnatal. rAAV5. Recombinant AAV serotype 5. ERG. Electroretinography. OCT. Optical
coherence tomography. WM. Water Maze. IHC. Immunohistochemistry

Table 6 points out the number of mice of each mouse group that performed within the dose escalation
study using the PCL vector (Lot#R18026). Mice were defined as non-responders, if they did not show
any difference to control in all in vivo experiments (the Water Maze was excluded from this evaluation)
and in addition revealed a lack of the transgene shown by immunohistochemistry at the end of the study
(or if the IHC could not be performed for the respective mouse). Non-responders were excluded from
the entire evaluation of the study. In most cases, non-response was correlated with an incorrect
subretinal injection, so that either a slight penetration of the retina led to an incomplete virus
application, or a damage occurred, which manifested itself as a cataract later in the study. Other causes
or remarks were listed specifically for each mouse. Lists for all responders and non-responders with the

respective comments as well as an overview of the results can be read in the appendix (tables S1-S6).

Table 6: Number of mice used for the mouse dose escalation study using the PCL vector (R18026). Vector Lot and dose are
listed for each mouse group as well as the number of dead mice and non-responders. pn. postnatal, pn. post injection, w.

week/weeks, m. month/months

Group Initial Vector Vector Dose Dead mice Non- Number of
number of (total vg per responders animals used
Animals eye) for the study
1 12 AAV5hCNGB1  1.0x 108 1 dead mouse (excluded) 3 (excluded) 7
(R18026) 1 mouse developed a

cataract (excluded)

2 12 AAV5hCNGB1  1.0x10° 1 dead mouse (excluded) 3 (excluded) 7
(R18026) 1 mouse developed a
cataract (excluded)
3 12 AAV5hCNGB1 1.0 x 10% - 2 (excluded) 10

(R18026)
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3.4 Transgene Expression and Biological Efficacy of rAAV5.hCNGB1 in Cngb1 KO Mice was

Dose Dependent

In order to assess dose dependency of rAAV5.hCNGBI, the Lot#R18026 was injected as 3 different
vector doses to 4-week-old Cngbl KO mice. Mouse group 1 received 10° vg (low dose), 10° vg were
applied to mouse group 2 (mid dose), and 10" vg were administered to mouse group 3 (high dose). At
the end of the study (at 10 months pn), the mouse eyes were enucleated and the transgene expression
was analyzed in retinal cryosections by immunohistology. Figure 19A demonstrates the expression of
hCNGBI in all three mouse groups 9 months after the injection with Lot#R18026 and thus, the long-
term persistence of rAAV5.hCNGBI1 and therefore also the long-term expression of hCNGB1 was
confirmed by a large-scale vector. However, an obvious dose dependency was also disclosed for

Lot#R18026 in the Cngbl KO mouse model (figure 19A).

Representative confocal images of mouse group 2 revealed a rescue of about 8 layers of photoreceptor
cells at 10 months of age, whereas there were only 1 row remaining in the untreated CngbI KO retina.
Thus, the results of the mid-dose treatment with R18026 (10’ vg) were similar to what was achieved by
application of 10" vg of X17044A. This indicated that it was possible to reduce the vector concentration
by a factor of 10 while still generating similar results. However, in both mouse groups 1 and 3, only 3-4
layers of photoreceptors have survived to the 10-month time point. Furthermore, the red signal
(hCNGBI1) was faint in case of group 1 suggesting that 10® vg were too less to achieve a sufficient level
of transgene expression. 10" vg, however, resulted in a distinct and high-level hCNGBI1 expression of
Lot#R18026, but the lower number of survived photoreceptor cells indicated that the high vector
concentration of 10" vg might have induced photoreceptor death. This was not the case for the
treatment with the same vector dose using Lot#X17044A (figure 17B), suggesting toxic side effects of
the PCL vector batch.

By comparison of the mid-dosed retinas with the wildtype tissue it was evident that not all
photoreceptors were rescued from degeneration in the Cngb1 KO mouse model. Hoechst 33342 staining
displayed 13-14 lines of photoreceptors in the Cngb1 wildtype retina while about 8 rows were found for
the mid-dosed mouse group (group 2; figure 19A). Furthermore, treatment with R18026 also led to
CNGBL localization to the IS. The native CNGBI localization in the ROS is shown in the cross section

of the Cngb1 wildtype retina (figure 19A).

In the past, it was shown that the CNGALI subunit, although being capable of forming homomeric
functional channels in vitro, is not detectable in the Cngbl KO mouse retina (Hiittl et al., 2005).

Furthermore, it was demonstrated, that in response of supplementing mCNGBI, the endogenous Cngal
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gene expression was rescued and mouse CNGAL1 protein became detectable in this mouse model (Koch
etal,, 2012). Confocal images of an untreated Cngbl KO mouse are shown in figure 19B confirming that
CNGAL (green signal) was not present in the retina at the age of 10 months. After treatment with
rAAV5.hCNGBI using vector Lot#R18026, the amount of CNGA1 within the ROS was distinctly
increased, although the signal was lower compared to the wildtype (figure 19B). The green background
staining, which was visible in the extracellular spaces within the RPE and in the OPL of the untreated
Cngbl KO retina, resulted from the fact that the anti-CNGA1 antibody was produced in the mouse. The
anti-mouse secondary antibody used for the IHC did not distinguish between endogenous mouse
immunoglobulins within the sample tissue and the mouse primary antibody (CNGAI). Merging
revealed in the treated retina only an overlap of the red (CNGBI1 expression) and the green signal
(CNGA1) demonstrating heterotetrametric channel formation consisting of human CNGBI1 and
murine CNGALI and transport of the properly assembled chimeric (mouse CNGA1/human CNGBI)
heterotetrameric channels to the ROS. In addition, there were no CNGAL1 proteins detectable in the
inner segments of the rods, confirming that the endogenous CNGA1 protein level represented the

limiting factor for heterotetrameric CNG channel formation.
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Figure 19: rAAV5.hCNGBI1 treatment was dose dependent in the Cngbl KO mouse. Representative confocal images of
retinal cross sections of Cngbl KO and wildtype mice. Cngbl KO mice were injected at 4-weeks of age with different doses of
the PCL rAAV5.hCNGB1 (Lot#R18026). Immunohistochemistry staining was conducted at 10 months pn. A. Hoechst 33342
staining (blue signal) in retinas injected with 10° vg, 10° vg, and 10" vg revealed an obvious dose dependency of the treatment
demonstrated by 7-8 lines of nuclei that were rescued by applying 10° vg , whereas only a few lines were left in mouse groups 1
and 3. The untreated part of the KO exhibited only 1-2 lines of nuclei, while the wildtype possessed 14-15. The CNGB1
expression (red signal) was found in the photoreceptor layer of all treated mouse groups. CNGB1 was distinctly expressed 9
months after treatment with 10° vg, localizing in the OS as well as in the IS and the ONL. However, the red signal was faint and
the ROS were degenerated after the low-dose treatment. CNGBI was extensively expressed in the high-dose group, but the
outer segments were scarcely existent. Scale bar marks 25 um. B. Human CNGB1 (red) and murine CNGA1 (green) expression
in a wildtype retina and in a mid-dose-treated Cngbl KO retina. There was a distinct green signal in the OS of the wildtype
retina, while the protein was absent in the untreated area of the Cngbl KO. CNGALI was found to be localized in the OS of the
treated area, although the signal was less intense compared to the WT. For both WT and treated KO, merging revealed an
overlap of h(CNGB1 and mCNGA1 demonstrating the formation of channels consisting of hCNGB1 and mCNGA1 and their
trafficking to the ROS. Scale bars mark 50 pm and 15 um (zoom-in). OS. outer segments, IS. inner segments, ONL. outer nuclear

layer, OPL. outer plexiform layer, INL. inner nuclear layer

3.5 Preservation of Rod Outer Segment Structure and Prolonged Survival of Cone

Photoreceptors was Achieved by rAAV5.hCNGB1

Since in Retinitis pigmentosa photoreceptors degenerate over time, that often results in legal blindness
(Hartong et al., 2006), a successful gene supplementation therapy includes an early deceleration of the
degradation. In the Cngbl KO mouse model, shrinking of the rod outer segments already starts at
postnatal day 15 (Hiittl et al., 2005). With progression of the disease, the outer nuclear layer (ONL)
thickness continuously decreases, resulting in an almost absent ONL at the age of 10 months. This end
stage of the degeneration as well as the final outcome of the photoreceptor rescue by the treatment with
rAAV5.hCNGBI has already been demonstrated via immunohistology (figures 17B and 19). In order to
also monitor the pathological changes accompanying the degeneration, the retinal morphology was
examined in vivo by means of spectral-domain optical coherence tomography (SD-OCT). With a weak
laser light, the retina was scanned in vivo and the light reflections on the different retinal structures were
measured (Fujimoto, 2003). Two-dimensional images were reconstructed displaying the different

retinal layers in different shades of grey depending on the tissue density.

Figure 20A illustrates a representative OCT image of a Cngbl KO retina at the age of 9 months. At 4
weeks of age, the mouse was treated with 10° vg of vector Lot#R18026. The image shows the retinal area
around the injection site (treated area) and also the distinctly thinner and obviously disorganized
untreated part. The zoom-in highlights the border region displaying the transition from the untreated
to the treated part. In the untreated area, the ONL was thin and the OS have been disappeared. In the

treated area, however, the ONL (see labeling) was distinctly visible as well as the OS of the
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photoreceptors (the bright layer directly below the RPE). The photoreceptor layer was about 3-fold
thicker than the untreated part revealing a marked preservation of photoreceptors by the treatment. The
INL, GCL, as well as the RPE were not visibly altered by the photoreceptor degeneration and were also

not affected by the treatment.

Figure 20B shows the quantification of the photoreceptor layer thicknesses of sham-injected Cngbl KO
retinas (the contralateral eyes of mouse group 1, 2, and 3 that received the vehicle) compared to
untreated wildtype retinas. The data confirmed the unchanged thickness of the photoreceptor layer in
wildtype retinas (about 110 pm), whereas in Cngbl KO retinas photoreceptors degenerated over time
resulting in a significantly decreased photoreceptor layer thickness (p-value<0.001). At 3 months of age,
the averaged thickness was 68.31 + 1.30 um, that was further reduced to 58.06 + 1.43 um at 5 months pn
and to 36.06 + 1.57 um at 9 months pn.

The averaged photoreceptor layer thicknesses of Cngbl KO mouse retinas injected with 10" vg of vector
Lot#17044A are displayed in figure 20C. The conditions had been the same as for the other mouse
groups, except for the sham injection of the contralateral eye, which contained PBS-MK. The means of
the sham-injected photoreceptor layer thicknesses at 3, 5, and 9 months pn were 62.08 + 1.51 um, 53.91
+ 1.35 um, and 37.56 + 2.39 pm, respectively, while the treated retinas had a thickness of 74.58 + 1.76
pm at the 3-months-time point, 65.46 + 2.19 pm at 5 months pn, and 49.67 + 2.87 um at the long-term-
time-point (9 months pn). Paired two-way ANOVA revealed a significantly thicker photoreceptor layer
for the rAAV-treated eye compared to the buffer-treated contralateral eyes (1.2-fold at 3 and 5 months

pn and up to 1.3-fold at long-term; p<0.001).

Figure 20D illustrates averaged photoreceptor layer thicknesses of treated and sham injected retinas of
all mouse groups injected with vector Lot#R18026 (mouse group 1: 10° vg, mouse group 2: 10’ vg, and
mouse group 3: 10" vg). There were slight differences between the sham-injected retinas of the three
mouse groups, revealing that the course of degeneration was slightly different between the individual
mice. Therefore, it was decided to perform a paired two-way ANOVA. For the 3, 5, and 9-months-time
point, mouse group 1 revealed photoreceptor layer thicknesses of 75.29 + 3.15 um, 62.71 + 2.31 pm, and
45.14 + 3.85 um, respectively. For mouse group 2, thicknesses of 77.86 + 1.60 um, 70.86 + 2.75 pm, and
50.57 + 4.40 pum were measured and the values determined for mouse group 3 were 71.38 + 2.02 pm,
60.33 £ 2.77 um, and 40.78 + 3.42 um. Hence, a significant rescue of photoreceptors was achieved for all
three mouse groups, although the extent of photoreceptor survival varied greatly from group to group.

The treated eyes of mouse group 1 revealed an overall 1.2-fold increase in the photoreceptor layer
thickness (p<0.001), the mid-dosed retinas were 1.3-fold thicker (p<0.001), and eyes of mouse group 3

showed only a modest difference (1.1-fold; p=0.002). At the 3-months-time point, the amount of the
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rescued photoreceptor layers was similar between the 3 mouse groups. At the 5-months-time point, the
effect of the treatment was most obvious for mouse group 2 (14.43 um of the photoreceptor layer were
rescued), whereas this distinct difference was not achieved by applying the high (difference of 5.02 pum;
equivalent to about one row of photoreceptor nuclei) or the low dose (9.00 um difference; equivalent to
about two rows of nuclei). After 8 months, the morphological preservation accounted for 13.43 um for
mouse group 1 and 14.29 pm in case of group 2. However, mouse group 3 revealed a smaller difference

of 5.30 yum at this time point.

The OCT data showed, that a deceleration of the degeneration was achieved with both virus batches
used as well as with all virus concentrations applied. The treatment with 10° vg of R18026 and 10" vg of
X17044A achieved the highest preservation rate of photoreceptors, whereas the application of the low
dose (10° vg) of R18026 resulted in a lower photoreceptor rescue. The high dose (10" vg) of R18026 did
not have a distinct effect on the degeneration process, suggesting a potential toxic side effect leading to
photoreceptor death that counteracted the beneficial effect of the treatment. Together, these data
revealed a substantial, dose-dependent preservation of the photoreceptor morphology in the Cngbl KO
mouse by gene therapy with rAAV5hCNGBI.

-78 -



Results

treated area untreated area
T
* injection site
Cngb1 KO vs wildtype X17044A - high dose

120 - - 100
£ —1— —1 £
< 100 - 2
g g = ——  Cngb1KO 10" vg treated (X17044A)
g 8 3 —— Cngb7KO 108 vg treated (R18026)
£ e £ 60
g 60 g —+—  Cngb1KO 10° vg treated (R18026)
5 = oex
] 5 40 :| —=—  Cngb1KO 10" vg treated (R18026)
s 40 ;.‘_
8 z 2 —— CngbT1 KO sham injected
s
g 2 :§- —— Cngb1 wildtype untreated

0 0
o o & N N N
(\&‘,Q &&Q Q&‘y &&e 0@4) 0@4)
&0 (\\0 ((\0 6\() 6\C! @0
k) ) ) » 9 o
R18026 - low dose R18026 - mid dose R18026 - high dose
100 100 100

80 80

60

40 :|

60 60

40 40 T

20 20

photoreceptor layer thickness / pm
photoreceptor layer thickness / pm
photoreceptor layer thickness / pm

Figure 20: The treatment with rAAV5.hCNGBI achieved preservation of rod outer segment structure. A. Representative
SD-OCT image of a Cngbl KO retina at 9 months pn, injected with 10° total vg (early stage) of rAAV.hCNGBI1 (Lot#R18026),
demonstrating an obvious rescue of the photoreceptor layer thickness in the treated part of the retina. The black arrows mark
the photoreceptor layer. B. Quantification of the photoreceptor layer thicknesses (um) of sham injected Cngbl KO vs wildtype
retinas analyzed at 3, 5, and 9 months of age, that show a dramatic decrease of the photoreceptor layer thickness in the Cngb1
KO mouse model, whereas the photoreceptor layer of the wildtype mice remains unchanged. Wildtype. n=3; sham injected
Cngbl KO. n=35 (contralateral eyes of mouse group 1, 2, and 3 were used). C. Cngb1 KO retinas treated with 10'° vg of vector
Lot#X17044A displayed a significant increase in photoreceptor layer thickness (um) compared to the respective sham injected
contralateral eyes at 3, 5, and 9 months pn (p<0.001). 3 months pn: n=12; 5 months pn: n=11; 9 months pn: n=9. D. Cngbl KO
retinas treated with 10° vg (mouse group 1), 10° vg (mouse group 2), and 10" vg (mouse group 3) using vector Lot#R18026
compared to their respective sham injected contralateral eyes at 3, 5, and 9 months pn demonstrate a dose dependency of the
treatment. Although all tested mouse groups revealed a significant rescue of photoreceptors, 10° vg was found to be the most
efficient vector dose. 10® vg, however, provided less distinct results, while 10*° vg showed only a marginal benefit. Mouse group
1: n=7; mouse group 2: n=7; mouse group 3: n=10. (3 months pn: n=8; two eyes were not analyzable at this time point due to
transient opacity of the eye). Values are given as mean + SEM. Statistics. Two-way ANOVA paired with Sidak’s post-hoc test
(#: p<0.05; **: p<0.01; #3*: p<0.001).
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Secondary to the loss of rod photoreceptors, also cone photoreceptors degenerate at later stages of RP.
Although their cell nuclei and spherical cell bodies persist much longer in the retina, a loss of native
morphology and functionality has been reported (“dormant cones”; Lin et al., 2009; Busskamp et al.,
2010 and 2012, Sahel et al., 2013; Wong and Kwok, 2016; Schon et al., 2017). Therefore, an important
long-term aim of the CNGBI gene therapy was to prevent cone photoreceptors from dying off in order
to preserve high acuity daylight vision. In the Cngbl KO mouse model, cone degeneration usually starts
at about 6 months of age (Hiittl et al., 2005). However, this is not visualizable by OCT due to the fact
that cones make up only 2.8 % of the photoreceptors in the retina of a pigmented mouse (Carter-Dawson
and Lavail, 1979; Jeon et al., 1998; Ortin-Martinez et al., 2014). Therefore, immunohistochemistry was
performed in treated Cngbl KO mice using the cone arrestin (CAR) antibody in order to investigate the
cone cell shape at the advanced disease stage. Figure 21 shows representative confocal images of mouse
CAR expression in cross sections of a CngbI KO mouse injected with 10° vg of Lot#R18026 at 10 months
of age. The treated part of the Cngbl KO retina (area covered by the subretinal bleb) was compared to
the untreated area (outside of the subretinal bleb) and a wildtype retina served as a control. In the
wildtype retina, the staining visualized IS and OS as well as cell bodies, inner fibers, and the synaptic
terminals of the cones, demonstrating the morphology of healthy cone cells within a wildtype retina. In
the untreated area of the Cngb1 KO mouse retina, no intact cones were found. IS and OS had completely
disappeared, merely the spherical cell bodies and remnants of synapses were still visible, representing
the remaining dormant cones of a Cngbl KO retina in the advanced stage of RP45. In the
rAAV5hCNGBI treated area, the cone cells were completely intact and possessed a wildtype-like
morphology including IS, OS, inner fibers, and synapses. The shorter inner fibers (compared to the wild
type) most likely resulted from the lower number of remaining rod cells and corresponding thinner
ONL. The number of healthy appearing cones was similar to that of the wildtype, demonstrating that
the cone cells in the treated Cngbl KO retina were not affected by the disease. Since cones degenerate
mutation-independently and secondarily to rods, these data suggest that the progression of the disease
was arrested by the one-time rAAV5.hCNGBI treatment and successfully treated photoreceptor cells
escaped further degeneration even at this late disease stage. Together, these data showed that treatment
with rAAV5.hCNGBI preserved the morphology of cone cells, thus providing the basis for maintained
daylight vision.
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Figure 21: The treatment with rAAV5.hCNGBI led to prolonged survival of cone photoreceptors. Representative confocal
images of murine cone arrestin (CAR) expression in cross sections of a Cngbl KO retina (treated and untreated part) at the age
of 10 months that received 10° vg of rAAV.hCNGB1 (Lot#R18026). A cross section through a wildtype mouse retina served as
a control. The treated area revealed a wildtype-like shape of cones with intact IS and OS, whereas only spherical cone cell bodies
and cell residues remained in the untreated part. Scale bars mark 25 um (left pictures) and 50 um (right pictures). OS. outer
segments, IS. inner segments, ONL. outer nuclear layer, OPL. outer plexiform layer, INL. inner nuclear layer, IPL. inner

plexiform layer, GCL. ganglion cell layer

3.6 rAAV5.hCNGB1 Achieved Long-Term CNGB1 Expression and Photoreceptor
Preservation in the Cngb1 KO Dog Model

To investigate the efficacy of rAAV5.hCNGBI in a large animal model, a Cngbl KO dog model closely
resembling the Cngb1 KO mouse model but possessing human-sized eyes (Winkler et al., 2013) was used
to design a dog dose escalation study for efficacy testing of rAAV5hCNGB1 (using vector
Lot#X17044A). Breeding, surgeries, and in vivo examinations were conducted at the College of

Veterinary Medicine at the Michigan State University by Prof. Simon Petersen-Jones and his group. At
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3 months of age, each dog eye received two subretinal injections of 100 pL volume. 4 different viral doses
were administered to the dog eyes (1x10'*vg, 2x10" vg, 1x10" vg, and 2x10'° vg). The numbers of eyes
per dose are listed in table 7. After euthanasia, the dissected retinas were sent to the LMU for cryo-

sectioning, immunohistochemistry, and confocal imaging.

To test transgene expression in the CngbI KO dog model, immunohistochemistry was performed using
the CNGBI antibody already used for the mouse study. The eye of a dog that received a high vector dose
of 1x10" vg was removed at 12 months pi. An overview of about 30 % of the treated retina was obtained
by tile scan imaging (multiple individual pictures were captured and assembled into one image covering
a larger area using the LasX software). The representative confocal image (figure 22) displayed an
obvious CNGBI expression in the treated part of the retina (the area covered by the subretinal bleb),
whereas no signal was observed outside in the untreated area thereby also confirming the absence of the
endogenous CNGBI protein in untreated Cngbl KO dog retina. Furthermore, the image illustrated the
transition zone from treated to untreated where the red signal disappeared accompanied with a clearly
evident thinning of the ONL (shown by Hoechst 33342; blue signal). This data demonstrated the
expression of the rAAV-introduced human CNGBI gene in the dog retina at more than one year after
injection, confirming the long-term persistence of rAAV5.hCNGBI in a large animal model. It further

revealed a substantial preservation of the ONL as a result of the treatment.

untreated

Figure 22: rAAV5.hCNGB1 was efficient in the Cngb1 KO dog model. Representative confocal image of about 30 % of a cross
section of a Cngbl KO dog retina, that received two injections (100 pL each) of rAAV5.hCNGBI1 (1x10" vg; Lot#X17044A).
The dog was treated at the age of 3 months and the immunohistochemistry was performed at 12 months pi. The image was
obtained by tile scan imaging using the LasX software and depicted both treated (within the subretinal bleb) and untreated part
of the retina (outside of the bleb). No CNGB1 protein (red signal) was found in the untreated Cngbl KO dog retina, whereas it
was distinctly visible in the treated part, leading to a substantial rescue of the photoreceptor layer (nuclei were stained using
Hoechst 33342; blue signal). Scale bar marks 200 pm.

In order to examine the vector specificity in the canine model, cross sections of treated Cngbl KO dog
retina were co-stained with peanut agglutinin (PNA), a lectin from Arachis hypogaea characterized by a

high affinity for galactose-galactosamine disaccharide residues, which can be used as a marker for cones
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(Michalakis et al., 2005). Representative confocal images are shown in figure 23. The red signal in the
treated area revealed a distinct CNGBI1 expression in the whole photoreceptor layer. CNGB1 was
localized to the ROS as well as to the IS, cell bodies, and synapses, a pattern similar to what was seen in
the Cngbl KO mouse model. This implied that, as already seen for the mouse, chimeric CNG channel
heterotetramers with canine CNGA1 and human CNGBI are formed in vivo. Aberrant subcellular IS
localization of hCNGB1 was most likely due to an overdose. The PNA staining (green signal) revealed
partly broken or truncated cone OS in the untreated area of the Cngbl KO dog retina, whereas the
morphology of the cone OS within the treated part was regular, well-organized, and intact, indicating
preservation of the cone cells. By merging the red and the green channel, there was no overlap visible
(highlighted by the zoom-in), indicating a rod-restricted CNGB1 expression by the rAAV5hCNGBI
vector. Hoechst 33342 revealed 13 rows of photoreceptor nuclei (blue signal) in the treated retina,
whereas only 8 layers remained in the untreated part, demonstrating a marked preservation of
photoreceptors as a result of the treatment with rAAV5.hCNGBI. It also revealed, that in the dog model
not many photoreceptors were degenerated at the age of about 15 months, demonstrating that the

disease had not progressed to an advanced phase in the treated Cngbl KO dog until this age.

CNGB1 PNA Merge

Cngb1 KO
1x10 vg
treated area
12 months pi
15 months pn

Cngb1 KO
untreated area
15 months pn

Figure 23: The hCNGBI expression was restricted to rod photoreceptors in the Cngbl KO dog model. Representative
confocal images of a cross section of a Cngb1 KO dog retina, that was harvested at the age of 15 months. The dog was subretinally
injected with 1x10' vg of rAAV5.hCNGBI1 (Lot#X17044A) at 3 months of age. The cross section through the treated part of
the retina shows the CNGBI protein (red), co-stained with the cone-marker peanut agglutinin (PNA, green). Nuclei were
stained with Hoechst 33342 (blue). The treatment resulted in a distinct expression of hCNGB1 in the photoreceptor layer.
CNGBI protein was found in the photoreceptor OS, in the IS as well as in the ONL. Merging revealed no overlap of the green
(PNA) and the red channel (hLCNGB1) demonstrating a rod-specific hCNGB1 expression in the Cngbl KO dog model. Scale
bar marks 50 pm. OS. outer segments, IS. inner segments, ONL. outer nuclear layer, OPL. outer plexiform layer, INL. inner

nuclear layer
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3.7 The Efficacy of rAAV5.hCNGB1 was Dose Dependent in Cngb1 KO Dogs

To determine the optimal dose range for a hCngb1 gene supplementation therapy, Cngbl KO dogs were
treated with 4 different doses of Lot#X17044A by subretinal injection (1x10"vg, 2x10" vg, 1x10" vg,
and 2x10" vg). In each dog, both eyes were injected with different doses. The dogs were sacrificed either
after about half a year, or after approximately one year to harvest the retina, perform cryosections, and
to perform immunohistochemistry for transgene expression analysis. Figure 24 illustrates representative
confocal images of Cngbl KO dogs injected with different vector doses, stained with anti-CNGBI (red
signal) and anti-CNGAL1 (green signal). The untreated part of Cngb1 KO dogs showed a lack of hCNGB1
expression, whereas the respective protein was distinctly visible in all tested dog eyes (all vector doses).
However, a dose dependency of rAAV5.hCNGB1 was also evident in the dog model, shown by a

decrease of the hCNGB1 expression along with dose reduction.

The eyes that received 1x10" vg and 2x10"' vg were harvested at 12 months pi. The respective confocal
images revealed a high expression of hCNGBI in the whole ONL as well as intact rod photoreceptors
(figure 24). In the retinas treated with 1x10"" vg, CNGBI expression was still present (at 6 months pi),
although the signal intensity was lower compared to the higher doses. CNGBI1 expression was also found
in the eyes that received the low dose (2x10" vg; 6 months pi). However, the expression level was
markedly lower compared to the higher doses, which on the one hand led to the fact that in this retina
the localization of the corresponding protein was limited to the outer segments, but on the other hand
resulted in an accumulation of the protein in the uppermost parts of the ROS. This suggested, that the
expression level of hCNGBI1 decreased after about half a year when administered in a low dose, resulting
in a no longer homogeneously distribution of the protein throughout the OS. The ROS of the retinas
treated with 2x10" vg were still largely intact, but Hoechst 33342 staining revealed, that the ONL was
substantially thinner than in its contralateral eye, which received 1x10" vg (13 lines of nuclei). This
indicated, that a treatment with the low dose (2x10' vg) resulted in a substantially lower biological
efficacy at 6 months pi as it was seen for the higher doses of rAAV5.hCNGBI. 12 rows of nuclei were
counted for the retinas treated with 1x10" vgand 2x10" vg (histology at about one year after treatment).
Considering that the retina treated with 10" vg was harvested 6 months earlier than the eyes treated with
1x10" vg and 2x10" vg, it can nevertheless be assumed a similar long-term treatment efficiency for the
three doses. The untreated Cngbl KO dog retina showed 7 lines of cell bodies, indicating that about 5
rows of photoreceptors were rescued by the high- and mid-dose treatments, whereas only one row was
rescued by the low dose. This clearly confirmed the dose dependency of the gene supplementation using

rAAV5.hCNGBI.
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Furthermore, CNGA1 was not found in the untreated Cngbl KO retina (figure 24), but hkCNGBI gene
supplementation led to a recurrence of CNGAL in the ROS. The signal of CNGA1 was dose-dependent
similar to the signal of CNGB1, but CNGA1 signals were visible in all treated dog retinas. Merging of
the channels resulted in an overlap of the red and green signal, suggesting a colocalization of the two
subunits and chimeric CNG channel formation in the Cngbl KO dog model. Furthermore, in all dog
retinas, the CNGA1 localization was restricted to the ROS, suggesting that also in the dog model CNGA1
was the limiting factor for CNG channel formation and trafficking to the ROS, as it was previously seen

in the Cngbl KO mouse model.

Together, all vector doses achieved long-term expression of human CNGB], but the treatment with the
lowest dose (2x10') resulted in a markedly lower transgene expression and in more degenerated
photoreceptors compared to the eyes treated with the higher doses. Between the doses of 1x10", 2x10",
and 1x10" vg only minor differences in transgene expression and photoreceptor rescue were visible,
suggesting a lower threshold for sufficient gene expression and a plateau for rAAV5.hCNGBI in the

Cngbl KO dog model from a dose of about 1x10" vg upwards.
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Figure 24: The treatment with rAAV5.hCNGBI1 was dose dependent in Cngbl KO dogs. Representative confocal images of
retinal cross sections of Cngbl KO dogs, that were subretinally injected with different doses (1x10* vg, 2x10" vg, 1x10" vg,
and 2x10" vg) of AAV5.hCNGB1 (Lot#X17044A) at 3 months of age. Retinas were dissected after either about half a year or
after about one year (as indicated) and immunohistochemistry was performed using CNGB1 (red signal) and CNGAL (green)
antibodies, as well as Hoechst 33342 for nucleus staining (blue). The untreated retinal area showed a lack of the CNGBI protein,
while in response to all tested vector doses an expression of the supplemented gene was visible. However, the images displayed
an obvious dose dependency of rAAV5hCNGBI1 administered to the Cngbl KO dog model. A decreasing of the red signal
intensity is seen by reducing the vector dose. Furthermore, CNGB1 protein was found in the whole ONL after applying 1x10"?
vg, 2x10™ vg, or 1x10" vg, whereas the lowest dose (2x10' vg) caused a substantially lower gene expression resulting in a
localization restricted to the OS and in a partial accumulation in the uppermost parts of the OS. The treatment also caused
CNGAL to reappear in the OS. Merging showed an overlap of the red and the green signal demonstrating the formation of
heterotetrametric channels consisting of human CNGBI1 and canine CNGAL1, that was transported to the ROS. Staining with
Hoechst 33342 showed that the higher the dose, the more photoreceptor cells were preserved from dying off, demonstrating
that the highest dose had the most beneficial effect. Furthermore, a markedly reduced photoreceptor preservation was observed
for the low-dosed retinas (2x10" vg) compared to the higher doses. Grid lines within the fundus images mark the positions of
the cross sections within the dog retinas and the star (*) marks the locations shown by the confocal images. Scale bar marks 50
pm. OS. outer segments, IS. inner segments, ONL. outer nuclear layer, OPL. outer plexiform layer, INL. inner nuclear layer,

IPL. inner plexiform layer, GCL. ganglion cell layer

The border regions (transition zone between treated and untreated) of treated Cngbl KO dog retinas
(figure 25; left picture: 1x10" vg; right pictures: 2x10"" vg; shown) provided further evidence for the
existence of an optimal vector dose by revealing a wildtype-like CNGB1 localization to the ROS within
the peripheral part of the treated area, where the protein was localized strictly to the ROS. Furthermore,
the number of photoreceptor nuclei was similar to that of the central treated part of 1x10"' vg and 2x10"

vg-treated retinas, indicating the optimal dose range for rAAV5.hCNGBI slightly lower than 1x10" vg.

Figure 25: Wildtype-like localization of hCNGBI1 at the border region of the treated area in the Cngbl KO dog model.
Representative confocal images of transition zones between treated and untreated areas of Cngbl KO dogs. The dogs were
treated at 3 months of age receiving 1x10" vg of rAAV5hCNGB1 (Lot#X17044A; left picture) and 2x10" vg of
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rAAV5hCNGBI (Lot#X17044A; right pictures). They were sacrificed about one year pi. Left. In the border region, the hCNGB1
localization was restricted to the ROS similar to the native location of CNGBI. Right. Transition from a CNGB1 localization in
the entire photoreceptor layer to a localization restricted to the outer segments of the photoreceptors. Scale bar marks 30 pm.

OS. outer segments, IS. inner segments, ONL. outer nuclear layer, OPL. outer plexiform layer, INL. inner nuclear layer

3.8 The Introduced Human CNGB1 Subunits were Capable of Forming Functional CNG

channels Together with Murine or Canine CNGA1 Subunits

It was already shown, that the supplemented human CNGBI gene was translated to a protein that formed
arod specific CNG channel together with murine or canine CNGA1 subunits resulting in CNG channel
trafficking to the ROS (figures 17, 19, 23, and 24). However, the question about the physiological
functionality of these chimeric protein complexes has still remained open. In order to investigate this,
the amount of the second messenger cyclic guanosine monophosphate (cGMP) was examined. In a
healthy retina, the CNG channel is open within darkness due to the binding of cGMP that leads to the
maintenance of an inward current (for details see figure 10). During daylight conditions cGMP is
hydrolyzed by the activated PDE6A resulting in CNG channel closing and therefore to a
hyperpolarization of the cell. In the case of RP45, the CNG channel is missing and therefore cGMP
cannot bind to the channel resulting in an accumulation inside the cell. Due to a low calcium level within
the cell, the guanylyl cyclase (GC) is constantly producing cGMP, leading to a further increase in cGMP
concentration. This pathological high level of intracellular cGMP was shown in multiple mouse models
for retinal degeneration (Farber and Lolley, 1974; Paquet-Durand et al., 2009; Michalakis et al., 2010;
Trifunovic et al.,, 2010; Paquet-Durand et al., 2011; Xu et al., 2013; Schon et al., 2017) and was reported
to contribute to photoreceptor death (Paquet-Durand, 2011; Xu et al., 2013). The Cngbl KO mouse
model also showed a disordered cGMP metabolism, which was normalized by gene supplementation of

mCngbl (Koch et al., 2012).

In order to evaluate, whether this could also be achieved by introducing h(CNGB1, the cGMP level of the
Cngbl KO mice treated with 10" vg of Lot#X17044A was tested by IHC using an anti-cGMP antibody.
The same experiment was performed using a high-dose-treated (1x10"vg) Cngbl KO dog retina to
further investigate, whether cGMP was also accumulating in the canine model and if this could be
prevented by the treatment. Figure 26 shows representative co-stainings using anti-cGMP and anti-
CNGBL in retinal cross sections of a treated Cngbl KO mouse (figure 26A) and of a treated Cngb1 KO
dog (26B). Within the untreated area of both retinas, cGMP was distinctly visible in the rod IS and OS
indicating intracellular cGMP accumulation in both the mouse and the dog model. However, there was

no cGMP found in the treated parts of both retinas demonstrating a normalization of the cGMP
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metabolism by the treatment with rAAV5.hCNGB1. The weaker signal of cGMP in the untreated part
of the Cngbl KO mouse retina resulted from the small number of photoreceptors that remained until

this late disease stage (9 months pn).

These data indicated that the chimeric CNG channels formed by human CNGB1 and either murine or

canine CNGA1 had an intact cGMP-binding CNBD and were also capable of opening.

CNGB1
A cGMP cGMP Hoechst 33342 cGMP Hoechst 33342

Cngb1 KO mouse
untreated area
9 months pn

Cngb1 KO mouse
10" vg (X17044A)
treated area
8 months pi
9 months pn

Cngb1 KO dog : |:|

untreated area
15 months pn

Cngb1 KO dog
1x10" vg (X17044A)
treated area

12 months pi

15 months pn

Figure 26: The human CNGBI1 protein formed a functional CNG channel together with the murine or canine CNGAI.
Representative confocal images of cross sections from Cngbl KO mouse and dog retinas. Immunohistochemistry stainings
using anti-cGMP (green signal), anti-CNGB1 (red) and Hoechst 33342 (blue) demonstrated an accumulation of cGMP in the
OS of the untreated photoreceptors. This was prevented by the rAAV5hCNGBI treatment in both mouse and dog

demonstrating a normalization of the cGMP metabolism in the Cngb1 KO. A. Cross sections of one treated and one untreated

part of a Cngbl KO mouse retina at the age of 9 months that received 10" vg of #X17044A (group X) at 4 weeks of age. B. Cross
sections of treated and untreated retinal parts of a Cngbl KO dog at 12 months pi. The dog was treated with 1x10' vg of
#X17044A at the age of 3 months. Scale bar marks 25 um. OS. outer segments, IS. inner segments, ONL. outer nuclear layer,

OPL. outer plexiform layer, INL. inner nuclear layer
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3.9 rAAV5.hCNGB1 had a Beneficial Effect on the Rod Function in Cngb1 KO Mice

Immunohistochemistry already demonstrated a normalization of the cGMP metabolism trough
hCNGBI gene supplementation (see figure 26). The resulting chimeric CNG channels have proven to
be functional in the Cngbl KO mouse model as well as in the Cngbl KO dog model. However, it
remained to be investigated, whether this restored molecular function also leads to recovery of rod cell
response to light and consequently to a restoration of retinal function. In order to measure the function
of rod photoreceptors as well as of the whole retina in mice, electroretinography measurements have
been performed. For this purpose, so called Ganzfeld electroretinograms were recorded. In particular,
the back of the eyes received light flashes of varying luminance and the light-induced electric signals
were measured using corneal electrodes and amplified for analysis. For obtaining the retinal signal from
the rod cells, mice had to be adapted to the dark for at least 12 h and the measurements had to be
conducted under scotopic conditions (under exclusion of light). Every mouse received a luminance
spectrum from 0.01 c¢d s m™? up to 10 cd s m™, based on the ISCEV standardized protocol for clinical
dark-adapted ERG recordings (Marmor et al., 1989; regularly updated). The voltage potential was
recorded showing a waveform that reflected the whole (illuminated) retina response. A typical scotopic
single-flash ERG signal generally consists of an a-wave and a b-wave. The a-wave is the initial negative
deflection of the cornea, which originates directly from the photoreceptors. It reflects the
hyperpolarization of the photoreceptors caused by the closure of the CNG channels. This reduces the
amount of neurotransmitter released from the synapses, leading to depolarization of the post-synaptic
bipolar cells. The resulting transretinal current further depolarizes the Miiller cells culminating in a
positive deflection of the cornea referred to as the b-wave (Stockton and Slaughter, 1989; Dong and
Hare, 2000; Seeliger et al., 2001; Tanimoto et al., 2009; Young et al., 2012; McCulloch et al.,, 2015). To
evaluate retinal functions in treated and untreated Cngbl KO mice, the b-wave amplitude is usually
analyzed, which is counted from maximum negative to maximum positive deflection. Although the b-
wave is generated by the bipolar cells, it also indirectly mirrors the activity of photoreceptors, since the

generation of a b-wave requires the function of photoreceptors.

A typical signal of a Cngb1 wildtype mouse at the age of 3 months is shown in figure 27A (grey line). At
the lowest light level of 0.01 cd s m™, there was only a b-wave present. It increased with ascending
luminance and beginning from a stimulus of 0.03 cd s m?, the negative deflection (a-wave) was seen
prior to the b-wave. At a flash of about 3 cd s m™ the cone response was partly interfering into the signal
and oscillatory potentials (OPs) emerged (McCulloch et al., 2015). OPs are discussed to arise mainly
from interactions of bipolar, amacrine, and ganglion cells (Wachtmeister, 1998). The rod response of a
Cngbl-linked RP patient differs markedly from the wild-type signal and similar changes are also
observed in the Cngb1 KO mouse (Hiittl et al., 2005) and dog model (Winkler et al, 2013; Petersen-Jones
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et al., 2018). The black lines in figure 27A depict three typical ERG signals of sham-injected (BSS+0.014
% Tween20) Cngbl KO mouse retinas at 3 months of age, mirroring the signal of an RP45 patient at the
early stage of the disease. At the luminance of 0.01 cd s m?, achieving the most rod specific response
according to the ISCEV standard, neither a-waves, nor b-waves could be measured. In response to
brighter luminance values, b-waves occurred, although they were substantially decreased compared to
the wildtype. At the brighter stimuli, small b-waves were measurable, which is most probably due to the
massive signal amplification during the electric transmission to the inner retinal cells (Doly, 1994) as

well as by the stimulation of cone cells, which in this early phase of the disease are still fully functional.

Figure 27A further illustrates representative rod functions of treated Cngbl KO mouse retinas (low, mid,
and high dose using Lot#R18026). The retinal response of the mid-dose group (mouse group 2; green
line; central graph) demonstrated a distinct increase of the b-wave amplitude compared to the sham-
injected contralateral eye (black line). At the rod-specific light intensities (0.01 cd s m?and 0.03 cd s m’
%) a clear signal was seen for the green line whereas the control showed no explicit electric responses. At
the brighter light stimuli, the b-wave amplitude of the treated eye was 2-3-fold higher than the
amplitudes of the sham-injected control. Furthermore, a small a-wave was also recovered by the mid-
dose-treatment seen from a luminance level of 0.01 cd s m?, upwards. However, the a-wave of the 10°
vg-treated Cngbl KO was much smaller, compared to the wildtype (grey line). The remaining area was
not treated, resulting in at least 70 % of non-functional photoreceptors. Since the ERG measured the
total retinal signal, it showed the sum of all treated but also all non-treated photoreceptors, resulting in
a reduced signal. The ERG measurements of the low-dosed CngbI KO retina (blue line; left graph) also
showed increased responses to the different light stimuli, but the signals measured for the rod-specific
stimuli (0.01 cd s m™ and 0.03 c¢d s m™) were much smaller compared to the mid-dosed eyes. The high-
dosed retina (pink line; right graph) showed almost no differences in the electric signals compared to

the control at all luminance levels.

These findings were confirmed by the quantification of the b-wave amplitudes of all rAAV5.hCNGB1
(R18026) treated and sham-injected retinas at the 3-months-time-point (figure 27B). The mean b-wave
amplitudes were also evaluated for the 9-months-time point (figure 27C). At 3 months pn, an averaged
amplitude of 27.35 + 3.57 uV was calculated for the rod-system response (0.01 c¢d s m?) of all sham-
injected eyes (black line) and a mean of 111.46 + 9.78 uV was measured for combined rod- and cone-
system responses (3 cd s m?). The mid-dose treatment (10° vg; mouse group 2; green line) revealed a
significant increase (p<0.001) in the b-wave amplitudes at all light intensities compared to the control.
In response to low light flashes, the injected eyes exhibited an averaged b-wave amplitude of 48.51 +
16.22 pV (0.01 cd s m™?) and after bright light stimuli (3 cd s m™) 187.54 + 42.55 puV were measured,

revealing an overall increase of about 1.5-2-fold to the control. The treated eyes of mouse group 1 (low
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vector dose; 10° vg; blue line) showed values of 42.89 + 10.76 uV in response to 0.01 c¢d s m™ and of
134.91 +24.92 uV ataluminance of 3 cd s m™. Consequently, there was a less distinct, but still significant
increase in the b-wave amplitudes (p=0.004). No increased b-wave amplitudes were detected for the
high-dose treatment (10"’ vg; mouse group 3). For these retinas (pink line), averaged b-wave amplitudes

0f 25.01 £ 7.70 uV (0.01 cd s m?) and 105.44 + 27.49 uV (3 cd s m*) were measured.

The 9 months follow-up data (figure 27C) showed 2-fold higher b-wave amplitudes (p<0.001) for the
mid-dose retinas (10° vg) compared to the controls, demonstrating a long-term beneficial effect of the
rAAV5hCNGBI treatment on the rod function until an advanced stage of the disease. However, the
averaged b-wave amplitudes of the treated retinas of mouse group 2 had decreased since the 3-month
time point. This decay might be caused by the large untreated area within the treated retina leading to a
high number of degenerating photoreceptor cells even within the treated retina. Furthermore, it was
already shown by confocal imaging of retinal cross sections (see figure 19), that with a treatment of 10°
vg of rAAV5.hCNGBI still about 6 lines of photoreceptors had degenerated until the long-term time
point, which might be another reason for the ERG signal reduction. The long-term data for mouse group
1 illustrated a reduction of the treatment effect to a level indistinguishable from control (p=0.22)
suggesting that the low dose was not sufficient to achieve a long-term beneficial effect on the retinal
function. This further confirmed the immunohistochemistry findings showing a rather low CNGB1
expression level at 10 months pn. In addition, no differences in the b-wave amplitudes were determined
by comparing treated and untreated eyes of the high-dose-mouse group (p=0.71). Since neither short-
term nor long-term beneficial effects of the high-dose treatment were observed on retinal function, even
though a strong CNGB1 expression was visible in the IHC, this was a further evidence for a toxic side
effect of the high vector dose. Paired comparisons of the treated and the respective contralateral eyes of
each mouse group at both time points are shown in figure S2 in the appendix (representative examples
and quantification). The averaged ERG signal differences between treated and contralateral eye of each

individual mouse (shown as % of control) are listed in tables S1-S3 in the appendix.

Taken together, this dose-ranging study identified an optimal dose for the rAAV5.hCNGBI treatment
which was able to achieve sustained restoration of photoreceptor function in the Cngbl KO mouse
model without inducing toxic effects. A long-term restoration of photoreceptor function was only seen
in the mid-dose group. The low dose group only showed a functional improvement at 3 months , but
not at 9 months. Furthermore, treatment at high-dose did not result in rescue of photoreceptor function

providing further evidence for toxic side effects of the vector when applied as the high dose.

-91-



Results

3 months pn
0.01cdsm? 0.01cdsm? 0.01cdsm?
0.03cdsm? 0.03 cdsm? 0.03cdsm?
b 0.1cdsm? - 0.1cdsm? 1 0.1cdsm?
> mssaae > N 2 /f’f“\\_m
2 03cdsm? 2 2z 2 03cdsm?
?L i % | 03cdsm g_ i .
o o o
? =] S
Tcdsm? Tedsm? Tcdsm?
3cdsm? m 3cdsm?
~ ]
10cdsm? 10cdsm? 10cdsm?
I T T 1
-100 0 100 200 300 -100 0 100 200 300 -100 0 100 200 300
Time (ms) Time (ms) Time (ms)
3 months pn 9 months pn
240 - 80 -
220
200
> 1804 > 60
3 a3
3 160 3 | L1
S 1401 we 3 -
S 120 S 40
-
% 1004 ; ns g ; Rg
[} [
g 80 g
o 60 a 20
40 4
20
0 - - - 0 v
N 63 «g «g é\w <& «g <& 63 N N N <& g
RSN S SAR SO S N RSN SO SO S S
S RN N LIRS S S N N LIRS

—e— Cngb7KO 108 vg treated (R18026) —+—  Cngb1KO 10°vg treated (R18026) —=—  Cngb1KO 10'% vg treated (R18026)
—e—  (Cngb1KO sham injected —«—  Cngb1 wildtype untreated

Figure 27: Scotopic electroretinography measurements of Cngbl KO and wildtype mice. A. Overlays of representative ERG
signals obtained from a wildtype mouse (3 months pn) and 3-months-old Cngbl KO mice injected with 10° vg, 10° vg, and 10"
vg of rAAV5.hCNGBI1 (Lot#R18026). The respective sham-injected contralateral eyes served as controls showing almost no
response at the low light intensities of 0.01 and 0.03 c¢d s m? and a small b-wave at the brighter luminance levels. In case of
mouse group 1 (left graph) there was a slight increase in photoreceptor function in the 10°® vg-treated-eye compared to the
control (black line). In response to all light stimuli, the b-wave was much more prominent in the 10° vg-treated-eye (central
graph, green line), than in the sham-injected control (black line). At the very low light intensities of 0.01 and 0.03 c¢d s m?, an
obvious signal was seen in the 10° vg-treated-retina (about one third (0.01 cd s m?) and a half (0.03 cd s m™) of the wildtype
signal). A small a-wave was also recovered by the 10° vg of rAAV5.hCNGBI, that was not existent in the sham-injected KO.
With the high vector dose (10 vg; right graph; pink line) no obvious differences in the ERG signal were measured compared
to the control. B and C. B-wave amplitudes of treated (10° vg, 10° vg, and 10" vg; Lot#R18026) and sham injected Cngbl KO
eyes at 3 and 9 months pn demonstrated a dose dependent beneficial effect on the retinal function. The injection of 10° vg
resulted in a significantly increased b-wave amplitude at the 8-months-time point, whereas this could not be achieved by the
low or high dose. Values are given as mean + SEM. Groupl: n=7; group 2: n=7; group3: n=10; sham injected: n=34 (mouse
group 2: at 2 months pi, the measurement of mouse number 7 was excluded due to a fluctuating signal caused by a high
background that could not be reduced. Therefore, n=6 at this time point). Statistics: Unpaired two-way ANOVA with Sidak’s
post hoc test (#: p<0.05; **: p<0.01; ##%*: p<0.001). A paired comparison to the contralateral eyes of each mouse group is shown

in figure S2 in the appendix.
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3.10 Treatment with rAAV5.hCNGB1 resulted in Improved Vision-Guided Behavior

ERG measurements revealed that the originally functionless rods of the Cngbl KO mice regained the
ability to respond to light stimuli after gene supplementation. However, the visual cortex had never
received regular visual information from the rods due to lack of functional rods from birth. In order to
investigate whether the brain of a treated mouse was able to process the restored retinal function, the
visual acuities of CngbI KO and wildtype mice were analyzed at 9 months pn by observing the navigation
in a visual Water Maze task (figure 28). In a circular swimming pool, mice had to locate a floating escape
platform. Since they were water-shy, the mice were highly motivated to swim until they found the
platform. The mice were trained for three days and the position of the platform was changed every day
to minimize the learning factor. The swimming routes were recorded by a camera and monitored using
the VideoMot2 software by TSE Systems. Mice had been swimming on two days in the dark to monitor
rod-mediated behavior. Therefore, they had to be dark adapted prior to each day for at least 12 h.
Subsequently, one day under daylight conditions was performed to investigate cone-driven vision.
Figure 28A shows representative routes of an untreated and an rAAV5.hCNGBI treated (10° vg) Cngbl
KO mouse at the age of 9 months together with an age matched wildtype mouse at the second day under
scotopic conditions. The wildtype had been swimming directly from the starting point in the right
direction and thus quickly found the platform. However, the knockout mouse was unable to locate the
platform from the other side of the basin and therefore had to explore the main part of the pool until it
found the platform. The rAAV5.hCNGBI-treated Cngbl KO mouse, however, was considerably more
directed and was therefore able to reach the platform much faster than the untreated Cngb1 KO. Figure
28B displays the latency in seconds (s) illustrating how long a mouse needed to reach the visible
platform. At the first day, mice that showed a wildtype-like behavior usually needed one or two trials to
habituate causing a slightly prolonged latency and consequently an improvement from day 1 to day 2.
Averaged, wildtype mice reached the platform in 11.23 + 4.40 s at day 1 and improved themselves to day
2 to a latency of 6.23 + 1.06 s, whereas untreated Cngbl KO mice could not improve themselves from
day 1 to day 2 and had been swimming for 65.28 + 11.88 s (day 1) and 66.61 + 11.12 s (day 2) until they
had contact with the platform. Thus, the Cngb1 KO mice navigated significantly slower through the pool
than the wildtype mice (p-value<0.001; Two-way ANOVA). Mice treated with the low dose (mouse
group 1 - 10° vg) spent 51.06 + 15.23 s in the pool at day 1 until they reached the platform. At day 2,
their performance was even declined (64.08 + 8.79 s). Mouse group 2 climbed the platform after an
averaged latency of 45.29 + 6.99 s at day 1 that could even be optimized at the second day to 31.60 + 3.32
s. Thus, mice treated with the mid dose (10’ vg) navigated significantly faster in the pool than the
untreated control mice (p value = 0.02; Two-way ANOVA). When comparing the individual mice (see
figure S3 in the appendix), it became evident that all mid-dosed mice (10° vg) needed less than 60 s at

both days and improved themselves from day 1 to day 2 (except for one mouse). However, in mouse
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group 1 and in the untreated control group, most of the individuals needed considerably longer (usually
more than 80 s) to find the platform on at least one of the two days and no overall improvement from
day 1 to day 2 was observed (figure S3). This indicated that mice treated with 10° vg of Lot#R18026
gained the ability to navigate using information provided by the rod visual system and this behavior was
preserved until the age of 9 months. The differences in the latencies between mouse group 1 and the
untreated control (p-value=0.52; Two-way ANOVA) as well as differences between mouse group 1 and

2 (p-value=0.06; Two-way ANOVA) were not significant.

Under daylight conditions, all mice were able to find the platform with a latency of less than 20 s showing
that cone function was still sufficiently preserved to navigate under bright light. A directed navigation
at bright light conditions also confirmed that the tested mice behaved normally. Mice that showed
abnormal behavior during daylight such as floating in water, swimming in small circles or not moving
away from the border of the pool were excluded from the evaluation of the experiment. Figure 28C
shows how many individuals of a mouse group were able to find the platform within 1 min. Almost all
wildtype mice reached the platform within 1 min (day 1: 95.83 + 4.17 %; day 2: 100 %) whereas
significantly less (p-value=0.001; Two-way ANOVA) untreated Cngbl KO mice managed to do so (day
1: 53.70 £ 12.96 %; day 2: 48.15 £ 10.19 %). In 70 + 15.28 % of the swimming iterations of mouse group
1 the platform was found within 1 min at day 1 and in 46.67 + 9.72 % at day 2 revealing no significant
improvement compared to the untreated control (p-value=0.57; Two-way ANOVA). However, the mid-
dosed group (group 2) was significantly more successful than the control group (p-value=0.03; Two-
way ANOVA). 73.33 £ 11.30 % (day 1) and 86.67 + 6.24 % (day 2) of the swimming iterations of mouse
group 2 were able to find the platform within 1 min. Again, the difference between mouse group 1 and

2 was not significant (p-value=0.07; Two-way ANOVA), which confirmed the latency data.

Taken together, these data showed that Cngbl KO mice treated with rAAV5.hCNGBI1, depending on
the vector dose, regained the ability to orientate in a room and that this behavior was maintained at least
until 9 months of age. Thus, it was proven that the treated mice were able to process the recovered

photoreceptor function.
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Figure 28: The preserved retinal function of rAAV5.hCNGBI-treated Cngbl KO mice was processed by the mouse brains
resulting in improved spatial navigation. Navigation of Cngbl KO (rAAV5.hCNGBI1-treated and untreated; R18026; 10° vg
and 10° vg) and wildtype mice in a visual Water Maze task at the age of 9 months. In a circular swimming pool, mice had to
locate a floating escape platform and their swimming routes were recorded. Mice had been swimming on two days in the dark
for monitoring rod-mediated behavior and additionally, one day was performed under daylight conditions to investigate cone-
driven vision. A. Representative routes of a wildtype mouse, a 10° vg-treated Cngbl KO mouse, and an untreated control at the
second day of the task under dim light conditions. The wildtype located the platform from the other end of the pool and
therefore immediately navigated in the right direction. The untreated Cngbl KO did not perceive the platform and therefore
had to search most of the pool until it encountered the platform, whereas the mid-dose-treated KO (mouse group 2) regained
the ability to visually locate the platform resulting in a more rapidly approaching to the destination, as seen for the untreated
control. B. Latencies, describing the time until the platform was reached, demonstrated the incompetence of the untreated
Cngbl KO mice to quickly find the platform, whereas the averaged latency of the wildtype mice was lower than 10 s. Mouse
group 1 (10° vg) was not able to find the platform significantly faster than the control group, as both groups needed more than
60 s to reach the destination at day 2. However, a significantly faster navigation compared to the control group was discovered
for mouse group 2 (10° vg-treated), manifesting in a mean latency of about 30 s at day 2. C. Success within 1 min, describing,
how often a mouse group climbed the platform within 1 min (% of total trials). The wildtype mice were 100 % successful at day
2, whereas at this day only about half of the trials were successful in case of the untreated Cngbl KO mice and mouse group 1.
Mouse group 2 was capable to reach the platform in 80 % of the swimming iterations (day 2), and thus showed a significant
improvement compared to the control. Values are given as mean + SEM. 10® vg: n=5; 10° vg: n=>5; untreated: n=9; wildtype:

n=4. Statistics: Unpaired two-way ANOVA with Sidak’s post hoc test (*: p<0.05; *:*: p<0.01; ##%: p<0.001).
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3.11 Addressing the Time Window for a Therapeutic Option

In this work it was shown, that by supplementing hCNGB1, the degeneration of the photoreceptors can
be halted. However, with this therapy, it is not possible to restore cells that are already degenerated.
Therefore, it will be important to treat RP45 patients as early as possible before substantial photoreceptor
degeneration has started. RP45 is characterized by a slow disease progression, so that the degeneration
of rod photoreceptors does not begin until adulthood (Hull et al., 2017), thereby providing a large time
window for a treatment of human patients. However, the human brain is able to compensate a
malfunction of the rod cells over a long period of time, so that patients often do not notice symptoms
until the visual field is already constricted due to rod death. Therefore, it is important to also obtain

information about the treatment efficacy of rAAV5.hCNGB1 when administered at later disease stages.

Therefore, 6-month-old Cngbl KO mice were treated with high doses of rAAV5hCNGB1 (10" vg,
X17044A and R18026). At this age, about 50 % of the rod photoreceptors have been already lost, while
cones remain most widely unaffected until this age (Hiittl et al., 2005). The progression of retinal
degeneration was assessed using OCT. At 4 months pi (10 months pn) a high variation in the
photoreceptor layer thicknesses was observed among the measured retinas (figure 29B). Two retinas
(out of 10 injected eyes) were detected (one for each vector lot) that showed a delayed photoreceptor
degeneration in response to the treatment with rAAV5.hCNGBI1 at 4 months pi. Within these two
retinas, a preservation of the photoreceptor outer segments was observed (figure 29A), which were not
seen in untreated control retinas (10 months pn). OS rescue resulted in markedly thicker photoreceptor
layers (differences of 17 um (X17044A) and 14 um (R18026) compared to the respective contralateral
eyes; figure 29B). For the other tested eyes, however, only a marginal preservation of photoreceptors was
observed, suggesting that a substantial amount of photoreceptors were already in state of degeneration
which precluded a treatment effect. This high variability of disease progression was also obvious by
comparing the individual control eyes. Furthermore, the number of already degenerating cones might
have played a role in this variance, as well as the number of cells being already in the stage of apoptosis
leading to differences in retinal stress (discussed in section 4.2). Nevertheless, the data also showed that
a prevention of disease progression could be achieved by rAAV5.hCNGBI at this late disease stage.
Furthermore, no obvious differences were visible between the different vector lots, indicating no toxic

side effect for R18026, when applied to 6-months-old mice.
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Figure 29: Addressing the time window for a treatment option. Cngbl KO mice were injected with 10'° vg of rAAV5hCNGB1
(X17044A and R18026) and OCT measurements were performed at 4 months pi (10 months pn). In case of two retinas,
photoreceptor OS were saved, while in the other retinas, no distinct treatment effect was visible. A. OCT image depicting the
rescued OS in the treated part of a 10-months-old murine retina (Cngb1 KO), that was injected with 10'° vg of R18026. Within
untreated part, no OS were present, which demonstrated the photoreceptor preservation through the treatment with
rAAV5.hCNGBI. B. Photoreceptor layer thicknesses of rAAV5.hCNGBI treated (10" vg; X17044A and R18026) compared to
the respective sham-injected contralateral eyes at 10 months of age, revealing the marked rescue of photoreceptor layer
observed in two mice, while in the other eyes, no obvious differences between the contralateral eyes were detectable.
Furthermore, no clear difference was observed between vector lot X17044A and R18026. X17044A. n=4. R18026. n=6

3.12 The rAAV5.hCNGB1 Treatment Resulted in Reduced Miiller Cell Gliosis

Miiller glia cells respond to retinal stress by changing their morphology, biochemistry and physiology
(Bringmann et al., 2009). This reaction is termed reactive gliosis (or Miiller cell gliosis) and describes a
cellular process intended to protect retinal tissue for example by structural stabilization, by encouraging
repair mechanisms and restricting tissue remodeling, as well as through modulation of immune- and
inflammatory responses (Bringmann and Wiedemann, 2012). One early and sensitive indicator for
retinal stress is the upregulation of the glial fibrillary acidic protein (GFAP) showing the induction of
intermediate fibers by glial cells (Bignami and Dahl, 1979; Bringmann and Reichenbach, 2001; Lewis
and Fisher, 2003). It was shown, that photoreceptor degeneration led to upregulation of GFAP
expression in mice (Ekstrom et al., 1988; Hippert et al., 2015; Roche et al., 2016) and also in humans
(Fariss et al., 2000). However, retinal injury as well as retinal detachment can also lead to an increased
GFAP level (Lewis and Fisher, 2003; Lewis et al., 2010). In the Cngbl KO mouse model, an upregulation

of GFAP expression starts 21 days after birth as a consequence of the degeneration process (Hiittl et al.,
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2005). A reduction of the GFAP level as a result of murine Cngbl gene supplementation has already
been demonstrated (Koch et al., 2012).

To prove whether this can also be achieved by supplementation of the human CNGBI gene,
immunohistochemistry was performed with retinal cross sections of rAAV5.hCNGBI1-treated Cngbl
KO mice with an antibody against GFAP. The CNGB1 antibody served as a positive control for human
CNGBI expression (treated region of the retina). Figure 30 shows GFAP (green signal) and CNGB1
expression, as well as Hoechst 33342 staining in retinal cross sections of treated Cngb1 KO (Lot#R18026)
and wildtype mice at 10 months pn. In the wildtype (pictures at the bottom), only the end feet of the
Miiller glia were GFAP positive (green signal) and no GFAP expression was found in the intermediate
fibers, indicating lack of retinal stress in this mouse. Within the untreated part of the mid-dosed Cngb1
KO retina (10° vg), a distinct GFAP upregulation was visible, demonstrating enhanced glial cell activity
(images in the upper part of the figure). By the treatment with 10° vg of Lot#R18026 (treated area; mouse
group 2; top panels in figure 30), a reduction of the Miiller cell gliosis was achieved manifesting as a
decreased GFAP expression at the age of 10 months compared to the untreated part of this retina. The
data indicated a reduced retinal stress as a consequence of a degeneration that was substantially
decelerated by the treatment. However, GFAP levels were markedly higher in the 10°vg and 10" vg
treated retinas (figure 30; central images) compared to both treated and untreated part of the mid-dosed
retina (10° vg). Furthermore, there was no visible difference between the treated and the untreated part
of the low-dosed retina (10° vg), indicating, that a treatment with 10°® vg or 10" vg did not reduce the
reactive gliosis. This confirms the assumption, that the degeneration process was neither halted by the
low dose, nor by the high dose. The data further suggested, that the reduced Miiller cell activity seen in
mouse group 2 (10° vg) was not restricted to the treated part, but the treatment with rAAV5.hCNGBI1

even achieved a reduction of retinal stress in the whole retina.

Combined, these data demonstrated that Miiller cell gliosis could be dose-dependently reduced by
rAAV5.hCNGBI, showing that therapy led to a significant downregulation of retinal stress. Since a
degeneration progression is associated with retinal stress, these data indicated that the treatment with
rAAV5.hCNGBI had the potential to arrest retinal degeneration in the Cngbl KO mouse model even

after a long period of time.
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Figure 30: rAAV5.hCNGBI treatment resulted in reduced Miiller cell gliosis. Representative confocal images of retinal cross
sections of a wildtype mouse compared with Cngbl KO mice, subretinally injected with different doses of AAV5.hCNGB1
(Lot#R18026) at 4 weeks of age. All retinas were dissected at 10 months pn and immunohistochemistry was performed using
anti-CNGBI (red signal) and anti-GFAP (green) antibodies, as well as Hoechst 33342 for nucleus staining (blue). The injection
of 10° vg achieved a decreasing of the GFAP expression in the treated area, compared to the untreated part (outside the
subretinal bleb) of the same retina, indicating reduced Miiller cell gliosis due to the treatment. The remaining intermediate
fibers in the treated Cngbl KO retina suggested that mild retinal stress was still present. However, the GFAP levels in mouse
group 1(treated and untreated) and 3 (treated) were markedly higher than in both treated and untreated part of mouse group
2, underlining the strength of the reduction of gliosis by the treatment with 10° vg but also proving that a treatment with the

-99 -



Results

high- or low dose did not achieve a decreasing of Miiller cell activity. It further suggested that the mid-dose treatment decreased
the level of Miiller cell gliosis beyond the borders of the treated part. Scale bar marks 50 um. OS. outer segments, IS. inner

segments, ONL. outer nuclear layer, OPL. outer plexiform layer, INL. inner nuclear layer

3.13 The Biological Efficacy of rAAV5.hCNGB1 in the Cngb1 KO Dog Model

To further evaluate the biological efficacy of rAAV5.hCNGBI in the Cngbl KO dog model,
photoreceptor function was measured by scotopic ERG and visual acuity was assessed by performing a
four-choice-vision-test under dim-light conditions. Table 7 gives a short summary of the in vivo
biological efficacy testing at 6 months post injection. The calculated differences of the b-wave amplitudes
at aluminance level 0f 0.01 cd s m™ (rod-specific stimulus) in relation to the untreated Cngb1 KO control
eyes demonstrated a substantial increase in photoreceptor function for all dog groups. The lowest dose
of rAAV5.hCNGBI resulted in a 2.4-fold higher b-wave amplitude than the untreated control. The dog
groups injected with 1x10" vg or 2x10"' vg showed an increase in retinal function of about 3 fold to the
control, and with the highest dose even a beneficial effect of 5.7 fold of the control was recorded. For
investigation of the dim light vision the four-choice vision testing system was used (Gearhart et al.,
2008). The experiment started by placing a dog in a non-transparent box with four tube-shaped exits.
Only one tube was open, allowing the dog to exit the box, while the other tubes were blocked at the
external side. With a camera, the behavior of the dog was recorded until it found the exit. After each trial
a different tube was opened, so that the dog had to find the exit again each time and the learning factor
was excluded. The covering of the respective contralateral eye allowed the assessment of every eye
separately. Table 7 gives information about the number of attempts a dog needed to find the exit (mean
correct exit choice / % of total trials) as well as about the time it took a dog to find the exit (mean time
to exit / s). All trials shown were performed at a low luminance level of 0.01 cd s m™. The data showed
that with rAAV5.hCNGBI1-treatment, the Cngbl KO dogs chose the right exit in almost 100 % of all
trials already at the first attempt, whereas the dogs with untreated eyes only found the correct exit in
about 50 % of all trials. By evaluating the time, it took each dog to find the correct exit, it was observed
that the dogs with an rAAV5.hCNGBI1-treated eye, regardless of the vector dose, found the correct exit
in much less time than the control dogs. With a treated eye the dogs were about 4-5 times faster than
with an untreated eye. Thus, it could be shown that administration of even the smallest vector dose of
rAAV5hCNGBI resulted in the ability of the Cngbl KO dogs to orient and navigate in the dark in a

wild-type-like manner.

Taken together, these data showed that photoreceptor function in Cngbl KO dogs was markedly
restored with each virus dose of rAAV5hCNGBI and the higher the dose, the more function was
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recovered. It was also demonstrated that even the smallest amount of virus was sufficient to ensure wild-

type-like behavior in the dark.

Table 7: In vivo biological efficacy testing of rAAV5.hCNGBI treated and untreated Cngbl KO dogs at 6 months pi. Ata
luminance level 0f 0.01 cd s m™? the b-wave amplitudes of all treated dog retinas recorded in the ERG, demonstrated a substantial
increase in photoreceptor function compared to the untreated Cngbl KO control retinas in a dose dependent manner (rod
response /mean b-wave amplitude / fold change). Vision testing revealed that with rAAV5.hCNGBI1-treatment, the Cngbl KO
dogs passed the four-choice test much faster (mean time to exit / s) and more accurately (mean correct exit choice / % of total

trials) than the untreated control dogs, revealing a dose-independent, wildtype-like behavior for all dogs.

Dose group ~ Number Biological efficacy at 6 months pi
of dog Rod response - mean b-wave Vision testing - mean correct exit choice/  Vision testing - mean time to
eyes amplitude / fold-change % of total trials exit /s
1x10vg 5 57 100 3.4
2x10" vg 4 29 98.6 46
1x10" vg 5 3.3 100 5.8
2x10" vg 3 24 100 46
untreated 2 - 535 23.7

3.14 Degeneration-Induced Microglia Activation was Prevented by rAAV5.hCNGB1 in
Cngb1 KO Dogs

Retinal degenerative diseases often go along with a chronic pro-inflammatory environment. Microglia
represent the immune cell population present in the retina and thus mediate the inflammatory reactions
within this tissue. Under acute conditions, inflammatory processes protect the retina (Karlstetter et al.,
2010; Gupta et al., 2018). But under chronic conditions, as in degenerative retinal diseases, microglia get
pathologically activated. When photoreceptors degenerate, microglia migrate to the outer retina towards
the photoreceptors and change their morphology from filopodial-like to amoeboid, leading them to
release excessive amounts of inflammatory mediators and to randomly phagocytize stressed but living
photoreceptors (Zhao et al., 2015). Both result in tissue damage and deterioration of the disease (Gupta
et al., 2003, Rashid et al., 2019). An increased number of activated microglia was also found in 4-week-

old Cngbl KO mice (Blank et al., 2017).

In order to investigate whether the degeneration progress in the Cngbl KO dog model comes along with
amoeboid microglia, an immunohistochemistry staining was performed using an antibody against the
ionized calcium-binding adapter molecule 1 (IBA-1), which is a marker for microglia in the retina.
Furthermore, the staining was intended to clarify whether a prevention of the pathological microglia
activation by CNGBI gene supplementation can be achieved. The anti-CNGAI1 identified the treated

regions within one section. By investigating the untreated area (shown by CNGA1 absence) of a Cngbl
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KO dog retina (figure 31A), filopodial-shaped IBA-1-positive cells were found in the inner retina
indicating persisting microglia. Additionally, a few microglia were found in the outer retina that had
already been transformed into an amoeboid form. This suggested an immune reaction in the untreated
Cngbl KO dog eye at the age of 15 months and revealed that also in the large animal model of RP45,
inflammation was a side effect of photoreceptor degeneration. By analyzing the treated part of a Cngbl
KO dog retina (injected with 1x10" vg of rAAV5.hCNGBI), no activated microglia were found in the
ONL or the subretinal space, confirmed by the strict localization of IBA-1 to the inner retina. Therefore,
it is suggested that the inflammatory reaction in the retina could be prevented by the treatment with

rAAV5.hCNGBI using vector Lot#X17044A.

Throughout the in vivo experiments of the dog dose escalation study, patchy areas of retinal thinning
were detected within fundus imaging of one eye of a Cngbl KO dog that was treated with 2x10" vg of
rAAV5hCNGBI. Furthermore, despite no differences in vision-guided behavior compared to the other
dogs treated with 2x10" vg (100 % correct exit choice; mean correct exit choice of the respective dog
group: 98.6 %; see table 7), a reduced treatment efficacy of rAAV5.hCNGB1 was observed in case of that
dog eye, reflecting as reduced electric potentials in the ERG (no increased rod-specific b-wave
amplitudes compared to the untreated Cngbl KO eyes at 6 months pi; data not shown) and as smaller
numbers of rescued photoreceptors at 15 months of age (12 months pi; figure 31B; upper panels). Only
7 rows of photoreceptors were counted in the treated retinal area of the eye showing the adverse effects
(figure 31B), whereas 12 lines were still present in other Cngbl KO dog eyes treated with the same vector
dose (see figure 24). CNGAL staining revealed a localization of CNGAL1 to the ROS, indicating CNGB1
expression and intact OS in the treated retina. By examination of this retina for inflammatory processes
by IBA-1 staining, a high number of activated microglia was found and this was only slightly reduced in
the treated area (figure 31B; upper panels). This suggested that the affected dog had developed an
immune response in its eye manifesting as migrating microglia, which further contributed to the death
of photoreceptors. The green signal seen within the GCL of the treated area of the affected retina resulted
from unspecific staining of the secondary antibody due to the close location of the cross section to the
optic nerve. Based on recent findings of inflammatory processes that spread to the contralateral eye
(Tribble et al., 2019), the contralateral eye of the affected dog (treated with 1x10" vg) was investigated
(figure 31B; lower panels). The untreated retina of the contralateral eye showed a high amount of
amoeboid microglia, but less microglia were found compared to the affected eye. With
rAAV5hCNGBI1-treatment, inflammation process was marginally reduced. Hoechst 33342 staining
revealed a slightly thicker ONL compared to the affected eye, but still considerably less photoreceptors
had remained (8 rows) than in other high-dosed retinas (12 rows of photoreceptors; figure 24). This
indicated, that the immune reaction had spread to the contralateral eye where it manifested in a slightly

attenuated form.
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Taken together, the data shown in figure 31 demonstrated that, less prominent than in the Cngbl KO
mouse model, inflammation was also occurring in the Cngbl KO dog model and that this immune
reaction could be prevented by CNGBI gene supplementation evoked by rAAV5.hCNGB1-treatment.
However, in exceptional cases, the treatment using rAAV5hCNGB1 can lead to intensified

inflammation as it was seen one Cngbl KO dog eye within the dog dose escalation study.
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Figure 31: Degeneration-induced immune reaction of Cngb1 KO dogs could be prevented by rAAV5.hCNGBI1, while one
dog showed an inflammatory response to the treatment. A. Representative confocal images of retinal cross sections of a Cngb1
KO dog, treated with 1x10*? vg of Lot#X17044A. Immunohistochemistry was performed at 12 months pi using anti-IBA-1 (red
signal) and anti-CNGA1 (green) and Hoechst 33342 (blue). The untreated area (shown by CNGAL1 absence) revealed filopodial-
shaped IBA-1-positive cells in the inner retina indicating persisting microglia. Additionally, a few amoeboid microglia were
found in the outer retina, suggesting an immune reaction in the Cngbl KO dog eye in response to retinal degeneration. In the
treated part of the retina, no activated microglia were found in the photoreceptor layer or within the subretinal space implying
a prevention of microglia activation by the treatment. B. Upper panels. Inmunohistochemistry of retinal cross sections of a
Cngbl KO dog eye that showed adverse events throughout the in vivo experiments. The eye was treated with 2x10" vg of
X17044A and the retina was harvested at 12 months pi. Anti-IBA-1 staining revealed a high number of activated microglia
within both treated and untreated part of the retina. Furthermore, Hoechst 33342 staining displayed a markedly thinner ONL
in the treated retinal part compared to other retinas treated with the same vector dose, indicating an immune response in that
eye which resulted in migrating microglia leading to photoreceptor death. Compared to the affected eye, its contralateral eye,
which was treated with 1x10" vg, showed a slightly reduced amount of amoeboid microglia in both treated and untreated
retinal parts. The ONL thickness was considerably lower as within the other retinas treated with the high vector dose, indicating

a spreading of the inflammation to the contralateral eye where it manifested in a slightly attenuated form.
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4 Discussion

Loss-of-function mutations in the cyclic nucleotide-gated channel beta 1 subunit (CngbI) gene are
known to cause Retinitis pigmentosa type 45 (RP45) - a hereditary blinding disease. In this study a novel
recombinant AAV vector for an efficient expression of human CNGBI in rod cells was developed and

its efficacy treating RP45 was investigated in two different Cngbl KO animal models.

The study demonstrated efficient, specific, and long-term hCNGBI1 expression in murine and canine
rod photoreceptors driven by the shortened human rhodopsin promoter (1FRHO194). By treatment with
rAAV5.hCNGBI, a substantial preservation of rod and cone photoreceptors was achieved in both Cngb1
KO mice and dogs. Furthermore, the efficacy of rAAV5.hCNGB1 was dose-dependent manifesting itself
as an increasing expression level with ascending dose, resulting in enhanced biological efficacy in both
animal models. However, a toxic side effect was identified for the vector lot produced in a producer cell
line, emerging in a dose-dependent manner, which was not observed for the vector lot produced by
triple-transfection. It was further shown, that the introduced human CNGB1 subunit was capable of
forming functional chimeric rod-specific CNG channels together with murine as well as with canine
CNGAL1 subunits leading to a recovery of rod photoreceptor function in both animal models. Both
animal models were also able to process the regained retinal function, resulting in a significantly
improved navigation in the dark in the case of the mouse model and even in a wild-type-like rod
mediated behavior of the treated dogs. Furthermore, retinal stress in the Cngbl KO mouse, manifesting
as Miiller cell gliosis, was reduced by rAAV5.hCNGBI, even beyond the treated region of the retina.
Finally, it was shown that a degeneration-induced inflammation was diminished by the treatment,
shown as reduced microglia activation. However, one dog developed an immune reaction against the

applied virus seen as migrating microglia to the ONL.

These results demonstrated the efficacy of the htCNGB1 gene supplementation therapy in small and large
animals and thus showed the transferability of this approach to human application. Thereby, the work
covered a major part of the preclinical drug development phase and proved to be a suitable candidate
for a clinical application. In addition, this work served as a basis for a design of preclinical toxicology
studies as well as for early-phase clinical application of this vector. A subsequent toxicological study in
mice, dogs, and non-human primates (NHP) would complete the preclinical phase using the definitive
AAV vector produced under good laboratory practice (GLP) conditions. Finally, the data obtained here

provided important information for new and innovative approaches towards future therapies.
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4.1 hRHO194 and AAV2/5 Enabled Efficient and Long-Term Transgene Expression in Rod

Photoreceptors

4.1.1  AAVS5 as Suitable Capsid for Photoreceptor-Targeted Gene Expression

First subretinal injections of AAV5.eGFP (X17044B; expression was driven by hRHOI194) into a
wildtype mouse showed initiation of target gene expression, visualized by eGFP fluorescence, at about 2
weeks after vector administration (figure 17A). A delay of 2-4 weeks was also observed previously for
both AAV2/5 as well as for AAV2/2 (Auricchio et al., 2001), reflecting the time required for the vector
DNA to enter the cell nucleus and become transcriptionally active. It is assumed that the process of viral
uncoating plays a significant role in the kinetics of transgene expression, and this depends on the type
of capsid (Thomas et al., 2004; Natkunarajah et al., 2008). Although the AAV5 serotype has slower
kinetics and also a lower photoreceptor transduction efficiency than AAV8 (Allocca et al., 2007;
Natkunarajah et al., 2008; Mussolino et al., 2011; Vandenberghe and Auriccho, 2012), it has been shown
to be a suitable vector for targeting photoreceptors in several in vivo studies even outperforming the
well-established AAV2 (Auricchio et al., 2001; Yang et al., 2002; Lotery et al., 2003; Pang et al., 2007; Li
et al., 2009; Vandenberghe and Auriccho, 2012). In addition, AAV5 has been shown to effectively target
photoreceptors in canine and NHPs and has been successfully used to restore retinal function and
maintain retinal structure in models of various retinal diseases (Min et al, 2005; Alexander et al, 2007;
Mancuso et al, 2007; Pang et al, 2008; Mancuso et al., 2009; Komaromy et al, 2010; Gorbatyuk et al, 2010;
Beltran et al., 2010; Boye et al, 2010; Pang et al, 2010; Li et al, 2011; Mao et al, 2011; Pang et al, 2012;
Boye et al., 2012; Lopes et al., 2013; Lhériteau et al., 2014; Banin et al., 2015; Ye et al., 2017; Deng et al.,
2019).

4.1.2  Pros and Cons of the Subretinal Injection - Emerging Alternatives

In the presented mouse study, approximately 30 % of the retina were covered by one single subretinal
injection of 1 pL volume, which was already observed in previous studies using other AAV serotypes
(Michalakis et al., 2010; Schon et al., 2017). Due to the marginal lateral spreading of this virus, the area
did not increase noticeably beyond the area of the subretinal bleb over the weeks. This was further
indicated by the sharp transition zone from the treated to the untreated part. Therefore, only 30 % of
the retinal tissue was treated. The low lateral spreading of AAV5 has also been demonstrated in dogs
(Bruewer et al., 2013). Other AAV serotypes showed greater lateral spreading in the retina, but the area,
that can be covered by a subretinal injection, is generally limited. Further disadvantages of subretinal

injections (SR) include the retinal detachment, creating a gap between the photoreceptor layer and the
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RPE, which can cause several harmful macromolecular and structural modifications in the retina. In
case of a degenerating retina, there is also the risk of retinal thinning or even holes, as the retina is already
very fragile. Adverse side effects can also include choroidal effusion or ocular hypo- or hypertension
(Fisher et al., 2005; Maguire et al., 2008; Dalkara et al., 2009; Jacobson et al., 2012; Vandenberghe et al,,
2013; Bainbridge et al, 2015; Reid et al., 2017; Takahashi et al., 2018). Therefore, many scientists work
on alternative delivery methods. Promising results have been achieved by the less invasive intravitreal
(IV) injection, where the drug is administered into the vitreous, leading to the distribution of the applied
rAAV over the entire retina. However, most of the natural AAV serotypes are trapped in the inner
limiting membrane (ILM) at the vitreoretinal junction. It contains a number of extracellular matrix
proteins and some are recognized by the AAVs as receptors, preventing virus passaging (Candiello et
al., 2007; Halfter et al., 2008; Dalkara et al., 2009). For this reason, there have been approaches to
surgically remove the ILM prior to intravitreal AAV injection (Takahashi et al., 2018; Teo et al., 2018).
Other researchers are instead focusing on the development of novel mutant capsid variants. By
generating capsid libraries, novel AAV variants are currently being developed, which are intended to no
longer recognize the receptors of the ILM and are therefore be able to reach the outer retinal cells as well
as the RPE (see section 4.7.1; Dalkara et al., 2013; Kay et al., 2013; Weinmann and Grimm, 2017; Hickey
et al., 2017; Reid et al., 2017; Biining and Srivastava, 2019). However, a large portion of the vector is
already eliminated within the anterior route following an intravitreal injection (Park et al., 2016).
Furthermore, IV injections carry an elevated risk of immune responses to the rAAV. Based on several
preclinical studies it is assumed that neutralizing antibodies (NAbs) are more likely to be produced after
IV injections than after SR injections (Li et al., 2008; Amado et al., 2010, Vandenberghe et al., 2011). A
large number of neutralizing antibodies has the potential to inhibit gene transfer efficiency, which
becomes even more relevant for vector re-administrations or a time-shifted injection of the contralateral
eye (see section 4.7.2; Kotterman et al., 2015; Bennett et al., 2016; Seitz et al., 2017; Reichel et al., 2017
and 2018; Lee et al,, 2019). Due to these hurdles, the field of retinal gene therapy is currently still
dominated by subretinal injections, as in the preclinical mouse and dog study presented herein.

However, in future, the intravitreal injection may become an emerging application method for this field.

4.2 Preservation of Photoreceptors by rAAV5.hCNGB1 Therapy - the Relevance of the

Animal Model and the Timing of Treatment

In the Cngbl KO mouse model, hCNGB1 was stably expressed at least up to 9 months post injection
accompanied by a rescue of about 8 lines of photoreceptor nuclei, whereas only one line remained in the
untreated part of the retina. Thus, it is assumed that the degeneration was stopped in a great number of

cells once the CNGBI gene was expressed. However, still considerably fewer photoreceptors survived
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compared to a wildtype of the same age, which, on the one hand, was caused by the fact that not every
rod cell was infected by an rAAV and also not every infection resulted in episomal persistence of the
recombinant DNA, since it is estimated that only about 30 % of all rAAVs reaches the nucleus of an
infected cell (Zhong et al., 2008; Xiao et al., 2012). There are several host-cell mechanisms to prevent
rAAV infection during the different steps including cellular uptake, post-entry trafficking, nuclear
import, second-strand synthesis, and transgene expression (see section 1.2.2). One important host-
mechanism preventing efficient AAV transduction is the ubiquitin-dependent proteasomal
degradation, which is currently also a target for rAAV transduction improvements (see section 4.7.2;
Duan et al., 2000; Zhong et al., 2008; Nathwani et al., 2009; Mitchell and Samulski, 2013; Gabriel et al.,
2013; Berry and Asokan, 2016). On the other hand, progressing degeneration within the treated part of
the retina might be also due to the rod outer segment (ROS) shortening, which had already started before
the injection time point (age of 4 weeks). In the Cngbl KO mouse model, the degeneration of the ROS
already begins at the age of 15 days while the maximum of dying photoreceptor cells is already reached
on day 23 (Hittl et al., 2005; Paquet-Durand et al., 2011). Since additional two weeks passed between
injection and the start of transgene expression (see section 4.1.1), a considerably large number of ROS
was already affected by degeneration resulting in the death of the respective photoreceptors. So far, only
sporadic studies demonstrated that degeneration can be halted even in advanced stages of RP (Koch et
al., 2015). More often, data from preclinical and clinical studies showed that only a limited time window
exists in which an RP patient can be treated. If a certain time point (point of no return) is exceeded, the
treatment no longer prevents the progression of degeneration (Cideciyan et al., 2013; Cepko and
Vandenberghe, 2013). It is known, that already degenerated cells cannot be restored, but it is not yet
known whether a cell that is already in a state of apoptosis can be saved from complete death. There are
already approaches that aim to target apoptosis in photoreceptors for the therapy of RP (Marigo, 2007).
Oxidative stress, capable of leading cells to a state of apoptosis, is known to play a key role in retinal
degeneration (Sanvicens et al., 2004; Trachsel-Moncho et al., 2018). There is also a hypothesis that
attributes the mutation-independent cone degeneration to the oxidative stress emerging during rod
death (Usui et al., 2009). The administration of antioxidants could therefore help to reduce cone
degeneration (Komeima et al., 2007; Sanz et al., 2007; Drack et al., 2012). Therapeutically relieving stress
from cells prior to treatment might be a solution to extend the effectiveness of gene therapy beyond the
point of no return. Improvements in transduction efficiencies could also be helpful to address this issue

(Petit et al., 2016).

After treatment with rAAV5hCNGB1 many rod cells still died in the mouse retina, but it was
demonstrated that the cone cells in the treated part of the retina were completely intact even after a long
time period (age of 10 months; 9 months after injection; figure 21). At this late RP stage, the cones in

the untreated retina were only visible as sleeping cell bodies. In addition, a long-term beneficial effect
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on photoreceptor function was demonstrated (figure 27), as well as a substantial restoration of vision
(figure 28). Furthermore, it was shown that retinal stress, manifesting as Miiller cell gliosis, was very
pronounced in untreated Cngbl KO retinas, but was only marginally present within the retinal parts
that were treated with rAAV.hCNGBI (figure 30). Together, this suggests that visual function was
restored and disease progression was prevented in the treated mouse retina even over a long time period,

proving that the rAAV5.hCNGB1-therapy was efficient in the Cngbl KO mouse model.

However, treatment with rAAV5.hCNGBI showed an even more positive effect in the dog study. In the
treated Cngbl KO dog retinas, only very few photoreceptors were degenerated until the long-term time
point (see figure 24) and also photoreceptor function (see table 7) was restored more markedly
compared to the mouse model. Several factors might play a role in the differences of the therapeutic
outcome between the mouse and the dog study, mainly involving the differences in the eye morphology
allowing more precise subretinal injections into canine eyes than into murine eyes (see section 1.3).
Since it is known that the dog eye is much more similar to a human eye than a mouse eye, the canine
study mimics the clinical situation much more closely. The mouse eye has a size of only 3.5 mm, whereas
the eyes of dog and human are both larger than 20 mm (see section 1.3). In addition, the eye to lens ratio
in dogs and humans is very similar, both possess a small lens providing a large space for the vitreous. In
the mouse eye, however, the lens occupies almost the entire vitreous area, so it has to be injected from
posterior. Dog and human eyes allow the anterior approach, offering the possibility of a safer and more
precise injection (see section 1.3). In addition, the large size of the human and dog eye allows for
permanent monitoring during surgery. Consequently, usually a larger amount of virus reaches the
subretinal space resulting in a higher transduction efficiency. In addition, less damage is caused during
the injection. The higher biological efficacy of rAAV5.hCNGBI1 observed in the dog study was most
likely due to the fact that each dog retina received two injections (a 100 pL), resulting in not only one
third (in case of the mouse; see figure 17A) but two thirds of the retina being transduced (see fundus
images in figure 24). Another factor to consider is the longer lifespan of the dog leading to a later onset
of the disease and slower progression of retinal degeneration, allowing to interfere earlier in the
degeneration process when treating at 3 months pn (Casal and Haskins, 2006; Wolfe, 2009; Winkler et
al., 2013; Volland et al, 2015). In order to achieve the optimal therapeutic effect, intervention in the
course of the disease should begin as early in life as possible. This is regardless of the subject, whether it
is an animal model or a human patient. However, for the mouse model it has to be considered that the
younger the mouse is, the smaller the eye to be injected, which means that a subretinal injection is more
likely to result in greater collateral damage, sometimes even becoming devastating over time (e.g. as
cataract). For a long-term mouse study, it is therefore a risk to inject prematurely. Although human
RP45 has an early onset, it progresses slowly, so that the degeneration of rod photoreceptors usually does

not start before adult age (Hull et al., 2017). This effectively provides a large time window for a treatment
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of human patients before photoreceptors get lost. However, the human brain is able to compensate a
rod cell dysfunction over a long time period, and thus patients often do not recognize any symptoms
until the visual field begins to constrict due to rod cell degradation (usually at about 20-30 years of age;
Hull et al., 2017). In the future, it will be therefore important to make diagnostic and sequencing
techniques more cost-effective, so that the specific type of RP can be defined the respective gene therapy

can be applied as soon as possible after photoreceptor loss is recognized by the patient.

Furthermore, it will be important to investigate the efficiencies of ocular gene therapy dugs applied at
later disease stages when photoreceptor degeneration is already ongoing. Therefore, further preclinical
studies are needed, applying the vector at various later time points to determine the pathological stage
at which it is no longer possible to intervene in the course of degeneration (point of no return). Initial
experiments in Cngbl KO mice, in which the virus was injected at the age of 6 months, showed a high
variation of the treatment outcome at 4 months. pi (10 months pn; see figure 29). At 6 months of age,
about 50 % of the rod photoreceptors have been already died in a Cngbl KO mouse, while cones are
usually still most widely unaffected (Hiittl et al., 2005). In very few instances, a delayed photoreceptor
degeneration could be achieved at 4 months pi through rAAV5hCNGBI treatment. In these retinas,
even the photoreceptor outer segments were preserved, which were virtually not existent in untreated
retinas at this age (10 months pn). However, in most of the treated retinas, only a marginal rescue of
photoreceptors was achieved indicating that the number of cells being already in the stage of apoptosis
and the number of already degenerating cones were too high at the injection time point, leading to
retinal stress resulting in an earlier passing of the point of no return and a closing of the time window

for therapeutic intervention.

4.3 The Localization of the Human CNGB1 Protein — Finding the Optimal Dose Range

In both Cngbl KO mouse and dog models the human CNGBI1 protein was found to be not strictly
localized to the ROS (figures 17B, 19, and 24), indicating, that not all produced human CNGB1
molecules were transported to the ROS. Since only heterotetrametric channels are transported to the
photoreceptor OS, the data demonstrated, that not every CNGB1 subunit could form a functional CNG
channel complex together with the three required CNGA1 subunits. This result either suggests an excess
of CNGBI regarding to CNGA1 implying that the vector was overdosed, or an inefficient chimeric CNG
channel formation of a human CNGB1 and a murine or canine CNGA1. The CNGBI1 localization within
the inner segments of the ROS was found in mouse for both vector lots (X17044A and for R18026),
negating a possible influence of the vector production method on the CNGBI1 protein localization.

Furthermore, the efficiencies of cross-species CNG channel formation of the introduced human CNGB1
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and canine or murine CNGA1 did not differ in efficiency and there was also no CNGAL1 found in the
rod IS of mice and dogs (figures 19B and 24) indicating the availability of the entire number of CNGA1
molecules for CNG channel formation. The localization of CNGAL to the ROS further demonstrated
the role of CNGAL as a limiting factor for the amount of CNG channels transported to the ROS further
proving that unphysiologically high amounts of CNGB1 in the ROS were not caused by the treatment
(Kaupp and Seifert, 2002, Zheng et al., 2002, Biel et al., 2009). Summarizing, these data indicated that
the efficiency in CNG channel formation was not impaired due to the origin of the subunits from
different species. A further indication of a virus overdosing was provided by the dose escalation study
using the dog model. Within this study, a wild-type-like CNGBI1 localization (restricted to the ROS) was
found at the border region (transition zone between treated and untreated area) of a mid-dosed Cngbl

KO dog retina (1x10" vg; see figure 25).

The dog dose escalation study also revealed a considerably higher hCNGB1 expression for the dose of
1x10" vg as for the lower dose of 2x10" vg, as well as a higher biological efficacy observed by ERG and
vision testing (table 7) as well as by examination of the rescued photoreceptors (figure 24). In contrast,
there were only marginal differences in transgene expression and biological efficacy between 1x10" vg
and the next higher dose (2x10'"). The highest vector dose (1x10" vg) achieved the highest
photoreceptor function of the rAAV5.hCNGBI treated dogs (table 7), but not more cells were saved
from degeneration compared to 1x10"' vg and 2x10" vg (figure 24), indicating that with the highest dose
a plateau was reached in the Cngbl KO dog model. Furthermore, the analysis of the behavioral
experiment demonstrated that all doses applied led to a wild-type-like capability of the animals to
navigate in the dark, demonstrating that even the smallest dose of rAAV5.hCNGB1 was sufficient to
restore the vision of a Cngbl KO dog treated. In order to determine the optimal dose for a clinical
application, dose-dependent risks must also be considered (dose-dependent immune reactions or toxic
side effects; see section 4.7.2). Therefore, the highest dose is not necessarily the preferred dose, even if it
achieves the highest therapeutic effect. Since the dose of 1x10" vg resulted in a therapeutic outcome
similar to the higher doses and since the transition zone between treated and untreated area of the
respective dog eyes revealed a wild-type-like CNGB1 localization, the optimal virus genome dosage for
the rAAV5.hCNGBI therapy in dogs is expected to be slightly lower than 1x10" vg. However, the viral
dose should be chosen higher than 2x10' vg, as the dose of 2x10'° showed considerably lower transgene
expression (figure 24) and biological efficiency (figure 24 and table 7). Since the dog eye has a similar
morphology as the human eye (see sections 1.3), the dose range determined for the dog will be roughly
transferable to humans. For comparison, the FDA and EMA approved dose of voretigene neparvovec-
rzyl (LUXTURNA™) is 1.5x10" vg per eye (Maguire et al., 2009 and 2019). Therefore, the viral genome
dosage of rAAV5hCNGBI in humans is probably in a similar range to LUXTURNA™. For finally
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transferring the optimal dose of rAAV5.hCNGBI to humans, the estimated vector dose should also be

confirmed in NHP eyes before applying the vector to the clinic.

4.4 Different Results were Obtained Using the High Dose of the Two Vectors from
Lot#X17044A and Lot#R18026

In the Cngbl KO mouse model, rAAV5.hCNGBI efficacy was evaluated by injection of the vector
produced via two different techniques. During the examination it became obvious, that different results
(in vivo and ex vivo) were obtained using vector Lot#X17044A (produced by triple transfection in
HEK293 cells) and Lot#R18026 (produced in a HeLaS3-based producer cell line). With the dose of 10"
vg, a marked therapeutic effect was achieved with X17044A manifesting as a distinct hCNGBI1
expression and in 8 rows of preserved photoreceptors (figure 17B). Treatment with 10" vg of R18026
also resulted in a high-level hCNGBI1 expression, but only about 4 rows of cell nuclei remained within
the ONL after 9 months (figure 19A). These data were also confirmed by OCT (figure 20) showing a
decelerated degeneration after administration of X17044A (high dose), whereas only marginally effects
were achieved with the high dose of R18026. Instead, results similar to those of X17044A were obtained
using a 10-fold lower virus dose (mid dose; 10° vg), seen by OCT (figure 20) and immunohistology
(figure 19A). The less survived photoreceptor cells in case of the high-dose of R18026 indicated an
induced photoreceptor death probably due to toxic side effects of the treatment using the PCL vector
batch. No toxic side effects were found for the triple-transfection vector, neither in mouse, nor in dog.
This suggests that either more toxic contaminants or more disturbing empty capsids were present in
R18026 (see section 4.7.2). Harmful adenoviral residues might have also played a role in the toxic side
effect, since the PCL-based AAV production is induced by adenoviral infection (Penaud-Budloo et al.,
2018). Furthermore, HeLa cells contain human papilloma viral (HPV) sequences, known to be a cause
for cervical cancer, which might also be responsible for toxic effects. HPV genes within HeLa cells are
thought to contribute to efficient packaging of rAAV due to helper functions provided by these genes
(Ogston et al., 2000; Hermonat et al., 2000; You et al., 2006; Cao et al., 2012), but also raised safety
concerns associated with these sequences (Schwarz et al., 1985; Gao et al., 2002; Martin et al., 2013).
These concerns led to the generation of alternative producer cell lines for example based on the A549
cellline (Gao et al., 2002; Farson et al., 2004; Martin et al., 2013). Other causative factors for AAV toxicity

are discussed in section 4.7.2.
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4.5 Degeneration-Induced Retinal Stress and Inflammation can be Reduced by

rAAV5.hCNGB1

In this work it was demonstrated, that Miiller cell gliosis, which is elevated within degeneration
(Bringmann and Wiedemann, 2012), was reduced in Cngbl KO mouse retina by the treatment with
rAAV5.hCNGBI (figure 30). It was further shown, that the glial activity was not only decreased within
the treated part, but a slight decrease of reactive gliosis was also seen in the untreated part of that retina,
suggesting that the degeneration-induced retinal stress of the entire retina can be influenced by CNGB1
gene supplementation. Nevertheless, there were still a few intermediate fibers visible in the treated part
of the mid-dosed retina, despite being faint and not reaching the ONL. This indicated that mitigated
retinal stress was still present which might be caused by the dying photoreceptors that were not infected
by rAAVs (see section 4.2). However, retinal stress can be also attributed to injury resulting from the
subretinal injection. The treated area was much closer to the injection site than the untreated part and
was located within the subretinal bleb. Both, the injection itself and the following retinal detachment led
to retinal injury resulting in reactive gliosis (Lewis and Fisher, 2003; Lewis et al., 2010). In addition, the
rAAV itself might also have been a causative factor for reactive gliosis, since immunogenicity and

genotoxicity can be induced by rAAVs (see section 4.7.2).

An increased microglia activation was found in untreated Cngbl KO dog eyes (figure 31), revealing that
inflammation is a side effect of the photoreceptor degeneration in the canine model of RP45, as it was
previously shown in the Cngbl KO mouse model (Blank et al., 2017). It was further demonstrated by
treatment with rAAV5.CNGBI, that the pathological activation of microglia can be prevented in Cngb1l
KO dogs resulting in a reduced immune reaction (Figure 31A; Gupta et al., 2003; Zhao et al., 2015;
Rashid et al., 2019). However, one dog eye treated by injection with 2x10" vg of rAAV5.hCNGB1
developed an immune response, resulting in an increased photoreceptor death and in activated
microglia which migrated to the ONL (figure31B). An immune response was not detected in any other
eye (except for the contralateral eye to which the inflammation had spread), such that one eye out of 17
treated eyes was affected. 3 other eyes were injected with the same dose (2x10" vg) and 5 others with
even a higher dose (1x10"vg). Since the affected dog eye was not treated with the highest dose, it can be
assumed that the immune response was not caused dose-dependently by rAAV5.hCNGBI.
Consequently, and since only one single eye was affected, this suggests, that the dog was either
predisposed for cell-based immune reactions (see section 4.7.2), or a damage was provoked during

injection which contributed to microglia activation.
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4.6 Clinical Perspectives for RP — the Current Status of Gene Therapy

4.6.1 Pharmacological Treatment

Today, there is a growing number of treatment approaches for RP patients, all aiming to prevent the
progression of the disease and to restore visual function (Musarella and McDonald, 2011; Lin et al., 2015;
Dias et al., 2018). Various approaches rather focus on minimizing the symptoms and slowing down the
progression of the disease by continuous administration of medication including neuroprotective agents
such as neurotrophic or growth factors (Harvey et al., 2006; Buch et al., 2007; Trifunovic et al., 2012),
anti-apoptotic agents (Doonan et al., 2011; Fernandez-Sanchez et al., 2012; Cuenca et al., 2014; Guadagni
et al., 2015), or anti-inflammatory agents (Glybina et al., 2009; Yoshida et al., 2013a and b). In addition,
the administration of antioxidants, such as vitamin A palmitate, fish oil (docosahexaenoic acid (DHA)),
and lutein (Cuenca et al, 2014; Guadagni et al., 2015) is a common method of slowing disease
progression and relieving symptoms. The pharmacological treatment approach is well tolerated but
significant effects have rarely been proven so far. One promising therapeutic option for types of RP
caused by mutations affecting the retinoid cycle is the continuous oral administration of 9 cis-retinyl
acetate (QLT091001), which was shown to achieve a significant visual benefit even in advanced RP
patients (Koenekoop et al., 2014; Scholl et al., 2015; Kenna et al., 2020). Nevertheless, retinal
degenerative diseases cannot be cured in this way and further disease progression is still unavoidable
despite any pharmacological treatment. However, the administration of neuroprotective drugs or

antioxidants will certainly always be an accompanying treatment for the novel therapeutic approaches.

46.2 Gene Therapy

Viral and Non-Viral Vectors

Due to its ease of manipulation, the widely confirmed safety, and the high number of serotypes
possessing a tropism for retinal tissue, AAV is currently the preferred vector for retinal gene therapy. A
large number of clinical trials using AAVs are currently ongoing and many more are already in the
process of recruitment or being planned (ClinicalTrials.gov). However, it still has to compete with other
viral vectors, such as lentiviruses (LV) and adenoviruses (Ad), as well as with non-viral vectors. LVs have
the advantage of a large cargo capacity (up to 10 kb). Long-term expression can even be achieved in
dividing cells due to its ability to integrate its genome into the host cell. However, this can also be a
disadvantage, posing the risk of insertional mutagenesis. Furthermore, LV production is much more
complex (Trapani et al., 2014; Dias et al., 2018). Adenoviruses have the largest capacity (up to 37 kb),

have a low risk of mutagenesis, and show a high transduction efficiency (Trapani et al., 2014; Dias et al.,
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2018). However, they can elicit strong immune responses within the host organism, since adenoviral
genes are expressed in the transduced cells (Kafri et al., 1998; Ziccardi et al., 2019). Preclinical studies
with non-viral vectors such as liposome, polypeptide or polymer-based nanoparticles or physical
methods such as electroporation have already been conducted (Conley et al., 2008; Ziccardi et al., 2019).
These techniques are associated with a lower risk of immunogenicity than viral vectors. Furthermore,
there is no mutagenic potential and large quantities of these vectors can be produced. However, there
are also some limitations, such as the low transfection efficiency due to inefficient core penetration, and
also the lack of long-term gene expression (Andrieu-Soler et al., 2006; Han et al., 2012; Dalkara et al.,
2016; Trapani et al., 2014; Dias et al., 2018).

Finding Ways to Extend the Applicability of One Treatment Approach to Several Types of RP

In general, gene replacement therapy treats only one specific type of RP at a time, since it is only targeting
a specific mutation. As RP is a very heterogeneous disease, the therapy of one mutation usually only
reaches a very small number of RP patients (orphan drug). In order to treat several RP variants with a
single therapy, scientists are also working on the discovery of downstream pathways and on the
identification of potential key genes that might contribute to the survival of retinal cells. The rod-derived
cone viability factor (RACVF; Byrne et al., 2015) and the N7l gene encoding for the neural retina leucine

zipper (NRL; Yu et al., 2016) are examples for this approach.

Genome Editing

Generally, gene replacement therapy has conclusively shown to successfully enable the expression of a
transfected gene that performs the tasks of a mutated gene. However, this only concerns autosomal
recessive forms of RP (arRP), where it is sufficient to extrachromosomally integrate an intact gene in the
host cell without eliminating the defective gene in the host genome. In autosomal dominant forms of
RP (adRP), however, even a mutation on only one allele causes the phenotypic manifestation of the
disease. In order to prevent this, either the mutated gene must be eliminated and an intact gene has to
be integrated simultaneously (e.g. RNA interference (RNAi); Cideciyan et al., 2018), or the mutation
causing the disease must be corrected (targeted gene editing). For this purpose, an RNA-guided DNA
cleavage system recently discovered in bacteria and archaea serves as an excellent tool (Doudna and
Charpentier, 2014). The specific clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 system can efficiently be used for a surgical DNA repair by non-homologous end-
joining (NHE]), which results in insertions and/or deletions at the target site, or by homology directed-
repair (HDR), enabling a targeted exchange of specific sequences (Jinek et al, 2012; Cox et al, 2015;
Chrenek et al.,, 2016; Cabral et al., 2017; Yiu, 2018). Promising results have already been achieved
(Bakondi et al., 2016) and with this technique, long-term gene therapy would be possible even in

dividing cells. But before this approach can be applied to the clinic, hurdles such as oft-target effects of
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the Cas9 nuclease, the efficiency of the HDR, immunogenicity of the CRISPR/Cas9 components, as well
as the diminished fitness of the edited cells still have to be overcome. In addition, Cas9 nucleases usually
have long sequences, which often leads to space limitations within the AAV (Dai et al., 2016; Hung et
al., 2016; Dias et al., 2018). This issue can for example be addressed by dual vectors (discussed in section
4.7.1). In addition, researchers are currently working on the investigation of alternative Cas variants that
require less space, for example the variant of Staphylococcus aureus (SaCas9), with a genome editing
efficiency similar to that of the well-studied variant of Streptococcus pyogenes (SpCas9), while being
about 1 kb smaller (Ran et al., 2015; Cebrian-Serrano and Davies, 2017).

Summarizing, the described genetic approaches aim at curing the disease by bypassing the genetic cause,
allowing deceleration of disease progression or even prevention of disease manifestation in the best-case
scenario. However, photoreceptors, that have already degenerated prior to therapeutic intervention
cannot be restored by gene therapy. Therefore, it is necessary to determine the type of disorder at an
early stage of the disease to rescue as many cells as possible. If the genetic cause of the retinal
degeneration has either been identified too late, or the mutation cannot be identified, or the underlying
cause is found to be located in several genes, or if no gene therapy approach exists for the causative gene
defect, alternative therapeutic options are available, that allow a recovery of vision even if most of the

photoreceptors have already been died (see below under 4.6.3).

4.6.3 Therapeutic Options to Treat RP at an Advanced Stage

Retinal Prosthetic Implants

Using retinal prostheses, visual function is taken over by electronic retinal implants. In this approach,
neural activity is induced in the remaining inner retinal cells, so that no RPE or photoreceptor cells need
to be present in the diseased retina, making electronic implants an option for RP patients in the terminal
stage of the disease (Weiland and Humayun, 2014). Currently two systems are commercially available.
The Argus II (Second Sight Medical Products; SSMP; Sylmar, CA, USA), an epiretinal prosthesis
(Humayun et al., 2012; Ho et al., 2015), and the Alpha-IMS (Retina Implant AG, Reutlingen, Germany),
a wireless subretinal implant (Stingl et al., 2015). Both systems achieve slight improvements in vision of
legally blind patients, but the overall outcome is usually very modest (Humayun et al., 2012; Ho et al.,
2015; Stingl et al., 2015).
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Optogenetics

An additional emerging technique allowing the restoration of vision in advanced retinal degeneration is
the use of optogenetics. With this approach, remaining retinal cells that are not light-sensitive, such as
bipolar cells, ganglion cells, or the remnant cones are photosensitized by genetically introducing light-
sensitive proteins (such as opsins) into these cells (Duebel et al., 2015; Yue et al., 2016; Simunovic et al.,
2019). The vision of previously blinded animals was restored in several preclinical experiments,
achieving sensitivities that were close to those of cone cells (within 1-2 log units of the threshold for cone
vision), but with slower kinetics (Lin et al., 2008; Busskamp et al., 2010; Ivanova et al., 2010; Doroudchi
et al., 2011; Cehajic-Kapetanovic et al., 2015; Simunovic et al., 2019). Optogenetics is a causative gene-
independent approach, that allows the excitation of the neural apparatus more precisely and over a larger
area as electronic retinal implants (Simunovic et al., 2019). In recent years, significant progress has been
made in this field, but there are still many open questions to be clarified including the identification of

the ideal optogenetic molecule, the ideal vector, and the ideal surgical approach.

Stem Cell Therapy

Within the field of cell therapy, intensive research is currently being conducted on induced pluripotent
stem cells (IPSCs) as a source for retinal cell transplants. Although embryonic stem cells (ESCs) have
already been transplanted in several animal models and have proven their capacity to differentiate into
retinal precursors (Lamba et al., 2009; Gonzalez-Cordero et al., 2013; Assawachananont et al., 2014;
Shirai et al., 2016; M’Barek et al., 2017), human ESCs are fraught with social problems of acceptance due
to ethical reasons, as donor embryos are needed. It also carries the risk of immunological rejection of
these cells. Using induced pluripotent stem cells (IPSCs), that secondarily obtain pluripotency and self-
renewal properties (similar to that of ESCs) by means of certain transcription factors, these obstacles
can be circumvented as IPSCs are generated from differentiated cells of the patient himself. However,
the use of transcription factors carries the risk of malignancies (Bassuk et al., 2016; MacLaren et al.,
2016) and, in addition, the underlying genetic defect must be corrected ex vivo in advance, as otherwise
the retinal cells differentiating from the IPSCs would re-express the patient's disease phenotype.
Although the efficiency has not yet been extensively proven, there are currently several preclinical
studies that have successfully transplanted IPSCs and thereby been able to restore visual function
(Lamba et al., 2010; Tucker et al., 2011; Zhou et al., 2011; Li et al., 2012). If some hurdles can be overcome
in the future, such as weak transplantation efficiencies and still inaccurate graft-host synapses, IPSC-
based cell therapy will become a promising therapeutic approach to treat RP in advanced stages (Zengh

et al., 2015; Singh et al., 2018; Dias et al., 2018; M'Barek and Monville, 2019; Yanai et al., 2019).
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4.7 Optimization of AAV-Based Gene Therapy Approaches

In recent years, the number of clinical trials testing AAV-based gene therapeutics has steadily increased.
The high transduction efficiency, broad spectrum of target tissues, and an excellent safety profile have
established AAV vectors as the platform of choice for in vivo gene therapy. However, the clinical
translation of novel and effective therapeutic products is a lengthy process, and during preclinical as well
as clinical trials, different hurdles are often encountered. Addressing these issues provides the key to
broadening opportunities for AAV gene transfer as a therapeutic option for a wide range of human

diseases in the future.

4.7.1  AAV Capsid and Genome Engineering

The basic goal in the development of novel synthetic AAVs is to increase the transduction efficiency as
well as the specificity of the virus while reducing immune recognition (Colella et al., 2018). Currently,
the correlation between capsid structure and function is studied intensively, allowing specific
modifications of amino acid residues to generate AAV capsid libraries from which the most suitable
capsids can be selected (directed evolution; Dalkara et al., 2013; Kay et al., 2013; Kotterman and Schaffer,
2014; Deverman et al., 2016; Weinmann and Grimm, 2017; Hickey et al., 2017; Reid et al., 2017; Biining
and Srivastava, 2019). In parallel, vector engineering is used to bypass humoral immunity to the AAV
capsid, which may already exist if the subject has previously been exposed to a wild-type virus (Maheshri

et al., 2006; Perabo et al., 2006; Tse et al., 2017; Barnes et al., 2019).

Research is also focused on the vector genome to overcome some of the major limitations, such as the
slow onset of gene expression (due to the time required to convert single-stranded DNA into double-
stranded DNA). With self-complementary (sc-) AAV vectors, the second synthesis step of AAV
transduction can be bypassed. In several animal models it was shown, that sc-AAV vectors drive faster
onset and higher levels of transgene expression (McCarty et al., 2001; Yokoi et al., 2007; Nathwani et al.,
2006 and 2011; Petersen-Jones et al., 2009; Buie et al., 2010). Many genes to be transferred exceed the
capacity of the AAV (approx. 5 kb). This issue can be addressed using “oversized” AAV's (Grieger and
Samulski, 2005; Alloca et al., 2008; Monahan et al., 2010; Hirsch et al., 2013) by packaging large genes
that are usually be truncated to a size of 5 kb and reconstituted after AAV delivery (Dong et al., 2010).
However, this approach limits the transduction efficiency and leads to a heterogeneity of the virus
particles during production (Monahan et al., 2010; Wu et al., 2010; Dong et al., 2010; Hirsch et al., 2013).
More promising for clinical application is therefore the dual AAV vector approach, whereby a large

transgene is split into two separate halves, each half being packaged in a separate AAV vector (of <5 kb).
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By co-infecting a cell with the two vectors, the transgene can be reassembled in vivo. Several dual AAV
vector strategies have been developed including ITR-mediated formation of head-to-tail-concatemers
(trans-splicing vectors; Yan et al, 2000), generation of overlapping vectors by homologous
recombination (Duan et al., 2001), and the combination of both methods (hybrid dual vectors; Gosh et
al., 2008). The therapeutic efficacy of this system, although still lower compared to single vectors, was
already demonstrated in several animal models (Lostal et al., 2010; Trapani et al., 2014; Colella et al.,

2014; Sondergaard et al., 2015; Potter et al., 2017; Kodippili et al., 2018).

4.7.2 lIssuesin AAV-Mediated Gene Therapy

Immunogenicity in AAV-target cells

Both the capsid and the genome of the AAV can lead to an immune response of the host organism. In
general, the closer these two components resemble those of a wild-type AAV, the lower is the risk of an
immune response. Cell-directed immunity against the AAV capsid is a critical factor for the safety and
efficiency of gene therapy. Predominantly outside the central nervous system, cytotoxic T-cells can play
a major role, when they are activated in a virus dose-dependent manner and mediate the clearance of
transduced cells that present viral antigens on their surface (Mingozzi et al., 2007; Mingozzi et al., 2009;
Basner-Tscharkajan and Mingozzi, 2014; Kumar et al., 2017; Colella et al., 2018; Rabinowitz et al., 2019;
Martino and Markusic, 2020; Verdera et al., 2020). The role of empty capsids (viruses lacking the vector
genome and therefore being unable to offer any therapeutic benefit) in this process is not fully
understood. However, since they contribute to the increase in the dose of viral capsids, it is assumed that
they have the potential to enhance innate or adaptive immune responses and to reduce the transduction
efficiency of the respective treatment (Li et al., 2013; Gao et al., 2014; Wright et al., 2014; Hinderer et al,,
2018; Rabinowitz et al., 2019). In contrast, other studies have shown that empty capsids can also act as
decoys for anti-AAV antibodies, allowing full virions to escape the humoral immunity and thereby
increasing transduction efficiency (Mingozzi et al., 2013). In addition, contaminants resulting from the
production process (for example plasmid DNA or host cell contaminants) may also affect immunity. In
order to minimize immune responses, the knowledge about critical capsid antigens or contaminants
must be increased and also an adapted immunosuppression during gene therapy needs to be ensured,
as it was already performed in several preclinical as well as in clinical studies (Herzog et al., 2001; Wang
et al., 2007; Bainbridge et al., 2008; Mowat et al., 2017; Reichel et al., 2017). However, timing and
expression of an immune response can be very individual, making the correct administration of
immunosuppressive drugs more difficult (Manno et al., 2006; McIntosh et al., 2012; Mingozzi et al.,
2009). It will therefore be important to evaluate safety and efficacy of a gene transfer in combination

with the proposed immunosuppression in a relevant disease model to identify the potentially harmful

- 119 -



Discussion

interactions. Since most individuals are exposed to wild-type AAVs already early in life, causing the
production of neutralizing AAV antibodies (NAbs), most patients to be treated with AAV-based gene
therapy have already built up humoral immunity to various AAV capsids, resulting in reduced
transduction efficiencies (Erles et al., 1999; Boutin et al., 2010; Calcedo et al., 2011; Li et al., 2012; Louis
Jeune et al., 2013; Mingozzi et al., 2013; Martino and Markusic, 2020). In addition, animal models,
including NHPs and dog models, may also be permanent hosts of wild type AAVs (Gao et al., 2002; Shin
et al., 2012; Rapti et al., 2012; Calcedo et al., 2015). Especially in case of systemic AAV administration,
the presence of NAbs in the patient group as well as a possible resistance of the vector to an acquired
humoral immunity should be thoroughly tested before starting a clinical trial (Mingozzi et al., 2013;
Meliani et al., 2015; Guo et al.,, 2019). Not only the AAV capsid, but also the transgene can provoke an
immune response in the host, largely mediated by Toll-like receptors (TLRs; Martino and Markusic,
2020). For example, TLR-specific signaling was shown to be upregulated in response to sc-AAVs (Zhu
et al., 2009; Martino et al., 2011; Rogers et al., 2015; Martino and Markusic, 2020) and CpG sequences
(Faust et al., 2013).

Potency and Efficacy of AAV Vectors

It is largely known that the transduction efficiency, the duration of viral persistence, and the transgene
expression level are in principle dose-dependent. It is always necessary to balance the dose in order to
ensure stable expression and maintain a low dose in order to avoid an immune response. Vector
optimization (AAV capsid/genome and transgene sequence) can help to increase transgene activity in
order to keep the vector dose as low as possible, which is required for long-term therapeutic efficacy.
For example, mutations in tyrosine, serine, threonine and lysine residues have already been made in
various AAV capsids, which serve to protect the viruses from proteasomal degradation (Zhong et al.,
2008; Gabriel et al., 2013). Additionally, new powerful "synthetic" capsid variants can be created by
"rational design" or "in silico" molecular reconstruction, as well as via "DNA shuffling" (Cabanes-Creus
et al.,, 2019). AAVs can also be protected from proteasomal degradation by administration of certain
proteasome inhibitors (Duan et al., 2000; Nathwani et al., 2009; Mitchell and Samulski, 2013; Wang et
al., 2014; Berry and Asokan, 2016). The AAV genome can also be modified, for example by eliminating
sequences forming hairpin structures (Xie et al., 2017), and further possibilities to optimize therapeutic
efficiency are also offered by the transgene expression cassette. Regulatory elements, including
promoter, enhancer, polyadenylation signals, Kozak sequences, UTRs, or introns are of primary
importance (Papadakis et al., 2004; Schambach et al., 2007; Lee et al, 2010; Choi et al., 2014).
Furthermore, the guanine cytosine (GC) content can be influenced as well as the codon by eliminating

alternative open reading frames or cryptic splice sites (Ronzitti et al., 2016; Song et al., 2018).
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AAYV Genotoxicity

Although AAV is considered a virus with low risk of DNA integration into the host genome,
genotoxicity is still an issue that needs to be taken into account, as integration of the AAV genome can
cause loss- or gain-of-function mutations that might interfere with homeostasis and functionality of the
affected cell, eventually leading to tumor formation (Yang et al., 1997; Russell and Kay, 1999; Hirata et
al., 2002; Nakai et al., 2003; Deyle and Russell, 2009; Salganik et al., 2015; Chandler et al., 2016 and 2017;
Collella et al., 2018). In several mouse studies, insertional mutagenesis has been documented (Donsante
et al., 2007; Chandler et al., 2015), but these concerns have not been confirmed in long-term studies
using either large animals (Favre et al., 2001; Niemeyer et al., 2009; Nathwani et al., 2011; Gil-Farina et
al., 2016), or humans (Simonelli et al., 2009; Nathwani et al., 2014; Maguire et al., 2019; Al-Zaidy and
Mendell, 2019). Nevertheless, it will remain relevant for long-term studies to monitor tumor formation

and to identify AAV vector integration sites.

AAV Persistence

Due to the young history of AAV-based gene therapy, no limit of AAV persistence has yet been
identified in clinical trials, as long-term studies are still ongoing. However, long-term efficacy of
voretigene neparvovec-rzyl (LUXTURNA™) over a duration of 4 years has already been confirmed
(Maguire et al., 2019). Furthermore, a 10-year persistence of AAV2 has been demonstrated in the past
as part of a haemophilia B gene therapy study (Buchlis et al., 2012). Although the AAV-delivered
recombinant DNA is usually converted into highly stable mono- or concatemeric circles (chromatin-
like structure; Duan et al., 1998; Penaud-Budloo et al., 2008; see section 1.2.1), a lifelong persistence of
AAVs in a patient's organism cannot be guaranteed after one single administration of the drug. At least
for dividing tissue (e.g. developing liver) it is known, that the AAV gets lost over time due to its
extrachromosomal location within the host cell (see section 1.2.1). It therefore has to be assumed that
for some therapies, the virus has to be administered again in order to maintain the therapeutic effect.
Since it is known from some preclinical as well as clinical studies that the predisposed immune system
is already activated (usually in the form of a high titer of NAbs) when AAV vector re-administration is
performed (Amado et al,, 2010; Annear et al., 2011; Sun et al., 2018; Weed et al., 2019; Salas et al., 2019),
various approaches already exist to prevent this reaction, including capsid switching (Demaster et al.,
2012; Majowicz et al., 2017; Bockor et al., 2017), co-delivery of AAV with immunomodulatory molecules
(Corti et al., 2015; Meliani et al., 2018), and plasmapheresis (Monteilhet et al., 2011).
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4.8 Future Perspectives

Among the strategies that have been developed as a treatment for RP, AAV-based gene therapy has
matured as a reliable and by far most robust tool for routine applications, as demonstrated by numerous
clinical studies. However, some challenges still need to be overcome to use the system as a universal
tool, such as the limited cargo capacity of the AAV, the inability to correct dominant genes, the amount
of undiscovered mutations, and the insufficient number of animal models. In addition, the therapeutic
efficacy should be further improved, especially in advanced RP cases. In order to avoid re-
administration, one goal should be to maintain vision over the entire lifetime of a patient with a single
treatment. In the future, attempts should also be made to depart from subretinal injections, which are
carried out with vitrectomy surgery and are also very unlikely to be repeated as the retinal detachment
can lead to irreversible retinal damage. To achieve this, it will be necessary to develop further novel
vectors that are able to overcome the ILM and do not trigger an immune reaction. In future, genotyping
should be more cost-efficient and more RP patients should have access to it in order to enable earlier
treatment. It will be further important to develop therapies treating a broader spectrum of inherited
diseases, requiring a high understanding of the respective downstream pathways. In combination with
the CRISPR/Cas system, it will be possible to correct dominant mutations and also to achieve long-term
maintenance of treatment success. Finally, costs and the time required for preclinical and clinical studies,
that are necessary for a successful drug approval, are enormous. These costs are a substantial burden on
the society and generate a difficult situation to industrial decision makers for the development of new

gene therapeutics.
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6 Appendix

Table S1: Mouse group 1 responder - low dose: 10° total vg. Detailed list of bleb size, b-wave amplitude, photoreceptor layer

thickness, latency, and transgene expression. For both ERG and OCT, the percentage of the treated eye of the contralateral eye

is calculated. The values of the b-wave amplitude result from the average of all b-wave-amplitudes of a whole protocol

(luminance 0.01-10 cd s m™?). The Water Maze values show the latency of a treated mouse at day 2 in relation to the mean value

of all untreated mice. Bleb size, transgene expression area, and area of rescued photoreceptors were divided into small, medium,

and large. Transgene expression level was divided in low, medium, and high. The number of lines of nuclei represents the total

number of lines but not only the rescued ones. The intact OS are divided into no, partly, and yes. A rescue (highlighted in

green) is identified if the increase of average ERG signal is 20 uV or higher. A negative effect of the treatment (labeled in red)

is displayed in red if the value is decreased by 20 V' or more. In case of the OCT, the threshold is + 10 pum. m. month/months;

pn. postnatal

Mouse
bleb size
number

1 small
5 medium

6 large

8 large
9 medium

10 large
12 medium

ERG:

average b-wave

amplitude in pV (%
of control)
3m 5m 9m
pn pn pn
197 143 200
86 195 99
317 140 188
196 214 250
189 88 164
75 127 212
64 71 69

OCT:

photoreceptor layer

thickness in um (%

3m
pn

121
113
119
116

105

105

of control)

5m
pn
109
110
109
112
106
90

122

130

141

WM:
Latency at day
2ins (% of

control mean)

86

126
61

128
131

80
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Transgene

expression

area level

no expression
no expression
large low
large low
no expression
large low

small low

Immunohistochemistry

Rescued photoreceptors

lines of

area . intact OS
medium 2-3 no
medium 2-3 no

large 3 partly

large 3 partly

small 3 partly

large 2-3 partly

small 3 partly

comment
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Table S2: Mouse group 2 responder — mid dose: 10° vg. Detailed list of bleb size, b-wave amplitude, photoreceptor layer
thickness, latency, and transgene expression. For both, ERG and OCT, the percentage of the treated eye of the contralateral eye
is calculated. The values of the b-wave amplitude result from the average of all b-wave-amplitudes of a whole protocol
(luminance 0.01-10 cd s m?). The Water Maze values show the latency of a treated mouse at day 2 in relation to the mean value
of all untreated mice. Bleb size, transgene expression area, and area of rescued photoreceptors were divided into small, medium,
and large. Transgene expression level was divided in low, medium, and high. The number of lines of nuclei represents the total
number of lines but not only the rescued ones. The intact OS are divided into no, partly, and yes. A rescue (highlighted in
green) is identified if the increase of average ERG signal is 20 uV or higher. A negative effect of the treatment (labeled in red)
is displayed in red if the value is decreased by 20 (V' or more. In case of the OCT, the threshold is + 10 pm. m. month/months;
pn. postnatal

Immunohistochemistry
ERG: OCT:
average b-wave photoreceptor layer WM: Transgene
Rescued photoreceptors
Mouse amplitude in pV (% thickness in pm (% Latency at day expression
bleb size comment
number of control) of control) 2ins (% of
control mean)
3m 5m 9m 3m 5m 9m lines of
area level area intact OS
pn pn pn pn pn pn nuclei
slight prick
1 small - 108 183 104 119 100 62 small low small 3 no during
injection
slight prick
4 small 160 200 103 108 114 102 50 large low large 4-5 partly during
injection
eye was lost
5 medium 92 70 300 108 145 190 34 - - during
preparation
weak ERG
7 small 75 198 128 101 121 146 53 no expression small 3 no signal for both
OD and OS
9 large 140 138 266 116 120 131 39 large high large 7 yes -
weak ERG
mediu mediu
10 large 67 91 160 113 112 116 99 small 4-5 partly signal for both
m m
OD and OS
floater in the
12 large 216 162 253 126 156 231 - large high large 8-12 yes

WM

- 151 -



Appendix

Table S3: Mouse group 3 responder - high dose: 10 total vg. Detailed list of bleb size, b-wave amplitude, photoreceptor layer
thickness, latency, and transgene expression. For both, ERG and OCT, the percentage of the treated eye of the contralateral eye
is calculated. The values of the b-wave amplitude result from the average of all b-wave-amplitudes of a whole protocol
(luminance 0.01-10 cd s m™?). The Water Maze values show the latency of a treated mouse at day 2 in relation to the mean value
of all untreated mice. Bleb size, transgene expression area, and area of rescued photoreceptors were divided into small, medium,
and large. Transgene expression level was divided in low, medium, and high. The number of lines of nuclei represents the total
number of lines but not only the rescued ones. The intact OS are divided into no, partly, and yes. A rescue (highlighted in
green) is identified if the increase of average ERG signal is 20 uV or higher. A negative effect of the treatment (labeled in red)
is displayed in red if the value is decreased by 20 (V' or more. In case of the OCT, the threshold is + 10 pm. m. month/months;
pn. postnatal

Immunohistochemistry
ERG: OCT:
average b-wave photoreceptor layer WM: Transgene
Rescued photo-receptors
Mouse amplitude in pV (% thickness in pm (% Latency at day expression
bleb size comment
number of control) of control) 2ins (% of
control mean)
3m 5m 9m 3m 5m 9m lines of
area level area intact OS
pn pn pn pn pn pn nuclei
slight prick
1 small - 116 156 - 90 116 - small low small 3 partly during
injection
2 small - 182 45 103 109 114 - no expression small 2 no -
3 medium - 121 88 103 97 121 - no expression small 2 no -
mediu
4 small - 178 123 135 115 150 - small large 3 no -
m
5 large 115 109 141 100 104 118 - large high large 5-6 partly -
weak ERG
7 large 103 87 193 133 108 122 - no expression no rescue signal for both
OD and OS
8 medium 72 119 126 110 106 92 - large low large 2 no -
9 medium 94 50 53 - 100 104 - small low small 2 no -
weak ERG
mediu mediu mediu
11 large 84 93 95 96 109 100 - 2 no signal for both
m m m
OD and OS
12 large 132 68 109 95 100 139 - large high large 3 partly
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Table S4: Mouse group 1 non responder and dead mice - low dose: 10° total vg. Detailed list of bleb size, b-wave amplitude,
photoreceptor layer thickness, latency, and transgene expression. For both, ERG and OCT, the percentage of the treated eye of
the contralateral eye is calculated. The values of the b-wave amplitude result from the average of all b-wave-amplitudes of a
whole protocol (luminance 0.01-10 cd s m?). The Water Maze values show the latency of a treated mouse at day 2 in relation
to the mean value of all untreated mice. Bleb size, transgene expression area, and area of rescued photoreceptors were divided
into small, medium, and large. Transgene expression level was divided in low, medium, and high. The number of lines of nuclei
represents the total number of lines but not only the rescued ones. The intact OS are divided into no, partly, and yes. m.

month/months; pn. postnatal

ERG: OCT: WM: Immunohistochemistry
average b-wave photoreceptor layer Latency at Transgene
Mouse Rescued photo-receptors
amplitude in uV (% thickness in pm (% day2ins expression
number bleb size comment
of control) of control) (% of
3m 5m 9m 3m 5m 9m control lines of
) area level area intact OS
pn pn pn pn pn pn nuclei
2 small 95 66 101 102 97 121 72 no expression no rescue -
3 small 63 66 72 92 94 109 62 no expression no rescue -
4 small 155 129 58 105 135 106 74 - - cataract
died at 3 months
7 large - - - - - - - - -
pn
11 small 121 106 97 103 96 84 92 no expression no rescue -

Table S5: Mouse group 2 non responder and dead mice - mid dose: 10° total vg. Detailed list of bleb size, b-wave amplitude,
photoreceptor layer thickness, latency, and transgene expression. For both, ERG and OCT, the percentage of the treated eye of
the contralateral eye is calculated. The values of the b-wave amplitude result from the average of all b-wave-amplitudes of a
whole protocol (luminance 0.01-10 cd s m™?). The Water Maze values show the latency of a treated mouse at day 2 in relation
to the mean value of all untreated mice. Bleb size, transgene expression area, and area of rescued photoreceptors were divided
into small, medium, and large. Transgene expression level was divided in low, medium, and high. The number of lines of nuclei
represents the total number of lines but not only the rescued ones. The intact OS are divided into no, partly, and yes. m.

month/months; pn. postnatal

ERG: OCT: WM: Immunohistochemistry
average b-wave photoreceptor layer Latency at Transgene
Rescued photo-receptors
Mouse bleb amplitude in pV (% thickness in pm (% of day2ins expression
comment
number size of control) control) (% of
3m 5m 9m 3m 5m 9m control lines of
area level area intact OS
pn pn pn pn pn pn mean) nuclei
2 small - 97 103 96 105 118 13 no expression no rescue slight prick
3 small 97 75 95 112 106 92 29 no expression no rescue slight prick
6 large - - - - - - - - - died at 4 m pn
8 small 78 94 112 106 105 100 40 no expression no rescue no rescued PR
11 small 126 133 54 109 118 173 138 small low small 3 no cataract
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Table S6: Mouse group 3 non responder - high dose: 10'° total vg. Detailed list of bleb size, b-wave amplitude, photoreceptor
layer thickness, latency, and transgene expression. For both, ERG and OCT, the percentage of the treated eye of the contralateral
eye is calculated. The values of the b-wave amplitude result from the average of all b-wave-amplitudes of a whole protocol
(luminance 0.01-10 cd s m™?). The Water Maze values show the latency of a treated mouse at day 2 in relation to the mean value
of all untreated mice. Bleb size, transgene expression area, and area of rescued photoreceptors were divided into small, medium,
and large. Transgene expression level was divided in low, medium, and high. The number of lines of nuclei represents the total

number of lines but not only the rescued ones. The intact OS are divided into no, partly, and yes. m - month/months; pn -

postnatal
ERG: OCT: WM: Immunohistochemistry
average b-wave photoreceptor layer Latency at Transgene
Rescued photo-receptors
Mouse bleb amplitude in pV (% thickness in pm (% day2ins expression
comment
number size of control) of control) (% of
3m 5m 9m 3m 5m 9m control lines of intact
) area level area
pn pn pn pn pn pn mean nuclei (e
eye was lost durin
6 small 86 69 97 100 108 96 - - - 4 s
preparation
weak ERG signal for
both OD and OS
10 large 83 64 38 97 100 87 - - -

eye was lost during

preparation
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Figure S1: Individual photoreceptor layer thicknesses (um) of all treated retinas (R18026) compared to the respective sham
injected control retinas at 3, 5, and 9 months of age. In case of mouse group 1, an increase in the photoreceptor layer thickness
was visible for all 10® vg-treated retinas compared to the sham-injected contralateral eyes. The difference was most obvious at
the 9-months-time point. The 10 vg-treated retinas revealed a more marked photoreceptor rescue at 5 months pn, except for
two individuals, which showed a strong decrease in the photoreceptor layer thickness from 5 months pn towards the 9-months-
time point. For mouse group 3, only a marginal benefit of the high-dose treatment was achieved for all individuals. For all mice
of the mouse group, that was treated with X17044A, a benefit of the treatment was achieved, which became more obvious at
the 9-months-time point. Mouse group 1: n=7; mouse group 2: n=7; mouse group 3: n=10 (3 months pn: n=8; 2 eyes were not
analyzable at this time point due to transient opacities); mouse group treated with X17044A: 3 and 5 months pn: n=11; 9 months
pn:n=9.
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Figure S2: Individual ERG signals of Cngbl KO mice treated with rAAV5.hCNGB1 (R18026; mouse group 1 (10° vg), 2
(10° vg), and 3 (10" vg)) at 3 and 9 months pn. Representative ERG signals and quantification of the respective b-wave

amplitudes of each mouse group (paired comparison of the treated and the respective contralateral eyes) at 3 months pn (A)
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and 9 months pn (B). A. A slight, but significant increase in photoreceptor function was visible for the 10® vg-treated-eye
compared to the control (black line). In the 10° vg-treated-eye (central graph, green line), the b-wave was much more prominent
in response to all light stimuli (significant), than in the sham-injected control (black line) and a small a-wave was also recovered
by 10° vg. With the high vector dose (10" vg; right graph; pink line) no obvious differences in the ERG signal were measured
compared to the control. B. The injection of 10° vg resulted in a significantly increased b-wave amplitude at 9 months pn,
whereas no electric response was recovered by the high dose. The low dose achieved a slight increase in photoreceptor function
in only some of the treated mice, but an overall significant functional rescue was achieved by the low dose. Values are given as
mean = SEM. Groupl: n=7; group 2: n=7; group3: n=10 (mouse group 2: at 2 months pi, the measurement of mouse number 7
was excluded due to a fluctuating signal caused by a high background that could not be reduced. Therefore, n=6 at this time
point). Statistics: Paired two-way ANOVA with Sidak’s post hoc test (*: p<0.05; **: p<0.01; ***: p<0.001).

Cngb1 KO mouse group 1 (R18026) Cngb1 KO mouse group 2 (R18026) Cngb1 KO untreated Cngb1 wildtype untreated
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Figure S$3: Individual latencies of 9-months-old Cngbl KO and wildtype mice at day 1 and 2 of the visual Water Maze task.
Mice had been swimming on two days in the dark for monitoring rod-mediated behavior. All Cngb1 wildtype mice (grey line)
were able to find the floating platform within about 10 s at both days. Only one mouse needed 30 s at the first day due to
habituation. Cngbl KO mice treated with 10° vg of R18026 (mouse group 2; green line) reached the platform between 30-60 s,
and were all (except for one mouse) able to improve themselves to latencies of 20-40 s. In case of mouse group 1 (10° vg) and
the untreated Cngbl KO mice, most of the individuals needed more than 60 s at least at one of the 2 days and no overall

improvement from day 1 to day 2 was observed. 10 vg: n=>5; 10° vg: n=>5; untreated: n=9; wildtype: n=4.
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