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Abstract

Abstract

Inherited retinal dystrophies (IRDs) comprise a large and heterogeneous group of inherited
blinding disorders characterised by loss of retinal structure and function. For the vast
majority of these disorders including those caused by mutations in large genes or by gain-
of-function mutations, no therapy exists. The gene replacement approach with recombinant
adeno-associated viral (rAAV) vectors is currently the gold standard for (retinal) gene
therapy. However, the rAAV genome packaging capacity (4.7 kb) impedes the delivery of
large genes. Moreover, the gene replacement strategy is insufficient for the treatment of gain-
of-function mutations which require simultaneous repression of the diseased allele. There is
thus a high unmet medical need for the development of new strategies which are suited to

overcome the limitations of current gene replacement approaches designed to treat [RDs.

Clustered regularly interspaced short palindromic repeats (CRISPR)-mediated
transcriptional activation (CRISPRa) is independent of the target gene size and can also be
modified to allow for treatment of more complex diseases or even to develop gene-
independent gene therapy approaches. Nevertheless, CRISPRa modules exceed the genome

packaging capacity of rAAVs and require dual rAAV vectors for in vivo expression.

In this study, I developed innovative CRISPRa-based gene therapy strategies in combination
with dual AAV vectors designed to reconstitute split genes at the transcript level. This dual
AAYV vector strategy termed REVeRT (reconstitution via mRNA trans-splicing) was used to
activate the MYO7B gene in vivo. MYO7B is a functional equivalent of MYO7A whose
defects are associated with the Usher syndrome, the most frequent type of inherited
deafblindness. The MYO7B gene could be efficiently activated in the murine retina and

various other organs upon different routes of administration.

Furthermore, using a modified multiplexed CRISPRa system that allows concurrent gene
activation and knockdown I tested a new approach for the treatment of gain-of-function
mutations in the most common mouse model for autosomal dominant retinitis pigmentosa
caused by the Pro23His mutation in the rod photoreceptor-specific rhodopsin gene (RA0)
(RhoP?3H*-) " Although a proof-of-principle for simultaneous activation of the M-Opsin gene
(Opnlmw), a cone-specific photopigment that can functionally compensate for the missing

P23H+/-

rhodopsin function, and repression of Rho were successful in the Rho retina, the retinal

phenotype could not be improved in this mouse model.



Abstract

Finally, the strategy of concurrent gene activation and knockdown was also evaluated to

PBH* mouse model. For

develop a new gene-independent gene therapy strategy in the Rho
this purpose, the Nrl/ gene was repressed to reprogramme diseased rod photoreceptors into
less degeneration prone cone-like cells combined with transcriptional activation of the
neuroprotective Nxnll gene. This approach could ameliorate retinal degeneration four weeks

after treatment.

In conclusion, the new strategies and techniques developed in this study show great potential
for the treatment of IRDs and can be modified to treat a variety of other inherited and

acquired diseases in different tissues and organs.
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Introduction

1. Introduction

1.1 CRISPR-Cas — Simplifying Genome Editing
1.1.1 Brief History of Genome Editing

Performing precise changes in the genome quickly became a desired goal after the discovery
of deoxyribonucleic acid (DNA) as the genetic code. First edits of mammalian genomes were
facilitated by homologous recombination in the 1980s. Here, DNA fragments containing the
desired insert flanked by sequences complementary to the mammalian DNA were introduced
into mammalian cells to enable specific insertions in the mammalian genome (Smithies et
al., 1985; Thomas et al., 1986). While these were remarkable results opening the field of
genome editing, low editing efficiency and incorporation outside of the target region were
emerging as the major drawbacks of this technique. A breakthrough was the discovery of
targeted DNA double-strand breaks (DSBs) as a necessity for an increased editing outcome
(Rouet et al., 1994). DSBs are caused by different natural processes and, if not repaired, are
lethal to mammalian cells. To repair these breaks, mammalian cells use mostly two different
techniques. The predominant pathway is non-homologous end joining (NHEJ) which leads
to a re-joining of the broken DNA ends. This process is error-prone and can lead to small
insertions or deletions (indels) at the repair site (Chang et al., 2017). DNA repair can also
occur based on a homologous DNA template, in most cases the sister chromatid. The
homology-directed repair pathway possesses a higher fidelity and allows insertion of a
synthetic repair template (Wright et al., 2018). In summary, DSBs in the context of genome
editing are tolerated by mammalian cells, increase the editing efficiency of homologous
recombination, and harbour the potential for gene knockout by insertion of indels in the

coding sequence (Rouet et al., 1994; Urnov, 2018).

While the introduction of DSBs is a key component of an efficient genome editing tool,
performing site-specific edits can only be achieved by a nuclease system that allows the
recognition of a specific DNA locus. The first engineered system widely used for genome
editing was based on the fusion of zinc finger DNA-binding proteins to the sequence-
independent cleavage domain of the Fokl endonuclease (Zink finger nucleases (ZFN),
Figure 1) (Kim et al., 1996). The system consists of two zinc fingers each fused to Fokl
because Fokl DNA cleavage demands dimerisation of the nuclease. (Bibikova et al., 2003;

Bibikova et al., 2002). The DNA recognition of zinc fingers is based on interactions of a
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Introduction

protein a-helix with a DNA base triplet in the major groove of the DNA double helix making
the design and validation of zinc fingers for a specific DNA locus rather complicated (Durai

et al., 2005; Miller et al., 1985; Pavletich & Pabo, 1991).

ZFN right zinc finger Figure 1: Nuclease systems

.... used for genome editing.
m o Ak ZFN, TALEN and CRISPR-
. i ||||y /||/||| N A DAL

Cas are all based on the
left zinc finger

combination of a motif able
to recognise a specific DNA
locus (zinc finger, TAL
effector, or sgRNA) with a
nuclease able to perform
DNA DSBs (FoklI, Cas).

TALEN  jeft TAL effector Fok

\
Fokl { A

|

rightv TAL effector

CRISPR-Cas

Another DNA binding protein which can be used in combination with the FokI cleavage
domain is the transcription activator-like (TAL) effector (TAL effector nuclease (TALEN),
Figure 1) (Christian et al., 2010). TAL effectors found in plant pathogenic bacteria simplified
the design of new specific DNA targeting proteins. The recognition of a specific DNA by
TAL effectors is based on the interaction of one protein repeat with one DNA base pair:
Decryption of the TAL effector-DNA recognition code made the targeting of new DNA sites
possible (Boch et al., 2009; Moscou & Bogdanove, 2009). Although this robust recognition
code enabled an uncomplicated design to a specific locus, protein synthesis and validation

of new TALEN systems remained problematic (Doudna & Charpentier, 2014).

Synthesis and validation of new sequence-specific nuclease systems were greatly simplified
with the discovery of clustered regularly interspaced short palindromic repeats (CRISPR)-
CRISPR-associated (Cas) system, in which DNA recognition is based on base pairing (Cong
et al., 2013; Jinek et al., 2012; Mali et al., 2013). The CRISPR-Cas gene editing system

12
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consists of a Cas nuclease and a single guide ribonucleic acid (sgRNA) harbouring a spacer
sequence for DNA recognition (Figure 1). Compared to the ZFN or TALEN systems the
design and synthesis of new sgRNAs targeting specific DNA loci are considerably easier.
For binding to the target sequence in the genome, CRISPR-Cas systems only require a short
sequence (protospacer adjacent motif, PAM) next to the sgRNA spacer sequence (Jinek et

al., 2012; Sternberg et al., 2014).

1.1.2 Discovery of the CRISPR-Cas Systems

CRISPR were first described in 1987 in Escherichia coli, but the function of these
uncommon repeats remained a mystery for a long time (Ishino et al., 1987). Later studies
revealed that the spacers within the repetitive sequences of CRISPR loci are of plasmid or
viral origin (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). Together with
sequence analysis of CRISPR associated genes (Bolotin et al., 2005; Jansen et al., 2002)
(Haft et al., 2005; Makarova et al., 2006), these findings concluded with the uncovering of
CRISPR-Cas as part of the bacterial immune system (Barrangou et al., 2007). Furthermore,
CRISPR-Cas systems were classified into three types based on the employment of different
Cas proteins, today the most relevant are type II systems using the nuclease Cas9 (Makarova
et al., 2011). Upon invasion of foreign DNA, Cas proteins cleave the DNA and incorporate
the short sequences in between the repeats of a CRISPR locus (Figure 2) (Barrangou et al.,
2007; Garneau et al., 2010). After transcription and processing, the CRISPR RNA (crRNA)
assembles with the complementary recognition site of a trans-encoded crRNA (tractrRNA)
(Deltcheva et al., 2011). Cas9 can capture the crRNA:tracrRNA complex, enabling the
CRISPR-Cas system to recognise foreign DNA by complementary base pairing, and perform
DSBs if the spacer binds next to a specific PAM (Brouns et al., 2008; Garneau et al., 2010;
Makarova et al., 2011).
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CRISPR loci . QE

tracrRNA

Figure 2: Type II CRISPR-Cas mediated immunity as part of the bacterial immune
system. CRISPR-Cas mediated immunity can be divided into different stages. First, the
acquisition of a new resistance after the first infection with a virus (bacteriophages), the viral
DNA is cleaved and incorporated into a CRISPR locus (left side). Transcription from the
CRISPR locus, maturation of a crRNA, and assembly with the complementary recognition
site of a tracrRNA. The tracrRNA then enables the recognition of the tracrRNA:crRNA
complex by a Cas nuclease (e.g., Cas9). The final stage is the interference (right side). After
a second invasion of the same bacteriophage DNA, the spacer enables CRISPR-Cas9 to
recognise and cleave the viral DNA.

For the first gene editing experiments Streprococcus pyogenes Cas9 (SpCas9) was used
(Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). As a type II CRISPR system, it
requires only one enzyme to perform DSBs in comparison to other CRISPR systems
(Sapranauskas et al., 2011). Furthermore, SpCas9 needs a short NGG (N: A, G, C or T) PAM
sequence for target recognition, which is found on average every 8 bp in the human genome
(Cong et al., 2013; Mojica et al., 2009). For efficient protein expression and localisation in
human cells, the SpCas9 was codon-optimised and fused to a nuclear localisation signal
(Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). To further decrease the components
necessary for CRISPR-Cas gene editing the tracrRNA:crRNA complex was shortened and

fused into one sgRNA (Jinek et al., 2012; Mali et al., 2013). Moreover, it was shown that
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CRISPR-Cas can also be employed for simultaneous editing of different target sites using

multiple sgRNAs (Cong et al., 2013; Mali et al., 2013).

DNA DSBs are mediated by the HNH- and RuvC-like nuclease domains within the Cas9
enzyme, which cleave the complementary and noncomplementary strands, respectively
(Jinek et al., 2012). A nuclease-deficient (“dead”) Cas9 (dCas9) was developed shortly after
the discovery of the CRISPR-Cas9 system by introducing point mutations in the nuclease
domains (Qi et al., 2013). dCas9 was fused to effector domains to enable a plethora of
different functions, e.g., gene activation (Gilbert et al., 2013; Maeder et al., 2013; Perez-
Pinera et al., 2013), gene repression (Gilbert et al., 2013; Lawhorn et al., 2014; Qi et al.,
2013), base editing (Gaudelli et al., 2017; Komor et al., 2016; Nishida et al., 2016), histone
modification (Cheng et al., 2016; Hilton et al., 2015; Kearns et al., 2015), and alteration of
DNA methylation (McDonald et al., 2016; Vojta et al., 2016; Xu et al., 2016).

1.1.3 Transcriptional Activation with CRISPR-Cas9

Artificial control of transcription enables a wide range of applications such as the study of
gene functions or the reprogramming of cells. Transcriptional gene activation
(transactivation) can be performed by recruiting transactivation domains fused to dCas9 to
the promoter region of the gene of interest (Bikard et al., 2013; Gilbert et al., 2013). The first
transactivation module used for the activation of endogenous genes in human cells was a
tetramer of the Herpes simplex virus transcription activator viral protein 16 (VP64), fused
to the C-terminal site of dCas9 (Maeder et al., 2013). Over time several transactivation
modules have been developed. The three most efficient and widely used transactivation
modules are dCas9 fused to the transactivation domains VP64, p65 and Rta (dCas9-VPR),
synergistic activation mediator (SAM), and dCas9-Suntag (Figure 3) (Chavez et al., 2015;
Chavez et al., 2016; Konermann et al., 2015; Tanenbaum et al., 2014). While dCas9-VPR is
a single fusion protein, the SAM and Suntag system rely on the expression of additional
transcription activator complexes and their recruitment based on RNA aptamers or
antibodies, respectively. The three modules operate with similar efficiency in different cell
types and species. If necessary, the efficiency of these modules can be further increased by
adding additional sgRNAs, binding to a neighbouring site of the target sequence (usually the
promoter region of the gene to be activated) (Chavez et al., 2016).
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Figure 3: Most potent transactivation modules. A, dCas9-VPR is a fusion protein of
dCas9 and the transcription factor VP64 (Beerli et al., 1998), the human nuclear factor-xB
transcription factor (p65) (Schmitz & Baeuerle, 1991), and the replication and transcription
activator of the Epstein-Barr virus (Rta) (Gwack et al., 2003). B, The SAM system consists
of the dCas9-VP64 fusion protein and additional activator complexes containing the MS2
bacteriophage coat protein (MS2). The activator complexes employ the activation domain
from human heat-shock factor 1 (HSF1) (Marinho et al., 2014) and p65. They are recruited
to MS2-binding RNA aptamers at the tetra-loop and stem-loop 2 of the modified sgRNAs.
C, The dCas9-Suntag system uses a chain of ten epitopes of the yeast general control
nonderepressible 4 protein (GCN4), that is fused to the C-terminus of dCas9. GCN4-
targeting single-chain variable fragment antibodies (scFv) fused to the transcription factor
VP64 are used as transcriptional activators.

1.1.4 CRISPR-Cas9 for Gene Therapy

Gene therapy is the treatment of diseases by supplementation or manipulation of the genetic
code. Both gene editing and transcriptional activation mediated by CRISPR-Cas9 have
already been used for therapeutic applications. The use of catalytically active Cas9 in gene
therapy largely focuses on ex vivo gene editing of T-cells or haematopoietic stem cells,
correction of mutations by homology-directed repair, abolishing of splice signals or total
gene expression, or silencing of dominant-negative alleles (Amoasii et al., 2017; Bailey &
Maus, 2019; Bakondi et al., 2016; Ding et al., 2014; Maeder et al., 2019; Wang et al., 2020;
Wu et al., 2019; Yin et al.,, 2014). Despite safety concerns about introducing DSBs
(Haapaniemi et al., 2018) and permanent changes into the genomic DNA (Kang et al., 2020;
Schaefer et al., 2017) as well as the bacterial Cas9 protein itself (Charlesworth et al., 2019),
clinical trials for in vivo genome editing with CRISPR-Cas9 have already been approved by
the FDA for the treatment of Leber Congenital Amaurosis (ClinicalTrials.gov Identifier:
NCT03872479). In this context, Cas9 is used to excise a splice site mutation from an intronic

region (Maeder et al., 2019). Further clinical studies for the in vivo treatment of other genetic
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diseases (i.e., transthyretin amyloidosis (NCT04601051), and hereditary angioedema
(NCTO05120830)) are currently running.

In comparison to approaches utilizing catalytically active Cas9, CRISPR-Cas mediated
transactivation (CRISPRa) does not introduce DSBs into the genome. Thus, the risk of
generating off-target effects is considerably reduced (Kemaladewi et al., 2019; Liao et al.,
2017; Matharu et al., 2019). So far, CRISPRa has been therapeutically used to activate
disease modifier genes, cell-protective genes, and differentiation factors in the context of
genetic and acquired diseases or to increase the activation of the remaining healthy gene
copy in cases of heterozygous loss-of-function mutations (Colasante, Lignani, et al., 2020;
Colasante, Qiu, et al., 2020; Kemaladewi et al., 2019; Liao et al., 2017; Matharu et al., 2019;
Yamagata et al., 2020). Another interesting target for CRISPRa is the transactivation of
genes functionally equivalent to the mutated gene (Becirovic, 2022; Bohm et al., 2020;
Kemaladewi et al., 2019; Liao et al., 2017; Riedmayr et al., 2022). These functional
counterparts are often expressed in specific cell types but show strong structural and
functional similarities. Furthermore, activation can also be combined with the simultaneous
knockout of another gene. This multiplexing approach is based on the observation that
sgRNAs with shortened spacer sequences (<16 nt) abolish the nuclease activity of Cas9
(Dahlman et al., 2015; Kiani et al., 2015). Such a system could allow for more sophisticated
strategies, for example, to treat gain-of-function mutation where gene supplementation must

be combined with simultaneous gene knockout of the mutated allele (Becirovic, 2022).

In conclusion, the CRISPR-Cas family holds great therapeutic potential and has already

demonstrated high efficiency in the treatment of many different genetic diseases.

1.2 The Retina — a Window to the World

1.2.1 Structure and Development

The retina is a remarkable neuronal tissue of the human body that even allows the detection
of single photons. The retina lines the back of the eye, shows high similarity in structure and
function across species, and the retinal cells can be subdivided into five classes of neurons

(Figure 4) (Hoon et al., 2014).

The main light-sensitive cells of the retina are the photoreceptors. They can be subdivided

into rod and cone photoreceptors. Cones are responsible for daylight and colour vision and
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are, in most mammals, outnumbered approximately 20-fold by rods, which mediate dim-
light vision (Masland, 2012). The cell bodies of photoreceptors form the outer nuclear layer.
The region where the synaptic endings of photoreceptors connect to bipolar cells is named
the outer plexiform layer. Bipolar cells are responsible for signal transmission to the inner
retina. Depending on the type of bipolar cell the retinal signal is further processed at this
step. Bipolar cells differ by the speed of their response, the type and amount of cells in their
receptive field, and the type of electrical response that they create after the light-mediated
stimulation of photoreceptors (Euler et al., 2014). ON bipolar cells are depolarised while
OFF bipolar cells show a hyperpolarisation upon the glutamate release originating from the
synapses of light-stimulated photoreceptors. In addition to bipolar cells, the outer plexiform
layer also includes the synapses of horizontal cells. Their main function is to adjust the
photoreceptor signal based on the average level of illumination falling into the region of the
photoreceptors to which the horizontal cell is connected. This allows for a better vision in
an environment with different levels of brightness (Masland, 2012). Another class of neurons
that further refines the signal coming from bipolar cells are amacrine cells. They can be
divided into about 30 different types with specific functions such as detection of object
motion or combining ON and OFF bipolar cell signals (Masland, 2012). In the inner
plexiform layer, the endings of bipolar and amacrine cells meet ganglion cells. The axons of

ganglion cells form the optic nerve, which transports the retinal signal to the brain.

Besides the retinal neurons, also non-neuronal cells are important for retinal structure and
function. Miiller Glia cells are the main glial cell type in the retina and maintain retinal
integrity and homeostasis. The retina is additionally protected by the retinal pigment

epithelium which plays a key role in the renewal of photoreceptor outer segments.

Although they serve different functions, all retinal neurons and Miiller glial cells have been
shown to derive from the same progenitors (Turner & Cepko, 1987). During differentiation,
neuronal cells lose their ability to divide and become post-mitotic. The fate of photoreceptors

is determined during this step.
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Figure 4: Structure and organisation of the retinal cells. When light enters the retina,
photons are captured and translated into a neural signal by cone and rod photoreceptors.
Processing and refinement of the visual signal start already in the retina by horizontal and
amacrine cells interacting with bipolar and ganglion cells that transmit the retinal signal from
the photoreceptors to the brain. Retinal homeostasis and integrity are maintained by Miiller
glial cells. C, cone. R, rod photoreceptor. H, horizontal cell. B, bipolar cell. A, amacrine cell.
G, ganglion cell. M, Miiller glial cell. Adapted from Swaroop et al. (2010).

To perceive different colours at least two types of cones with peak sensitivity for different
wavelengths are needed. Most mammals possess at least two types of cones, short-
wavelength sensitive (S)-cones and medium-long wavelength (green) sensitive (M)-cones,
that express different types of photoreceptor pigments (opsins). To be able to perceive a
wider range of colours, humans additionally possess L-cones expressing a long-wavelength
(red) sensitive opsin (Nathans et al., 1986). During development, the fate of multipotent
progenitor cells is determined by different transcription factors (Figure 5). The future role of

a photoreceptor precursor is mainly determined by the presence of the neural retina leucine
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zipper (NRL) protein. This transcription factor leads to the activation of rod-specific genes

and represses genes required for cone-specific development (Mears et al., 2001).
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1.2.2 The Phototransduction Cascade

To enable vision, the light captured by photoreceptors must be translated into a signal
readable to the neurons of the visual cortex. The first step of this translation is mediated by
the phototransduction cascade. The opsins are photopigments which are responsible for the
detection of photons in rods and cones. During the phototransduction cascade, the energy of
photons is converted into a chemical and finally into an electric signal that causes the

transmitter release to the synapses of bipolar cells. (Figure 6).
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Figure 6: Phototransduction cascade in rod and cone photoreceptors. Photons activate
the visual pigments in rod (A) or cone (B) photoreceptors. This activation leads to the
hydrolysis of cyclic guanosine monophosphate (cGMP) by phosphodiesterase 6 (PDE6).
The decrease in cGMP concentration causes the closing of cyclic nucleotide-gated (CNG)
channels responsible for the depolarising dark current in photoreceptors. RHO, rhodopsin.
Gr, transducin. GC, guanylate-cyclase. GTP, guanosine triphosphate. GMP, guanosine
monophosphate.

The major steps of the phototransduction cascade in rods and cones are very similar and
involve many proteins that are not identical in the two cell types but are structurally and
functionally strongly related. If no light is present, photoreceptors are depolarised by the
steady influx of calcium (Ca?") and sodium cations (Na") through cyclic nucleotide-gated

(CNGQG) channels, consisting of the subunits CNGA1/CNGBI1 in rods and CNGA3/CNGB3
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in cones. This steady inward current of cations is called dark current and is specific for
photoreceptors. CNG channels are dependent on cyclic guanosine monophosphate (cGMP),
which is constantly produced from guanosine triphosphate (GTP) by guanylate-cyclase (GC)
1 or 2 (GC2 is only expressed in rods). Photons activate the visual pigments, rhodopsin in
rods, and opsins in cones, by photoisomerisation. This leads to further activation of the G-
protein transducin (Gt), which stimulates phosphodiesterase 6 (PDE6). Upon stimulation,
the membrane bound PDE6A/B dimer in rods or the soluble PDE6C homodimer in cones
catalyses the hydrolysis of cGMP. The light-induced decline in cGMP concentration closes
CNG channels, which leads to a decreased cation influx. The resulting hyperpolarisation
reduces the release of glutamate containing vesicles at the synaptic ending of the

photoreceptors (Yau & Hardie, 2009).

The differences in rod- and cone-specific proteins result in an up to 100-fold higher light
sensitivity of rods. By comparison, cone photoreceptors exhibit faster response kinetics,
allowing higher acuity of their signal (Baylor, 1987). Despite their differences, some
functionally equivalent rod and cone proteins have already been proven to be
interchangeable. Shi et al. generated a transgenic mouse line in which rhodopsin was
replaced by S-opsin. They were able to show that S-opsin generates a similar response to
rhodopsin when expressed in rods and interacts with all rod-specific proteins necessary for
signal creation. Furthermore, S-opsin expression in rods enhances cell survival and restores
the formation of rod-outer segments, which are missing in mouse models lacking rhodopsin
(Shi et al., 2007). The ectopic expression of the rod o subunit of transducin in cones or the
cone o subunit of transducin in rods in mouse models lacking the cone or rod a subunit,
respectively, showed that both subunits enable identical response characteristics in the other
photoreceptor type (Deng et al., 2009). In addition, it has been shown that the expression of
a cone PDE6C transgene in rods of a PDE6B-deficient mouse model could restore light

sensitivity in rods (Deng et al., 2013).

1.2.3 Inherited Retinal Diseases

Inherited retinal dystrophies (IRDs) comprise a large and heterogeneous group of
dystrophies linked to genetic mutations. To this point, mutations in 280 genes have been
identified to be associated with IRDs (RetNet, https://sph.uth.edu/RetNet/). Depending on
the affected gene and the specific mutation, IRDs show a high variation in the manifestation

of associated symptoms and can also be accompanied by symptoms present in other tissues
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and organs (syndromic IRDs). Furthermore, all patterns of inheritance can be found in the

heterogeneous group of IRD-causing mutations.

With 1:4000 non-syndromic retinitis pigmentosa (RP) has the highest prevalence of all IRDs
(Verbakel et al., 2018). RP is characterised by a progressive loss of vision. In most cases,
RP starts in adolescence with night-blindness and a progredient restriction of peripheral
vision caused by continuous degeneration of rod photoreceptors. In later stages, the
secondary cone degeneration impairs day-light vision and leads to the eventual loss of total
vision. While autosomal-recessive inheritance is most common for RP, autosomal-dominant
and X-linked inheritance can also occur. Some forms of RP can be caused by the
combination of mutations in different genes (di- or polygenic). Mutations in rhodopsin are
the most frequent cause of autosomal-dominant RP. Among the rhodopsin mutations, the
proline to histidine substitution at amino acid position 23 (P23H) alone causes 10 % of all
autosomal-dominant RP cases in North America (Meng et al., 2020). Usher syndrome (USH)
is a syndromic type of autosomal-recessive IRDs and is the leading cause of inherited
deafblindness worldwide. The retinal phenotype in USH patients is caused by RP with
variable disease onset. USH can be divided into three clinical types (USHI-III) based on the
severity and onset of symptoms. The most severe USHI form is predominantly caused by
mutations in the myosin VIIA gene (MYO74) (Delmaghani & El-Amraoui, 2022; Whatley
et al., 2020).

Retinal degeneration in IRD patients can be measured by optical coherence tomography
(OCT). In the early stages, shortening of the photoreceptor outer segments becomes visible
and after progressive degeneration of photoreceptors, a reduction in the thickness of the outer
nuclear layer (ONL) can be measured. The retinal function can be assessed by
electroretinogram (ERG) measurements. A decreased ERG signal in the rod photoreceptors
can be detected even before the first appearance of symptoms, while a reduction of the cone

ERG occurs only in the later stages of the disease (Verbakel et al., 2018).

1.2.4 Retinal Gene Therapy

The concept of gene therapy was first introduced in 1972 by Friedmann and Roblin. Since
then, the eye has been one of the first targets for translational gene therapy as it offers several
advantages over other tissues. The eye can be reached locally, reducing the required dose

and the risk of systemic complications. In addition, the lower maximum immune response
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and the protection by the blood-retinal barrier represent an immunologic privilege (Willett
& Bennett, 2013). In 2017, the US Food and Drug Administration approved Luxturna, the
first gene therapy treatment for an IRD. The therapeutic strategy of Luxturna is based on the
supplementation of the coding sequence of the gene of interest as a replacement for the
diseased gene (Fenner et al., 2021). For gene replacement therapy, a transgene containing a
promoter, the desired coding sequence and a polyadenylation signal are needed (Figure 7).

To reach the target cells the transgene can be packaged in different vector types.

Figure 7: Retinal gene replacement
therapy with rAAV vectors. Left
« ) panel, recombinant AAV (rAAV)
A = ' vector for gene therapy. The packaged
ITR TR Dy, transgene consists of inverted terminal
) repeats (ITRs), a promoter, the coding
sequence of the gene of interest (GOI),
and a polyadenylation signal (pA). The
packaging capacity is limited to
<5 kB. Right panel, the rAAVs are
administered between the retina and
the RPE (subretinally). Successful
injection can be confirmed by the
formation of a subretinal bleb.

packaging capacity:
max. 5kb

The current gold standard for in vivo gene therapy are adeno-associated virus (AAV) vectors
due to their low immunogenicity, high transduction rates, and long-term expression in post-
mitotic cells (High & Roncarolo, 2019; D. Wang et al., 2019; Wang et al., 2020). Other viral
vectors used for gene therapy are lenti- and adenoviruses. Both offer a less favourable safety
profile, due to insertional mutagenesis or high immunogenicity, respectively. Nevertheless,
lentiviruses are predominantly used for ex vivo transgene delivery applications (Bulcha et
al., 2021). The development of non-viral vector delivery platforms based on nanoparticles is
currently ongoing (Chen et al., 2020). Unresolved problems with low transduction efficiency
and no long-term expression, which would make multiple dose applications necessary, leave

them unfavourable for gene replacement (Wang et al., 2020).

Transduction of cells with AAV vectors starts with the interaction of the AAV with cell
surface receptors. This interaction facilitates their uptake by endocytosis and initiates the
AAYV transduction cycle (Figure 8) (D. Wang et al., 2019). Natural occurring AAV serotypes
show high variability in tissue tropism, which is caused by differences in their performance
during AAV trafficking in the body and all stages of the transduction process
(Nonnenmacher & Weber, 2012). Based on these findings, engineered AAV serotypes with
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enhanced retinal tropism have been developed such as the AAV2/8Y733F variant (Petrs-
Silva et al., 2009).
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Figure 8: AAV transduction cycle. Transduction of cells by AAV vectors proceeds in
several steps. Interaction of the AAV with cell surface receptors initiates the uptake by
endocytosis. A conformational change of AAV viral capsid proteins induced by the low
endosomal pH leads to escape from the endosome. At this point, the AAV can be degraded
by proteosomes or transported through the nuclear pore complex into the nucleus. Uncoating
of the AAV releases the viral single-stranded DNA. After second-strand synthesis,
concatemerisation of the AAV ITRs results in the formation of a double-stranded episome.
Transcription and translation by natural cellular processes lead to the expression of the
desired transgene product (D. Wang et al., 2019).

One substantial drawback of rAAVs as gene therapy vectors is their limited packaging
capacity. The packaging of transgenes over 5 kB including the AAV inverted terminal
repeats leads to fragmentation of the provided transgene (Wu et al., 2010). The ITRs and
other regulatory elements required for transgene transcription (e.g., promoter or
polyadenylation signal) limit the maximal coding sequence of a gene that can be packaged
into an rAAV to approximately 4 kB if a short promoter (<300 bp) is used. To extend their

range of application, several strategies based on the reconstitution of two separate gene
25



Introduction

halves packaged into different rAAV vectors have been developed (Figure 9) (Tornabene &
Trapani, 2020; Trapani et al., 2021; Wang et al., 2020). The first dual rAAV strategies were
based on gene reconstitution at the AAV genome level and can be divided into three
strategies: overlapping vectors, DNA frans-splicing vectors, and hybrid vectors (Figure 9A)
(Patel et al., 2019). For overlapping vectors reconstitution is facilitated by homologous
recombination based on overlapping regions in the coding sequence of the gene of interest
(Duan et al., 2000). DNA trans-splicing vectors use the introduction of a splice donor site
after the 5’ part of the gene of interest and a splice acceptor site before the 3’ part, to enable
correct splicing of the full-length coding sequence after concatemerisation based on the ITRs
(Nakai et al., 2000; Sun et al., 2000; Yan et al., 2000). To increase reconstitution efficiency,
combinations of both techniques have been developed. These hybrid vectors possess
elements necessary for splicing as well as complementary binding domains (BD) to facilitate
homologous recombination (Ghosh et al., 2008). But even with the hybrid vectors,
reconstitution efficiency remained comparatively low (Carvalho et al., 2017; Levy et al.,
2020; Tornabene et al., 2019; Trapani et al., 2014). The discovery of split inteins as protein
sequences that can mediate a scarless and highly efficient reconstitution of two protein
halves has advanced the field of dual rAAV vectors (Wu et al., 1998). Since then, split-
inteins have been widely used for the reconstitution of various transgenes (Figure 9B) (Bohm
et al., 2020; Chew et al., 2016; Levy et al., 2020; Lim et al., 2020; Tornabene et al., 2019;
Truong et al., 2015; Villiger et al., 2018). While these vectors show high reconstitution
efficiencies, they also harbour two key drawbacks which limit their use for translational
purposes. ) Low flexibility in split site selection. Successful reconstitution relies on the
presence of cysteine, serine, or threonine at the split site and the position of the split site to
be outside of structural domains to enable proper protein folding (Muralidharan & Muir,
2006; Shah & Muir, 2014). IT) Decreased safety. Split inteins create inteins in an equimolar
ratio to the reconstituted proteins. As inteins are of bacterial origin they are potentially
immunogenic. The reconstitution at the mRNA level via mRNA trans-splicing represents
another possibility for dual rAAV vectors (Figure 9C) (Pergolizzi et al., 2003; Song et al.,
2009). In contrast to the more common cis-splicing, trans-splicing is performed between two
different mRNA transcripts (Pergolizzi et al., 2003). Therefore, trans-splicing vectors in
contrast to DNA splicing vectors need a promoter and polyadenylation signal present in both
rAAV vectors for the efficient expression of the respective transcripts. Recently, new dual

rAAV vector technology based on reconstitution via mRNA trans-splicing (REVeRT) has
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been developed by our group and shows high reconstitution efficiency for reporter genes in

vivo (unpublished data, manuscript submitted).

A, Reconstitution at the DNA level
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Figure 9: Dual rAAYV strategies. For dual rAAV strategies, the gene of interest (GOI) is
split into two fragments and each of them is packaged into one separate rAAV vector. After
cotransduction of dual rAAVs split gene fragments can reconstitute at the DNA, protein, or
mRNA level. A, At the DNA level, reconstitution is facilitated by homologous
recombination or concatemerisation based on complementary sequences. Reconstitution
based on ITR concatemerisation or homologous binding domains (BD) needs the presence
of'a splice donor (SDS) and splice acceptor site (SAS). B, Split inteins can catalyse a scarless
reconstitution of two protein fragments while excising themselves. C, mRNA trans-splicing

is used to combine two mRNA fragments. For a successful reconstitution, complementary
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BDs, a strong SDS and SAS are needed. prom, promoter. POI, protein of interest. intN, N-
terminal intein. intC, C-terminal intein.

Besides being limited by the AAV packaging capacity, gene replacement therapy comes
with other disadvantages. Gene replacement strategies are less suitable for diseases caused
by gain-of-function mutations, polygenic diseases, or diseases caused by mutations in genes
encoding multiple splice isoforms each fulfilling different functions. There is thus a high
unmet medical need to develop more advanced gene therapy strategies for the treatment of
IRDs. One attractive solution is the transactivation of functionally equivalent genes by
CRISPR-Cas (Bohm et al., 2020; Kemaladewi et al., 2019). This transactivation strategy is
gene size-independent and well suited to circumvent the aforementioned drawbacks of
classical gene replacement. Moreover, it also offers a decisive advantage over CRISPR-Cas-
based gene-editing approaches designed to correct specific mutations (Maeder et al., 2019).
Compared to CRISPRa, these personalised medicine approaches are associated with a
significantly higher expenditure of time and effort and thus also with higher development

Ccosts.

As IRDs are a highly heterogeneous group of rare diseases, the development of gene
independent strategies would benefit a high number of patients. As some IRD-associated
genes are expressed in rod or cone photoreceptors only, reprogramming strategies that
reduce the expression of these genes in the affected cell type could be beneficial. The
reprogramming of rods into cone photoreceptors can be facilitated by the knockout of NRL,
which encodes for the main transcription factor responsible for determining rod fate and rod
homeostasis (Figure 5). A CRISPR-Cas based knockout of Nr/ in mice has already been
proven useful in mouse models carrying mutations in rod-specific genes encoding for
rhodopsin (Rho) or phosphodiesterase 6 b (Pde6b) (W. Yu et al., 2017). Another gene
independent strategy is the supplementation with neuroprotective factors. The rod-derived
cone viability factor (RACVF) is a trophic factor expressed by rods that promotes cone
survival by stimulation of aerobic glycolysis (Figure 10) (Ait-Ali et al., 2015; Leveillard et
al., 2004). Aerobic glycolysis in photoreceptors is hypothesised to be needed for the renewal
of the photoreceptor outer segment (Casson et al., 2013). Gene supplementation with the
RACVF encoding nucleoredoxin like 1 gene (Nxnl/l) enhances cone photoreceptor survival
(Ait-Ali et al., 2015; Byrne et al., 2015; Yang et al., 2009). Interestingly, the additional
supplementation with the long isoforms of RACVF (RACVFL), a thioredoxin enzyme, shows
a complementary protective effect on cones and might be necessary for optimal treatment

effects (Byrne et al., 2015; Cronin et al., 2010). A drawback of RACVF supplementation is
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that it relies on the presence of rod photoreceptors to express sufficient amounts of the
trophic factor, which causes the treatment effect to diminish as the degeneration progresses.
A combination of the rod reprogramming approach and the RACVF(L) supplementation
strategy could increase the therapeutic potential by ensuring the survival of reprogrammed

rods and preventing degeneration by enhanced RACVF(L) expression.
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Figure 10: RACVF and RACVFL in photoreceptors. In rod photoreceptors, both
transcript variants of the nucleoredoxin like 1 gene (NXNLI) are expressed. Rod-derived
cone viability factor (RACVF) binds to basigin 1, (BSG1) enhancing glucose uptake through
glucose transporters (GLUT1) into cone photoreceptor cells. Increased glucose enhances
aerobic glycolysis, necessary for photoreceptor outer segment renewal. Cone photoreceptors
themselves only express the long splice isoform of NXNLI! (RACVFL). RACVFL is a
thioredoxin enzyme and leads to the reduction of oxidative stress in photoreceptors. el, exon
1. e2, exon 2. RPE, retinal pigment epithelium.
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2. Aim of the Study

Gene replacement is currently the most advanced strategy in gene therapy. However, it is
limited by target gene size, is not efficient for the treatment of gain-of-function mutations
and can only be used for the treatment of a specific gene deficiency. This study was set out

to develop and evaluate new strategies that overcome these limitations.

In the first part of the study, the transactivation of functionally equivalent genes with the
dual REVeRT rAAV technology was evaluated. This included the principal evaluation of
the transcriptional activation of Myo7b in the retina and the evaluation of the transcriptional

activation approach in non-retinal murine tissues or organs.

The goal of the second part of this study was to develop a treatment strategy for gain-of-
function mutation. This included i) providing a proof-of-principle for simultaneous
transactivation and knockout of two different genes with Cas9-VPR in the murine retina, ii)
optimising the transactivation efficiency of the sgRNAs, and iii) establishing a gene therapy

P23H/+

in a gain-of-function Rho mouse model using the optimised strategy.

The last part of the study aimed at the development of a gene independent therapy approach
based on cellular reprogramming by gene knockdown and neuroprotection by transactivation
of trophic factors. This strategy is to be optimised in vitro and to be applied to the RhoP?¥*

mouse model.
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3. Materials and Methods

3.1 Materials

All chemicals used in this study were obtained in "pro analysis" or "for molecular biological
use" quality by VWR, Sigma-Aldrich, Merck, Bio-Rad, or Roth if not stated otherwise.
Water was either obtained highly pure and deionised from the Milli-Q Plus System (Merck
Millipore) purified with 18.2 MQ x cm (25 °C) (ultra-pure water) or by distillation of
deionised water with a distillation apparatus (Schott) followed by autoclaving (Vakulab PL,
MMM Group) (sterile ultra-pure water). Solutions and buffers were sterilised by autoclaving

or filtering through a 0.22 pum sterile syringe filter (VWR).

3.2 Cloning

3.2.1 Expression Vectors

For this study, the pAAV2.1 expression vector (Michalakis et al., 2010) was used for in vitro
experiments and the production of rAAV vectors. The pAAV2.1 expression vector contains
two AAV2 ITRs enclosing the desired transgene and a B-lactamase coding sequence for
ampicillin resistance. In this study gene expression was driven by the cytomegalovirus
promoter (CMV) for ubiquitous expression, a short rhodopsin promoter (RHO, Wagner et
al. (2021)) for specific expression in rod photoreceptors and a short rhodopsin kinase
promoter also known as G protein-coupled receptor kinase 1 promoter (GRK, Khani et al.
(2007)) for photoreceptor-specific expression. As a termination signal, the simian virus 40
polyadenylation signal (SV40polyA) or a short synthetic polyadenylation signal (synpA)

were used for efficient polyadenylation and increased transcript stability.

For efficient rAAV production, an additional plasmid containing the coding sequence for
proteins necessary for replication (Rep) and packaging (Cap) of rAAVs in trans and an
adenovirus helper plasmid (pAdhelper) are essential. The pAAV2/8Y733F plasmid was used
for the expression of the AAV2 Rep and the AAVSE Cap for enhanced photoreceptor-specific
transduction (Petrs-Silva et al., 2009). As an adenovirus helper the pAdDeltaF6 plasmid was
used, a gift from James M. Wilson (Addgene plasmid # 112867).
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The transactivation efficiency of the sgRNAs targeting the Opnimw promoter region was
tested in combination with the SP-dCas9-VPR plasmid, a gift from George Church (Addgene
plasmid #63798, Chavez et al. (2015)).

Table 1: List of plasmids used in this study.
Plasmid name
PAAV2.1-3xsgMyo07b-CMV-5’dCas9-BDlacZ-SV40poly A
pAAV2.1-CMV-BDlacZ-3’dCas9-VPR-synpA
pAAV2/8Y733F
pAdhelper (pAdDeltaF6, Addgene plasmid #112867)
pAAV2.1-3xsgMYO7B-CMV-5’dCas9-BDlacZ-SV40polyA
PAAV2.1-3xsgMYO7B-GRK-5’dCas9-BDlacZ-SV40poly A
pAAV2.1-GRK-BDlacZ-3’dCas9-VPR-synpA
PAAV2.1-sgRho-2xsgOpn1mw(1-2)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgRho-3xsgOpn1mw(1-3)-RHO194-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sglacZ-RHO194-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-3xsgO0Opnlmw(1-3)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-2xsgOpn1mw(1-2)-RHO194-5’Cas9-BDlacZ-SV40poly A
pPAAV2.1-RHO194-BDlacZ-3’Cas9-VPR-synpA
SP-dCas9-VPR (Addgene plasmid #63798)
PAAV2.1-3xsgOpnImw(1-3, 20 nt)-RHO194-dCas9ON-IntN -SV40polyA
pAAV2.1-sgOpnlmw(1)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgOpn1mw(2)-RHO194-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-sgOpnlImw(3)-RHO194-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgOpnlmw(4)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sg0pnlmw(5)-RHO194-5’Cas9-BDlacZ-SV40poly A
PAAV2.1-sg0pn1mw(6)-RHO194-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgOpnlmw(1a)-RHO194-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgOpnlmw(1b)-RHO194-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgOpnlmw(1c)-RHO194-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-sgOpnlmw(2a)-RHO194-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-sgOpnlmw(2b)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgOpnImw(2¢c)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgOpnlmw(3a)-RHO194-5’Cas9-BDlacZ-SV40polyA
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Plasmid name
pAAV2.1-sgOpn1lmw(3b)-RHO194-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgOpnlmw(3c)-RHO194-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-sgRho-3xsg0Opnlmw(1,2,3a)-RHO194-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgNrl(1)-RHO194-5’Cas9-BDlacZ-SV40poly A
PAAV2.1-sgNrl(2)-RHO194-5’Cas9-BDlacZ-SV40poly A
PAAV2.1-sgNxnl1(1)-CMV-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgNxnl1(2)-CMV-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-sgNxnl1(3)-CMV-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgNxnl1(4)-CMV-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-2xsgNxnl1(2-3)-CMV-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-2xsgNxnl1(3-4)-CMV-5’Cas9-BDlacZ-SV40polyA
pAAV2.1-sgNxnl2(1)-CMV-5’Cas9-BDlacZ-SV40polyA
PAAV2.1-sgNxnl2(2)-CMV-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-CMV-BDlacZ- 3’Cas9-VPR-synpA
PAAV2.1-sgNrl(1)-2xsgNxnl1(3-4)-sgNxnl2(1)-GRK-5’Cas9-BDlacZ-SV40poly A
pAAV2.1-GRK-BDlacZ- 3’Cas9-VPR-synpA

3.2.2 Standard Cloning Techniques

Cloning was either performed using classical restriction cloning or the restriction site-
independent Gibson assembly (Gibson et al., 2009). Genes of interest e.g., inserts, were
obtained by restriction digest, PCR, oligo annealing, or synthesised by commercial providers
(e.g., Integrated DNA technologies IDT, eurofins genomics, or BioCat GmbH). For
restriction digest, fast digest restriction enzymes (Thermo Fisher Fermentas) were used to

obtain insert and vector (see table below for reaction mix).

Thermo Fisher Fast Digest restriction mix

Plasmid 3ug
FD Green Buffer 2 ul
FD Restriction enzyme each 0.5 pl
Ultra-pure water to 20 pl
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The different fragments were separated by gel electrophoresis using 0.7 — 2 % agarose gels.
The desired band was excised from the gel and purified using the QIAquick gel extraction
kit (Qiagen). DNA concentration was determined using the NanoDrop 2000c
spectrophotometer (Thermo Fisher Scientific). For ligation, either the T4 Ligase (Thermo
Fisher Scientific) or the Rapid DNA Dephosphorylation and Ligation Kit (Roche) were used.

For Gibson cloning the insert and vector were designed to contain 15 — 25 bp overhangs
complementary to the vector backbone. For the reaction, a self-made Gibson reaction mix
was used. The vector, obtained by restriction digest, and the inserts were added to 15 ul of

Gibson reaction mix in a 1:1-10 ratio (preferably 1:5) and incubated for 1 h at 50 °C.

Gibson reaction mix

IM Tris-HCI, pH 7.5 160 pl
IM MgCl2 16 ul
dNTP Mix, 10 mM each 32 ul
IM DTT 16 pl
PEG-8000 80 mg
Nicotinamide adenine dinucleotide 1.06 mg
T5 Exonuclease 1.2 pl
Phusion polymerase 20 ul
Taq ligase 160 pl
Ultra-pure water to 700 pl

For transformation 5 pl ligation mix or 4 pl Gibson cloning mix were added to 100 pl freshly
thawed suspension of competent 10-beta Escherichia coli K12 bacterial cells (New England
BioLabs) and incubated for 30 min on ice. Heat shock was performed by 30 s incubation at
42 °C in a Thermomixer compact (Eppendorf) followed by 2 min incubation on ice. The
bacteria were then plated onto an LB(+)-agarose plate containing 100 pg/ml of ampicillin.
The plates were incubated overnight in a 37 °C incubator (Heraeus, Thermo Fisher

Scientific) or for 2 days at room temperature (21 °C).

For mini plasmid DNA preparation single bacteria colonies were inoculated in 5 ml LB(+)-
medium supplemented with 100 pg/ml ampicillin at 37 °C in a shaking incubator (Certomat

IS, B. Braun Biotech International) overnight. Plasmid DNA was extracted using a protocol
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based on alkaline lysis. Correct plasmids were identified by restriction digest followed by

gel electrophoresis and sequenced to confirm the correct incorporation of the insert.

LB(+) medium LB(+) agar plate

Peptone 10g Agar 75¢g
Yeast extract S5g Ampicillin (added after 50 mg
NaCl S5g autoclaving)

D-(+)-Glucose lg LB(+) medium to 500 ml
Ultra-pure water to 1000 ml

For midi and maxi preparation, the desired bacterial colonies were incubated in 100 ml or
200 ml LB(+) medium containing 100 pg/ml ampicillin, respectively. The plasmid DNA
was isolated and purified using the PureLink™ HiPure Plasmid Midiprep or Maxiprep Kit

(Invitrogen, Thermo Fisher Scientific).

The correct sequences for all plasmids were verified using sanger sequencing (eurofins
genomics). The ITR integrity of pAAV2.1 plasmids was checked by two restriction digests
with Eam1105I or Smal (Thermo Fisher Scientific). The correct band pattern was identified

by gel electrophoresis with 0.7 % agarose gels.

ITR integrity restriction digest

Plasmid 2 ul
FD Green Buffer 2 ul
FD Eam11051 or FD Smal 0.3 ul
Ultra-pure water to 20 pl

3.3 Single Guide RNA Design

Single guide RNAs were designed with help of the CRISPOR software (crispor.tefor.net)
for SpCas9. For gene activation sgRNAs were designed to target the region from -300 bp to
0 bp relative to the transcriptional start site (TSS) of the gene of interest. For gene activation
with a catalytically active Cas9-VPR a spacer length of 14-15 nt was used otherwise the
spacer length was 20 nt. The first three sgRNAs targeting the Opn Imw promoter region were
shortened versions of the sgRNAs published in Bohm et al. (2020). The first sgRNA spacer

for the knockout of Nr/ was already tested and published in W. Yu et al. (2017). The second
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was designed with help of the VBC score software (Ulrich Elling - Institute of Molecular
Biotechnology).

The expression of the sgRNAs was driven by a human U6 promoter. If the spacer sequence
did not start with Guanine, it was added in front of the spacer sequence to the final construct

as a transcriptional start site for the U6 promoter.

Table 2: sgRNA spacer sequences

sgRNA Spacer sequence Target and purpose
sgMyo7b(1) AGACTCCAAGAACGCCAGTC Transcriptional activation of
Myo7b with dCas9-VPR
sgMyo7b(2) GGGCACCATTAACCACTGCT Transcriptional activation of
Myo7b with dCas9-VPR
sgMyo7b(3) GGAAGGGCTCCAAGCGGAAC | Transcriptional activation of
Myo7b with dCas9-VPR
sgRho GTACGGTGACGTAGAGCGTG Rho exon 1, Knockout of Rho
with Cas9-VPR
sgOps(1) GGGGCCTTTAAGGTA Transcriptional activation of
Opnimw with Cas9-VPR
sgOps(2) GCCACCCCTGTGGAT Transcriptional activation of
Opnimw with Cas9-VPR
sgOps(3) CTTGCTTGTTTACAA Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(4) GTCCTGTAACCCCAT Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(5) GATGATCTAAGTCCT Transcriptional activation of
Opnimw with Cas9-VPR
sgOps(6) CTGCAGGATCAGCCC Transcriptional activation of
Opnimw with Cas9-VPR
sgOps(1a) TCTTAATTGGGCCC Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(1b) GGTGAAGGGTTTGG Transcriptional activation of
Opnlmw with Cas9-VPR
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sgRNA Spacer sequence Target and purpose
sgOps(1c) AGATCAGATGGTGA Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(2a) TGGACTCAGAAACA Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(2b) CTGAGCCACCCCTG Transcriptional activation of
Opnimw with Cas9-VPR
sgOps(2c) CACAGGGGTGGCTC Transcriptional activation of
Opnimw with Cas9-VPR
sgOps(3a) CTGCAAGCCAGGAA Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(3b) CCCTACTGCAAGCC Transcriptional activation of
Opnlmw with Cas9-VPR
sgOps(3c) TCCTGGCTTGCAGT Transcriptional activation of
Opnlmw with Cas9-VPR
sgNrl(1) GTATGGTGTGGAGCCCAACG Nrl exon 3, Knockout of Nr/
with Cas9-VPR
sgNrl(2) GATGAAGTTCGAAATAAAGC | Nrl exon 3, Knockout of Nr/
with Cas9-VPR
sgNx1(1) CAGAGCCAGAATTG Transcriptional activation of
Nxnll with Cas9-VPR
sgNx1(2) GGTATTATTCTTGG Transcriptional activation of
Nxnll with Cas9-VPR
sgNx1(3) TCACTGCAAGACCC Transcriptional activation of
Nxnll with Cas9-VPR
sgNx1(4) GTTGAAGGTTCATG Transcriptional activation of
Nxnll with Cas9-VPR
sgNx2(1) AGTCCGGACATCCG Transcriptional activation of
Nxnl2 with Cas9-VPR
sgNx2(2) AGATTCTCCAAGGG Transcriptional activation of

Nxnl2 with Cas9-VPR
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3.4 Cell Culture and Transfection

3.4.1 HEK293 and HEK293T Cells

Human embryonic kidney 293 (HEK293) (DMSZ) were maintained in DMEM culture
medium (1 g/l glucose + GlutaMAX supplement + pyruvate, Gibco) + 10 % FBS + 1 %
penicillin/streptomycin (Biochrom) and HEK293T cells (DMSZ) in DMEM culture medium
(4.5 g/l glucose + GlutaMAX supplement, Gibco) + 10 % FBS + 1 % penicillin/streptomycin
(Biochrom) in a COz incubator (Heraeus, Thermo Fisher Scientific) at 10 % CO2 and 37 °C.

The cells were passaged twice per week before they reached 100 % confluency.

Transient transfection of HEK293 cells was performed using the calcium phosphate
technique (Kingston et al., 2003). The following reagents were added in the indicated order.
2x BBS was added while vortexing.

Transfection mix 6-well plate 6 cm dish
Plasmid DNA 3ug 6 ug
2.5M CaClz 30 ul 60 pl
Sterile ultra-pure water to 300 pl to 600 pul
2x BBS 300 pl 600 pl

The transfection mix was incubated for 3 min at room temperature before the reaction mix
was added dropwise to the cells. To distribute the transfection mix, the plates were gently
rocked back and forth. Afterwards, the cells were placed into a COz incubator at 5 % CO2
and 37 °C for 4 — 16 h. The transfection media was removed and replaced by fresh medium.
The cells were placed back into a COz incubator at 10 % CO2 and 37 °C. The cells were
harvested 48-72 h after transfection.

3.4.2 661W Cells

661W cells, an immortalised cone photoreceptor cell line, were kindly provided by M. Al-
Ubaidi, University of Houston, Houston, TX. 661W cells were used to evaluate sgRNAs in
vitro. The cells were maintained in DMEM culture medium (1 g/l glucose + GlutaMAX
supplement + pyruvate, Gibco) + 10 % FBS + 1 % antibiotic/antimycotic (Thermo Fisher
Scientific) in a COz incubator (Heraeus, Thermo Fisher Scientific) at 5 % CO2 and 37 °C

and passaged twice per week before they reached 100 % confluency.
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For transfection of 661W cells, the Xfect transfection reagent (Takara Bio) was used. Cells
were seeded at a density of 2 x 103 cells per well in a 6-well plate. The culture media was
reduced to 1 ml in each well before transfection. The plasmid DNA was first diluted in Xfect
transfection buffer and then thoroughly vortexed Xfect reagent was added. The mix was

vortexed for 10 s and incubated for 10 min at room temperature.

Xfect transfection mix

Plasmid DNA 7.5 ug
Xfect transfection buffer to 100 ul
Xfect transfection reagent 225 ul

100 pl of transfection mix were added dropwise to the cells and the plates were rocked back
and forth to distribute the transfection mix evenly in the culture medium. Subsequently, the
plate was put back in the 5 % COz incubator. Transfection medium was replaced by fresh

medium after 4 — 16 h. The cells were harvested 48-72 h after transfection.

3.4.3 Mouse Embryonic Fibroblasts

Mouse embryonic fibroblasts (MEF) were isolated according to a previously described
protocol (Jat et al., 1986; Xu, 2005). MEFs were maintained in DMEM culture medium
(1g/1 glucose + GlutaMAX supplement + pyruvate, Gibco) + 10% FBS + 1%
antibiotic/antimycotic (Thermo Fisher Scientific) in a CO2 incubator (Heraeus, Thermo
Fisher Scientific) at 5 % CO2 and 37 °C. The cells were passaged twice per week before they

reached 100 % confluency.

For transfection, the Xfect transfection reagent was used. MEFs were seeded at a density of
1.5 x 10 cells per well in a 6-well plate. The transfection was performed under the same

conditions as described for the 661W cells.

3.4.4 Mouse Hippocampal Primary Neurons

Mouse hippocampal primary neurons were isolated according to the protocol described in

Fath et al. (2009). The primary neurons were maintained in Neurobasal medium (Gibco)
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supplemented with 2 % B27 (Gibco) and 0.25 % GlutaMAX supplement (Gibco) in a CO2
incubator (Heraeus, Thermo Fisher Scientific) at 5 % CO2 and 37 °C.

Transduction was performed after seven days in vitro by adding 7.5 x 10'* vector genomes
(vg) TAAVs (MOI: 100,000) directly to the media in each well and the primary neurons were

harvested seven days after transduction for RNA isolation.

3.4.5 Human Retinal Organoids

Human retinal organoids were differentiated and cultured according to the protocol
described in Quinn et al. (2018) in the Wijnholds lab at Leiden University Medical Centre.
Human retinal organoids after differentiation day 98 (DD98) were maintained in Retinal

Lamination Medium 2 at 5 % CO2 and 37 °C.

Retinal Lamination Medium 2

DMEM culture medium (4.5 g/l glucose + 53.625 ml
GlutaMAX supplement + pyruvate, Gibco)

DMEM/F12 (Gibco) 53.625 ml
embryonic stem cell qualified FBS (Gibco) 12.5 ml
50x B27 Supplement (Gibco) 2.5 ml
100x MEM Non-Essential Amino Acids (Gibco) 1.25 ml
100x antibiotic—antimycotic 1.25 ml
50 mM taurine 0.25 ml
10 mM all-trans retinoic acid 6.25 pl

For transduction, the retinal organoids were transferred into an agarose-coated 96-well plate.
Transduction was performed at DD 146 by reducing the culture medium to 25 ul and adding
1.09 x 10'2 vg rAAVs in 25 pl culture medium to the retinal organoids. After 8 h 150 pl
culture medium was added to each well. After 24 h the retinal organoids were transferred to
an agarose-coated 24-well plate The medium was changed every 2-3 days. Human retinal

organoids were harvested three weeks after transduction.
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3.5 Recombinant Adeno-Associated Viral Vector Production

3.5.1 Transfection and Harvest

Recombinant adeno-associated viral vectors (rAAV) were produced by polyethyleneimine
(PEI)-transfection of a pAAV2.1 plasmid containing the gene of interest, the
PAAV2/8Y733F plasmid, and a pAdhelper plasmid into HEK293T cells. HEK293T cells
were seeded one day before transfection at a density of 1.5 x 10° cells per plate to 15 x 15 cm
plates (Greiner BIO-ONE). Before transfection, the FBS-containing medium was exchanged

with 18 ml serum-free medium.

For transfection, the plasmid DNA was diluted in serum-free medium to obtain the DNA
mix. The PEI 20-reagent (1 mg/ml polyethyleneimine hydrochloride (average Mn 20,000)
in sterile ultra-pure water, pH 6.95) was vortexed thoroughly and added to serum-free
medium. The PEI mix was vortexed for 5 s before it was added to the DNA mix. The
transfection mix was vortexed again for 10 s. The transfection mix was incubated for 15 min
before 900 pl of the mix were added dropwise to each 15 ml plate. Finally, the transfection
mix was distributed equally by gently rocking the plates back and forth. The cells were put
back into the 10 % CO2 incubator.

DNA mix PEI mix

AAV?2 vector plasmid 81 pg PEI 20-reagent 2 ul per pg
pAAV2/8Y733F plasmid Xug total DNA
pAdhelper plasmid Y ug Serum-free medium to 6750 pul
Serum-free medium to 6750 pl

To calculate the acquired amounts of pAdhelper and AAV capsid plasmid the following

calculations were used.

81 pg x 4522.84 g/mol

X pg of AAV8Y733F plasmid =
hg of AAVBY733E plasmid = G o AAVZ vector plasmid

81 pg x 9509.36 g/mol
Molar weigth AAV2 vector plasmid

Y ug of pAdhelper plasmid =

The cells were harvested 72 h after transfection with a cell scraper (Sarstedt) and collected
with the medium in a 500 ml centrifugation bottle (Nalgene™ Polycarbonate Centrifuge

Bottles with Sealing Closure, Thermo Fisher Scientific). The cell-containing medium was
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centrifuged at 4000 x g for 15 min at 4 °C to separate the cells from the medium. The
supernatant was filtered through a 0.45 pm polyethersulfone (PES) filter (VWR) and a 40 %
Polyethylene glycol 8000 (PEG) solution was added. The amount of PEG solution was

calculated using the following formula:

weight of supernatant [g] x 0.08
0.32

volume of 40 % PEG solution =

Subsequently, the solution was incubated for 72 h at 4 °C to precipitate the containing
rAAVs. The cell pellet was resolved in 7.5 ml lysis buffer, transferred into a 50 ml tube
(Labcon), frozen in liquid nitrogen, and thawed again in a 37 °C water bath (Thermo Fisher
Scientific). This freeze-thaw cycle was reaped twice. The frozen cell-pellet lysis buffer mix

was stored at -80 °C until further processing.

Lysis buffer

5 M NaCl 1.5 ml
1 M Tris-HCI, pH 8.5 2.5 ml
Sterile ultra-pure H20 to 50 ml

After incubation, the PEG-medium mix was centrifuged at 4000 x g for 15 min at 4 °C. The
supernatant was discarded, and the pellet was resuspended in the cell-pellet lysis buffer mix.
To remove the contained plasmid DNA the solution was incubated with 50 U/ml Benzonase
(Merck) for 30 min in a 37 °C water bath. After incubation, the solution was centrifuged at
4000 x g for 20 min at 4 °C. The supernatant was transferred into a new 50 ml tube and
centrifuged again at 4000 x g for 20 min at 4 °C. The resulting supernatant was further

proceeded by iodixanol gradient centrifugation.

3.5.2 lodixanol Gradient Centrifugation

lodixanol gradient centrifugation was performed to isolate the rAAV particles. The
supernatant was transferred into a Quick-Seal Polypropylene tube (Beckman). Using a
peristaltic pump (Miniplus3 peristaltic pump, Gilson) and a sterile long glass Pasteur pipette
(VWR) a density gradient was established by carefully adding 7 ml 15 %, 5 ml 25 %, 5 ml
40 %, and 6 ml 60 % iodixanol solution below the rAAV containing solution. The Quick-

seal polypropylene tubes were sealed with the Beckman tube topper (Beckman) and
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centrifuged at 50,000 x g for 1 h 45 min at 17 °C in an optima LE-80K ultracentrifuge
(Beckman Coulter) with the 70 Ti rotor (Beckman). Afterwards, the 40 % iodixanol phase
containing the rAAV particles was collected by inserting a 20 ml syringe (B.Braun) with a
20-gauge cannula (VWR) into the 40 % iodixanol phase with the needle bevel facing
upwards and collecting about 4 ml solution. The rAAV-containing solution was stored at

4 °C until further processing.

Iodixanol solutions 15 % 25 % 40 % 60 %
10x phosphate-buffered saline 5 ml 5 ml 5 ml -
(PBS)

1 M MgClz 50 pul 50 pul 50 ul 50 ul
2.5 M KCl 50 ul 50 ul 50 ul 50 ul
5 M NaCl 10 ml - - -
OptiPrep™ (Progen) 10 ml 20.9 ml 333 ml 50 ml
Phenol red (1 %, w/v) 37.5 ul 50 pl - 35.5 ul
Sterile ultra-pure H20 to 50 ml to 50 ml to 50 ml -

3.5.3 Anion Exchange Chromatography

The rAAV-containing solution was further purified by anion exchange chromatography. For
this purpose, a HiTrap QFF 5 ml anion exchange column (GE Healthcare) and the
AKTAprime plus system (GE Healthcare) with loop injector (50 ml superloop, GE
Healthcare) were used. After assembling the AKTA prime system the pressure limit was set
to 0.5 MPa and the column was equilibrated using buffer A until the values for the ultraviolet
(UV) absorbance at 280 nm and the conductivity coefficient were constant. The rAAV-
containing solution was diluted with buffer A in a 1:1 ratio and added to the loop injector.
The sample was then loaded onto the column with a flow rate of 1.0 ml/min and fractions
of 1 ml were collected. The absorbance and conductivity were monitored. The fractions with
high UV absorbance, indicating the presence of rAAV particles, were collected. After the
UV absorbance and conductivity went down again, indicating that all rAAV particles passed

through the system, the column was regenerated with 2.5 M NaCl solution. Before the next
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rAAV-containing solution was loaded, the system was washed with sterile, ultra-pure water.

The rAAV containing aliquots were combined and stored at 4 °C until further processing.

Buffer A, pH 8.5

Tris 12¢g
NaCl 044 ¢
Sterile ultra-pure H2O to 500 ml

3.5.4 Increasing rAAV Concentration

Amicon Ultra-4 centrifugation filter units (Merck) were used to increase the rAAV
concentration. These steps were performed under laminar airflow to avoid contamination of
the rAAYV solution. First, the rAAYV solution obtained from Anion exchange chromatography
was supplemented with 0.001 % Tween, to avoid adsorption of rAAV particles to the filter
unit, and syringe filtered through a 0.2 um sterile PES filter (VWR). 4 ml of the filtered
rAAV solution were added on top of the Amicon filter unit and centrifuged at 3000 x g for
5 min at room temperature. The flow-through was discarded and equal amounts of rAAV
solution were added again on top of the filter unit. This step was repeated until the volume
of the rAAV solution was reduced to 500 ul. The filter was washed with 1 ml 0.001 %
Tween/PBS-MK solution followed by centrifugation at 3000 x g for 1-2 min at room
temperature until the volume was reduced to 100 pl. The rAAV solution was split up into

10 pl aliquots. The aliquots were stored at -80 °C.

0.001 % Tween/PBS-MK solution

10x PBS 5 ml
1 M MgClz 50 pl
2.5 M KCl 50 pl
Tween 20 0.5 ul
Sterile ultra-pure water to 50 ml

3.5.5 rAAYV Titer Determination

Quantitative real-time PCR (qPCR) was used to determine the rAAV titer. A standard curve
was established based on a serial dilution of a fragment containing the AAV2 ITR. The

fragment was obtained by restriction digest of a pAAV2.1 plasmid with the restriction
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enzymes FD Xhol and Adel (Thermo Fisher Scientific). The desired band was purified by
gel electrophoresis and the concentration was obtained with a NanoDrop 2000c (Thermo
Fisher Scientific). The DNA concentration necessary for the standard solutions, containing

10° - 10° copies of the AAV2 ITR fragment, was calculated using the following formula.

n :
10% x 660 x 109W§<bp x fragment size [bp]

Ny x 25ul

n
1 X i —| =
c(10 COpleS)[ul]

1
N, (Avogadro constant) = 6.022 x 1023 —

A gPCR was performed with triplicates of the standard solutions and a 1:100000 dilution of
the rAAV sample. To set up the qPCR reaction MicroAmp™ Fast Optical 96-well Reaction
Plate (Applied Biosystems, Thermo Fisher Scientific), the PowerUp™ SYBR™ Green
Master Mix (Thermo Fisher Scientific) and primer amplifying a region of the AAV2 ITR

were used.
ITR2 forward: 5> GGAACCCCTAGTGATGGAGTT?3’
ITR2 reverse: 5 CGGCCTCAGTGAGCGA 3°

The reaction mix was prepared as follows.

qPCR reaction mix

PowerUp™ SYBR™ 5ul
Green Master Mix

ITR2 forward (4 uM) 0.5 ul
ITR2 reverse (4 pM) 0.5 pul
rAAV dilution or standard 2.5 ul
solution

Sterile ultra-pure H20 1.5 ul

The qPCR was run on the QuantStudio™ 5 Real-Time PCR system (Thermo Fisher

Scientific) under the following conditions.
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Step Number of cycles Temperature Duration

Uracil-DNA 1 50 °C 2 min

Glycosylase

activation

Hot-Start DNA 1 95°C 5 min

Polymerase

activation

Denaturation 40 95 °C 5s

Annealing 58 °C 5s

Elongation 60 °C 30s

Melt curve 1 95°C 15s

acquisition 1 60 °C 1 min
1 | Ramp to 95 °C (+ 0.3 °C/s) 2 min
1 95°C 15s

The data was analysed using the QuantStudio™ Design & Analysis software (Thermo Fisher
Scientific) the number of vg contained in the dilution of the rAAV sample could be inferred

from the obtained standard curve.

3.6 Animals

All animal experiments in this study were performed in accordance with the German laws
on animal welfare (Tierschutzgesetz) and with the permission of the local authorities
(District Government of Upper Bavaria). For this study C57BL/6J wild-type as well as
RhoPH* mice (B6.129S6(Cg)-Rho™!-kral/J The Jackson Laboratory), a mouse model for
autosomal dominant retinitis pigmentosa carrying the P23H mutation in rhodopsin, were
used. Mice were bred in-house and maintained in a 12 h light/dark cycle. Food (Ssniff;
regular feed: R/M-H; breeding feed: M-Z Extrudat) and water was provided ad libitum. Mice
were anaesthetised with isoflurane and euthanised for retina and organ isolation by cervical
dislocation and for hippocampi isolation by decapitation. PO pups used for hippocampal

primary neuron culture were euthanised by decapitation.
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3.6.1 Subretinal Injection

Mice were anaesthetised by intraperitoneal injection of 0.01 mg/g body weight ketamine
(Medistar) and 0.02 mg/g body weight xylazine (Xylariem, Ecuphar). During anaesthesia,
they were kept on a 37 °C heating plate (Leica Biosystems). Pupils were dilated using 0.5 %
tropicamide eye drops (Mydraticum Stulln, Pharma Stulln). After the total absence of the
paw withdrawal reflex subretinal injection was performed. The virus was drawn into a
Nanofil 10 pl syringe (World Precision Instruments) with a 34-gauge bevelled needle
(World Precision Instruments). The fundus of the mouse eye was focused using a surgical
microscope (OPMI 1 FR pro, Zeiss). The needle was held at a 30° angle with the needle
bevel facing away from the eye while sclera, choroid, and pigment epithelium were
penetrated. The correct needle position below the retina was confirmed using the surgical
microscope. 1 ul of titer-matched viral solution (4.71 x 10'° — 6 x 10'! vg/ul) was injected
into the subretinal space. Successful injections were confirmed by the formation of a
subretinal bleb. The needle was slowly removed from the eye. Afterwards, the eyes were
treated with 0.3 mg/g dexamethasone and 5 mg/g gentamycin containing eye ointment
(Dexamytrex, Bausch + Lomb). When the injections were performed with mice at postnatal
day 21 (P21) or younger, the pups were put back into the parental cage after recovery from

anaesthesia.

3.6.2 Stereotactic Injection

Mice at P30 were anaesthetised by intraperitoneal injection of 0.01 mg/g body weight
ketamine (Medistar) and 0.02 mg/g body weight xylazine (Xylariem, Ecuphar). After the
total absence of the paw withdrawal reflex, the mice were fixed in sternal recumbence in the
stereotactic apparatus (Neurostar GmbH). Bregma and lambda were identified after
uncovering the skull and used as a reference for the calibration of the Neurostar software
(Neurostar GmbH). The coordinates used for inserting the needle into the hippocampi were
ML =+ 1.4, AP -2.06, and DV 1.4. Titer-matched rAAV vectors (3.77 x 10'° vg in 0.8 pl)
were injected into the hippocampus at a flow rate of 0.3 ul/min. After the injection, the
animals were removed from the stereotactic apparatus and the scalp was sutured. During
anaesthesia, the eyes were covered with Bepanthen eye ointment (Bayer), and the mice were

kept on a 37 °C heating plate. The hippocampi were harvested four weeks after injection.
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3.6.3 Intraperitoneal Injection

C57BL/6J wild-type mice were injected at P7 with 10 pl titer-matched viral solution

(4 x 10" vg/ul). Organs were isolated 5 weeks after injection.

3.6.4 FElectroretinogram Measurements

Full-field ERG measurements were performed using the Celeris system (Diagnosys LLC).
For scotopic measurements, the mice were kept for 16 h under dark conditions. The mice
were anaesthetised by intraperitoneal injection of 0.02 mg/g body weight ketamine and
0.04 mg/g body weight xylazine. After 5 min 0.5 % tropicamide eye drops were applied to
dilate the pupils. ERG measurements were performed when the pupils were fully dilated
(10 min after application of mydriatic eyedrops). To keep the eyes moist and ensure contact
of the eye with the ERG stimulator containing the light-guided electrodes during the
recordings 2 % Hypromellose eyedrops (Methocel, OmniVision) were applied. Scotopic
responses were obtained for single light flashes at intensities of 0.003 (blue light, 455 nm),
0.01, 0.03, 0.1, 0.3, 1, 3 and 10 cd.s/m? (all remaining intensities 6500 K white light). For
photopic measurements, the mice were light-adapted with 3 cd/m? for 5 min. Photopic
responses were recorded for single light-flashes at intensities 0of 0.01, 0.03, 0.1, 0.3, 1, 3 and
10 cd.s/m2. All photopic recordings were performed with constant 9 cd/m? background
illumination. Measurements were recorded from 50 ms before stimulus onset to 300 ms post-
stimulus and the voltage signals were sampled at 1 Hz. Flicker ERG recordings were
recorded for single light flashes at 3 cd.s/m? with a frequency of 10 HZ and constant 9 cd/m?
background illumination. Five (scotopic) or ten (photopic) sweeps were averaged for every
recording. After the measurement, Bepanthen eye ointment (Bayer) was applied to the eyes
and the mice were kept on a 37 °C heating plate until full recovery from anaesthesia.

Analysis was performed using the Espion V6 software (Diagnosys LLC).

3.6.5 Optical Coherence Tomography

Retinal morphology was evaluated by OCT using a modified Spectralis HRA + OCT system
(Heidelberg Engineering) in combination with contact lenses. Mice were anaesthetised by
intraperitoneal injection of 0.02 mg/g body weight ketamine and 0.04 mg/g body weight
xylazine and pupils were dilated using mydriatic eyedrops. 2 % Hypromellose eye drops

were applied to keep the eyes moist during the experiments. 31 scans per eye were obtained
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in high-resolution mode with a 30° angle. ONL thickness was measured between the outer
plexiform layer and the external limiting membrane. Mean ONL thickness was calculated

from six values from two different scans in the injection area.

3.7 RNA Isolation

For this study RNA was isolated from mouse and human cell lines, human retinal organoids

as well as mouse tissue.

For RNA isolation from cells, transfected and control cells were harvested 48 to 72 h after
transfection. Transduced mouse primary hippocampal neurons were harvested seven days
after transduction. The cell media was removed, and the cells were washed with PBS. 350 pl
or 600 ul RLT plus buffer (Qiagen) supplemented with 10 pl/ml B-mercaptoethanol was
added to each well of a well plate or 6 cm dish, respectively. The cells were incubated for 2-
3 min at room temperature while the plate was tilted from side to side to ensure even
distribution of the lysis buffer. The cells were collected in the lysis buffer and transferred
into safe-lock tubes (Eppendorf). They were disrupted in a mixer mill (Retsch) at 30 Hz for
1 min. The stainless-steel balls (Retsch) were removed, and the samples were centrifuged at
21,000 x g for 5 min. RNA was isolated using the RNeasy plus Mini Kit (Qiagen) according

to the manufacturer’s protocol.

For RNA isolation from human retinal organoids, harvested organoids were frozen in liquid
nitrogen. 400 pl TRI reagent (Zymo) was added to two organoids into a safe-lock tube. The
organoids were disrupted with stainless-steel balls in a mixer mill at 30 Hz for 1 min. The
RNA was isolated using the Direct-zol™ DNA/RNA Miniprep (Zymo) according to the
manufacturer’s instructions. An on-column DNA digest using the DNase [ Set (Zymo) was

performed to ensure no contamination with genomic or AAV DNA.

For RNA isolation from murine tissue, mice were anaesthetised with isoflurane and
sacrificed by cervical dislocation. Organs were isolated from the mice using surgical tools,
washed with PBS, and subsequently frozen in liquid nitrogen. For retina isolation, the eyes
were opened with a scalpel and the vitreous body was removed. Using blunt forceps, the
retina was separated from the remaining eye cup and frozen in liquid nitrogen. RNA was
isolated from the tissues using different RNA isolation kits (see Table 3). For disruption and
homogenization of the tissues, the mixer mill with a stainless-steel ball in each tube was

used. Heart, liver, and brain tissue were disrupted with the mixer mill at 30 Hz for 30 s before
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the amount of tissue for RNA isolation was taken from the sample. After disruption, the

stainless-steel ball was removed, and the RNA was isolated according to the manufacturer’s

protocol of the corresponding RNA isolation kit.

Table 3: RNA isolation from mouse tissue

Tissue Kit used for Amount | Volume | Conditions | Volume for
RNA isolation tissue lysis | mixer mill RNA
buffer Isolation
Retina RNeasy plus | One retina (~ 350 ul | 2 x 2 min, 350 pl
Mini Kit 30 mg) 20 Hz
(Qiagen)
Hippocampus RNeasy plus One 350 ul | 2 x 2 min, 350 pl
Mini Kit | hippocampus 20 Hz
(Qiagen) | (~30mg)
Heart RNeasy plus ~30 mg 350 pl | 2 x 2 min, 350 pl
Mini Kit 30 Hz
(Qiagen)
Skeletal RNeasy Fibrous | 25 —50 mg 300 ul | 2 x 2 min, 300 pl
muscle Tissue Mini Kit 30 Hz
(Qiagen)
Liver RNeasy plus ~30 mg 600 ul | 2x 2 min, 600 ul
Mini Kit 30Hz
(Qiagen)
Brain Direct-zol™ 25 mg 800 ul | 2x 1 min, 800 pl
DNA/RNA 30 Hz
Miniprep
(Zymo)
Lung RNeasy plus ~ 150 mg 600 pul | 2 x 2 min, 120 pl
Mini Kit 30Hz
(Qiagen)

After RNA isolation the RNA concentration was measured using the NanoDrop 2000c UV

spectrophotometer (Thermo Fisher Scientific). RNA was kept on ice until further processing

or stored at -80 °C.
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3.8 cDNA Synthesis

cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol. For the synthesis both
Random Hexamer and Oligo(dT)1s primers were added to the reaction. Between 17-5000 ng
RNA were used for RNA obtained from cells and 200-5000 ng for RNA obtained from

mouse tissue. A control without the reverse transcriptase was included for every experiment.

3.9 Quantitative Reverse Transcription PCR

To estimate the transactivation efficiency of the sgRNAs quantitative revere transcription
PCR (qRT-PCR) was used. Primers for qRT-PCR were designed with the primer-BLAST
software (U. S. National Centre for Biotechnology Information) (Ye et al., 2012) to generate
a 90-150 bp amplicon and include an intron on the corresponding genomic DNA (gDNA),
to prevent amplification of gDNA.

The qRT-PCR was performed with duplicates of each sample diluted with RNase-free water
in a 1:5 ratio. To set up the qRT-PCR reaction MicroAmp™ Fast Optical 96-well Reaction
Plate (Applied Biosystems, Thermo Fisher Scientific) and the PowerUp™ SYBR™ Green

Master Mix (Thermo Fisher Scientific) were used. The reaction mix was prepared as follows.

qRT-PCR reaction mix

PowerUp™ SYBR™ 10 pl
Green Master Mix

Primer forward (10 uM) 0.6 ul
Primer reverse (10 pM) 0.6 ul
Sample (diluted 1:5) Sul
RNase-free water 3.8 ul

The qRT-PCR was run on the QuantStudio™ 5 Real-Time PCR system (Thermo Fisher

Scientific) under the following conditions.
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Step Number of cycles Temperature Duration
Uracil-DNA 1 50 °C 2 min
Glycosylase
activation
Hot-Start DNA 1 95°C 2 min
Polymerase
activation
Denaturation 40 95 °C 3s
Annealing 58 °C 5s
Elongation 60 °C 25s
Melt curve 1 95°C 15s
acquisition 1 60 °C 1 min
1 Ramp to 95 °C 2 min
(+0.3°C/s)
1 95°C 15s

The data was analysed using the QuantStudio™ Design & Analysis software (Thermo Fisher
Scientific). The baseline and threshold settings were corrected if necessary. To evaluate the
relative fold change in mRNA expression to the control group (e.g., untransfected cells) the

comparative Ct method (2-44“t method) (Schmittgen & Livak, 2008) was used.

The Ct value was normalised to a housekeeping gene (i.e., Alas).

ACt = Cttarget - Cthousekeeping

The fold changes were obtained with the following equation (delta delta Ct analysis).

AACt = ACt — Mean (ACts of all replicates of control group)

Relative expression to reference sample = 2744Ct

If no expression was measured by qRT-PCR the Ct values were set to 40, to enable the

calculation of a fold change.

52



Materials and Methods

Table 4: Primer pairs used for qRT-PCR

Target | Forward primer (5’ —3’) Reverse Primer (5’ - 3°)

Alas CAGGAGGACGTGCAGGAAAT CGGCTTGGATCCTCTCCATC
ALAS GATGTCAGCCACCTCAGAGAAC | CATCCACGAAGGTGATTGCTCC
(d)Cas9 | AGTCTTCACGAGCACATCGC CCTTCCCATTACTTTGACGAGTTC
Myo7b | GGGACACAAGTACAGGAAGGA | GCGTTCAAAGCCCACTAGG
MYO7B | AAGGACTACGCCCACATCCG CTGAGGCGTCCAGGTTCTC
Nr2e3 CTTCATGGCTGTCAAATGGGC | AGCTCATTCCATGCCTCTTCC
Nxnll GAAAAATGGCTCTTCCTGCCG | GGGATGGCGGTGATTTCGTA
Nxnl2 TCGAGGTGGTTTTCGTGTCG GACGGACAGAGAACTGGCG
Opnimw | GGAGCAGGTACTGGCCTTATG | GGAGGTAGCAGAGCACGATG
Opnilsw | CATCCCCGCCTTCTTTTCCAA CCTGCACACCATCTCCAGAAT
RACVF | GAAAAATGGCTCTTCCTGCCG | ACCAGGACAGTAAACCTCCAG
RACVF2 | TCGAGGTGGTTTTCGTGTCG CCTGGGTCCCCACTCACTG

Rho GGATCATGGCGTTGGCCTGT CCGCATGAACATTGCATGCCC

3.10 Protein Extraction

For protein extraction, radio-immunoprecipitation assay (RIPA) or Triton-X lysis buffer

were used for MYO7B or NRL experiments, respectively.

RIPA lysis buffer Triton-X lysis buffer

10 x RIPA (Merck) 1 ml Triton X-100 50 ul
50 % Glycerol 2 ml 5 M Na(Cl 0.3 ml
Ultra-pure water 7 ml 2.5 M CaClz 8 ul
cOmplete™ ULTRA 1 tablet Ultra-pure water to 10 ml
Protease Inhibitor Cocktail cOmplete™ ULTRA 1 tablet
tablets (Roche) Protease Inhibitor Cocktail

tablets (Roche)

Protein was isolated from mouse retina or eyecup. For the isolation of the eyecup, the mice

were anaesthetised with isoflurane and sacrificed by cervical dislocation and the eye was

isolated by cutting the optical nerve with surgical scissors (KLS martin). The eye was

punctured with a 21-gauge needle at the ora serrata and transferred into 4 %

53




Materials and Methods

paraformaldehyde (PFA) for 5 min. The eye was positioned under a stereomicroscope (Stemi
2000, Zeiss) on a filter paper drenched with 0.1 M phosphate buffer (PB). Surgical spring
scissors (Fine Science Tools) were used to cut along the ora serrata to remove the cornea,
iris, and lens. Using forceps (Fine Science Tools), the vitreous was removed from the

eyecup. The eyecup was transferred into a safe-lock tube and frozen in liquid nitrogen.

0.1 M PB 4 % PFA

NaxHPO4 x 2H20 2848 ¢g Paraformaldehyde 6g
NaHPO4 x H20 552¢g 0.1 M PB to 150 ml
Ultra-pure water to21

The retina was isolated as described for the RNA isolation. 50 or 100 ul lysis buffer was
added to each frozen eyecup or retina in a safe-lock tube, respectively. After the addition of
a stainless-steel ball, the samples were disrupted twice at 15 Hz for 30 s. Afterwards, the
tubes were tumbled for 20 min at 4 °C in a tube rotator (VWR). The stainless-steel balls
were removed, and the lysates were centrifuged for 10 min at 5000 x g, 4 °C. The protein-
containing supernatant was transferred into new tubes. The samples were stored at -20 °C

until further processing.

3.11 Western Blot

Protein lysates were prepared for Western Blot by incubation of 30 pl lysate with 6 pl
Laemmli + DTT buffer for 10 min at 72 °C.

Laemmli + DTT buffer

0.5 M Tris-HCI/SDS buffer 7 ml
Glycerol 3ml
SDS lg
Bromophenol blue 1.2 mg
DTT 093¢

54



Materials and Methods

For the Western Blot 7 % and 15 % sodium lauryl sulfate (SDS)-polyacrylamide gels were
used for the detection of MYO7B and NRL, respectively. SDS-polyacrylamide gels were

cast with the Mini-Protean system (Biorad).

0.5 M Tris-HCI/SDS buffer, pH 6.8 1.5 M Tris-HCI/SDS buffer, pH 8.8

Tris-HCl 394 ¢ Tris-HCI 1182 ¢g
SDS 20¢g SDS 20g
Ultra-pure water to 500 ml Ultra-pure water to 500 ml
SDS-polyacrylamide gel 7 % 15 % 4 % stacking gel
Rotiphorese® Gel 30 (Carl Roth) 2.7 ml 5.7 ml 0.5 ml
0.5 M Tris-HCI/SDS buffer 2.8 ml 2.8 ml -
1.5 M Tris-HCI/SDS bufter - - 0.95 ml
Ultra-pure water 5.8 ml 5.8 ml 2.3 ml
Ammonium persulphate 22.5 ul 22.5 ul 18.75 ul
Tetramethylethylenediamine 7.5 wl 7.5 ul 3.75 ul

After the addition of 36 ul sample and 8 ul Page Ruler (Thermo Fisher Scientific) to the gel,
electrophoresis was performed with the Mini-Protean system (Biorad) at 140 V for

1 h 10 min in Electrophoresis buffer.

Electrophoresis buffer

Tris 3g
Glycine 144 ¢
SDS lg
Ultra-pure water toll

For Western blotting, a wet transfer was performed. The polyvinylidene fluoride blotting
membrane (VWR Peqlab) was incubated for a few minutes in methanol and sponges and
filter paper were drained in the blotting buffer. The blot was assembled in the following
order: sponge, filter paper, gel, membrane, filter paper, and sponge and run at 100 V for 1 h

30 min.
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Blotting buffer

Tris 3g
Glycine 144¢g
Ultra-pure water toll

To inhibit the unspecific binding of the antibodies the membrane was incubated for 1 h at
room temperature in 0.1 g/ml milk powder in Tris-buffered saline with Tween 20 (TBST)

buffer on a roller mixer (SRT6, Stuart equipment).

TBST buffer

Tris 12g
NaCl 80¢g
Tween 20 1 ml
Ultra-pure water toll

The primary antibody was diluted in an appropriate concentration (see table below) in 5 ml
TBST buffer containing 0.01 g/ml milk powder. The membrane was added to the primary

antibody solution and incubated for 16 h at 4 °C on a roller mixer.

Table 5: Primary antibodies for Western Blot

Primary Target | Working Host Source | Catalogue
antibody dilution number
Anti-MYO7B Myo7b 1:1000 rabbit | Sigma-Aldrich | HPA039131
antibody

Anti-B- Beta-actin 1:3000 | mouse | Sigma-Aldrich A3854

Actin—Peroxidase

antibody, clone

AC-15

Human NRL Nrl 1:500 goat | R&D systems AF2945
Antibody

Histone H3 Histon H3 1:5000 rabbit | Cell Signaling 44998
(D1H2) XP® Technology

Rabbit mAb
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If the primary antibody was not linked to horseradish peroxidase (HRP) a secondary
antibody was used to enable detection. The membrane was incubated in 5 ml TBST buffer
containing 0.01 g/ml milk powder and an appropriate dilution of the secondary antibody for

1.5 h at room temperature.

Table 6: Secondary antibodies for Western Blot

Secondary Target | Working Host Source | Catalogue
antibody dilution number
mouse anti-rabbit Rabbit IgG 1:2000 mouse Santa Cruz sc-2357
IgG-HRP

m-IgGk BP-HRP Mouse IgGk 1:2000 N/A Santa Cruz | sc-516102
mouse anti-goat Goat IgG 1:2000 mouse Santa Cruz sc-2354
IgG-HRP

Before detection, the membrane was washed three times in TBST buffer and with ultra-pure
water. For detection, the ChemiDoc MP imaging system (Bio-Rad) and the ImmunoCruz
western blotting luminol reagent (Santa Cruz) were used. The Image Lab 5.2 software (Bio-
Rad) was used for the acquisition, processing, and analysis of the Western Blot image. The

acquisition protocol was set to signal accumulation mode (setup: 3-360 s, 33 pictures).

3.12 Immunohistochemistry

For immunohistochemistry, cryosectioning of mouse retina was performed. The mice were
anaesthetised with isoflurane and sacrificed by cervical dislocation and the temporal site of
the eye was marked using a hot 20-gauge needle. The eye was isolated by cutting the optical
nerve with surgical scissors. The eye was pierced with a 20-gauge needle at the ora serrata
and transferred into 4 % PFA for 5 min. Then the eye was placed under a surgical microscope
on a filter paper drenched with 0.1 M PB and surgical spring scissors were used to cut along
the ora serrata to remove the cornea, iris, and lens. The temporal site of the eye was marked
again by a small incision. Using forceps, the vitreous was removed from the eyecup. The
eyecup was then fixated in 4 % PFA for 45 min. After fixation, the eyecup was washed three
times in 0.1 M PB for 5 min on ice. For cryopreservation, the eyecup was placed in 0.1 M
PB containing 30 % saccharose for at least 16 h. The eyecup was embedded in a tissue-

freezing medium (Tissue-Tek O.C.T. compound, Sakura) and placed on dry ice until the
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medium was solidified. The retina was sectioned into 10 pm-thick slices using a cryostat
(Leica CM3050 S, Leica Biosystems) and the sections were collected on coated glass object
slides (Thermo Fisher Scientific). Retinal sections were stored at -20 °C until further

processing.

To perform the immunohistochemical staining the retinal sections were thawed at room
temperature and transferred to a humidity chamber (Merck). The sections were encircled
with a Super PAP pen liquid blocker (Science Services) and rehydrated by application of
150 ul of 0.1 M PB for 5 min and fixed with 50 pl of 4 % PFA for 10 min. The sections were
washed three times for 5 min with 150 pl of 0.1 M PB. The primary antibodies or fluorescein
isothiocyanate (FITC) conjugated lectin were diluted to an appropriate concentration with
0.1 M of PB containing 5 % ChemiBLOCKER (Merck) and 0.3 % Triton X-100. 25 ul of
this solution was added to each section and the sections were incubated for 16 h at 4 °C. The
primary antibody solution was removed, and the retinal sections were washed three times

with 150 pl of 0.1 M PB for 5 min.

Table 7: Primary antibodies for IHC

Primary Target | Working Host Source | Catalogue
antibody dilution number
Anti-Rhodopsin Rhodopsin 1:1500 mouse Merck | MAB5356

Antibody, CT,
last 9 amino
acids, clone Rho
1D4

Anti-Opsin M-opsin 1:300 rabbit Merck AB5405
Antibody,
Red/Green
Lectin from Cone 1:100 | Arachis | Sigma-Aldrich L7381

Arachis photoreceptors hypogaea
hypogaea
(peanut), FITC

conjugate
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Secondary antibodies conjugated to fluorophores were used to make the signal detectable.
Each section was incubated with 25 pul of a solution containing the secondary antibody in an

appropriate dilution and 2 % ChemiBLOCKER in 0.1 M PB for 1.5 h at room temperature.

Table 8: Secondary antibodies for [HC

Secondary Target | Working Host Source | Catalogue
antibody dilution number
Cy™3 AffiniPure Rabbit IgG 1:400 | donkey Jackson | 711-165-
Donkey Anti- (H+L) ImmunoResearch 152
Rabbit IgG

(H+L)

Cy™S5 AffiniPure | Mouse IgG 1:400 goat Jackson | 115-175-
Goat Anti-Mouse (H+L) ImmunoResearch 146
IgG (H+L)

After the application of the secondary antibody, the samples were protected from light and
the sections were washed again three times for 5 min with 150 pl of 0.1 M PB. To stain the
nuclei, 50 pl of 5 pg/ml Hoechst solution (Thermo Fisher Scientific) was added to the
sections and they were incubated for 10 min at room temperature. The sections were finally
washed with 0.1 M PB, embedded using PermaFluor aqueous mounting medium (Thermo
Fisher Scientific), and covered with a coverslip (Thermo Fisher Scientific). The
immunolabeled retinal cryosections were imaged shortly after staining and stored at 4 °C

protected from light.

3.13 Confocal Microscopy

Images of immunolabeled retinal cryosections were obtained with a Leica TCS SP8 spectral
confocal laser scanning microscope (Leica Microsystems) equipped with lasers emitting at
the wavelength 405 nm, 488 nm, 561 nm, and 633 nm, an HC PL APO CS2 40x/1.30 Oil
objective (Leica Microsystems) and type F immersion liquid (Leica Microsystems). The
images were acquired as z stacks using the Las X software (Leica Microsystems). Excitation
wavelength and emission filter settings were chosen according to the used fluorescent dyes.
The images consisting of multiple z-stacks were merged by maximum projection and further
processed with the open-source Imagel 1.52t software (National Institutes of Health,
Schmittgen and Livak (2008)).
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3.15 RNA Sequencing

Total RNA was sent to a commercial provider (Genewiz Germany GmbH) to perform RNA
sequencing (RNA-seq) and analysis. mRNA was enriched by poly(A) selection. After
preparation of the cDNA library, paired-end sequencing was performed on an Illumina
HiSeq system (Illumina) with 150 bp read length and over 20 million reads per sample.
Sequence reads were trimmed for adapter sequences and quality using Trimmomatic v.0.36
(Bolger et al., 2014) and mapped using the STAR aligner v.2.5.2b (Dobin et al., 2013) to the
Mus musculus GRCm38 reference genome provided by ENSEMBL. FeatureCounts from the
Subread package v.1.5.2 (Liao et al., 2014) was used to calculate unique gene hit counts;
unique reads that fell outside of exon regions were excluded. The obtained gene hit counts
were analysed using DESeq2 (Love et al., 2014). P-values and log2 fold changes were
obtained using the Wald test. Differentially expressed genes were defined by an adjusted p-
value < 0.05 and absolute log2 fold change > 1.

3.14 Statistics

Statistical analysis and graphical visualization were performed using Prism 9.3.1 software
(GraphPad Software). The performed statistical test and sample size (n) are indicated in each

figure legend. Values are shown as mean + standard error of the mean.

60



Results

4 Results

4.1 Evaluation of dCas9-VPR mediated Transactivation for Retinal Gene Therapy

4.1.1 Transactivation of Myo7b in the Murine Retina

The coding sequence of MYO7A4 (6.6 kb) exceeds the packaging capacity of one rAAV
vector and requires dual rAAV vectors for gene supplementation. Moreover, different splice
isoforms are expressed from the MYO74 locus and their contribution to the structure and
function of photoreceptors is not clear yet. As gene supplementation using dual rAAV can
cover only one of these isoforms, the therapeutic benefit might not be optimal using this
approach. In an attempt to develop a new strategy for the therapy of mutations in MYO74,
transactivation of a functionally equivalent gene was evaluated. To identify functionally
equivalent genes, criteria based on amino acid identity, conservation of functional domains
and total length were applied (Riedmayr et al., 2022). This resulted in the identification of
MY O7B as a highly promising candidate. MYO7B shows high similarity to MYO7A (Figure
11) and can form complexes with MYO7A interaction partners (I. M. Yu et al., 2017). These
results suggest that the functionally related MYO7B has a high chance of compensating for
the missing MYO7A function in the retina. Furthermore, also MYO7B expresses different
splice isoforms that might have equal functionality to the MYO7A4 isoforms.

MYO7A

Head

domain MyTH4|FERM

MF2
Identity: 51 %

MYO7B Similarity: 70 %

Head

domain MyTH4( FERM

1Q
MF1 MF2

Figure 11: Structural similarity between MYO7A and MYOQO7B. Scheme comparing the
structural domains of MYO7A and MYO7B. The amino acid identity and similarity of
MYO7A and MYO7B are shown on the right. IQ, IQ calmodulin binding motive. SAH,
single o helix. MyTH4, myosin tail homology 4 domain. FERM, four-point-one, ezrin,
radixin, moesin domain. MF, MyTH4/FERM domain. SH3, Tyrosine-protein kinase CSK
homology 3 domain. Adapted from I. M. Yu et al. (2017).

To identify a potent transactivating module targeting the murine Myo7b promoter region, a

sgRNA array consisting of three sgRNAs to facilitate transactivation was designed. To this
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end, the experiments were set out to test the efficiency of Myo7b promoter region-targeting
sgRNAs in 661W cells, an immortalized derivative of cone photoreceptors. 661W cells were
co-transfected with split dCas9-VPR expression cassettes equipped with all elements needed
for the production of the rAAYV vectors (Figure 12A, B). A split dCas9-VPR system is used
because the coding sequence of dCas9-VPR (5.8 kb) exceeds the rAAV genome packaging
capacity. The advantage of this approach is that the same expression cassettes can later be
utilized to generate dual REVeRT rAAVs vectors for subsequent in vivo experiments. To
exclude any effects caused by the dCas9-VPR system alone, the Myo7b promoter region-
targeting sgRNAs were replaced by a control sgRNA targeting the bacterial lacZ gene. After
cotransfection of 661W cells with plasmids encoding for split dCas9-VPR and sgRNAs
(Figure 12A), a significant increase in Myo7b expression was observed by qRT-PCR (Figure
12C)
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Figure 12: Transactivation of Myo7b in 661W cells. A, rAAV vector plasmids containing
split dCas9-VPR and sgRNAs targeting the Myo7b promoter region (sgMyo7b). B, Binding
position of different sgRNAs targeting the Myo7b promoter region. C, Relative Myo7b
expression in 661W cells after cotransfection with the plasmids in A. The 5’ vector contained
either sgRNAs for Myo7b transactivation (3xsgMyo7b, n = 3) or a control sgRNA targeting
the bacterial lacZ gene (sglacZ, n = 3). For statistical analysis, a two-tailed Welch’s t-test
was performed. U6, human U6 promoter. CMV, cytomegalovirus promoter. BD, binding
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domain. SDS, splice donor site. SAS, splice acceptor site. pA, polyadenylation signal.
Myo7bh, murine myosin VII b gene. bp, base pairs. TSS, transcriptional start site.

To enhance the efficiency of retinal transduction, the rAAV vectors utilized for these and all
following experiments were produced using the AAV2/8Y733F capsid (Petrs-Silva et al.,
2009). The dual rAAVs were first validated in mouse hippocampal primary neurons.
Reconstitution of dCas9-VPR mRNA and transactivation of Myo7b was confirmed by qRT-
PCR seven days post transduction of these neurons (Figure 13A, B).
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Figure 13: Transactivation of Myo7b in mouse primary neurons. A, Experimental design
for the transduction of hippocampal mouse primary neurons with rAAV vectors generated
from the plasmids depicted in Fig 12A. Hippocampal primary neurons were isolated and
cultured by Manuela Briimmer. B, Relative expression of Myo7b (left panel) and
reconstituted dCas9-VPR (right panel) in primary neurons transduced with an rAAV
containing the 5° part of the dCas9 coding sequence and sgRNAs targeting the Myo7b
promoter region (5’ vector, n = 6), or the 3’ part of the dCas9-VPR coding sequence (3’
vector, n = 6) or both vectors (3xsgMyo7b, n= 8) compared to untransduced neurons (untrd,
n = 8). For statistical analysis, Welch ANOVA with Dunnett’s T3 multiple comparison test
was performed. vg, vector genomes. div, days in vitro.

Following this validation, the dual REVeRT rAAYV system for transactivation of Myo7b was
applied to the murine retina. C57BL/6J wild-type (WT) mice were subretinally injected at
postnatal day 21 (P21) (Figure 14A). Efficient reconstitution of dCas9-VPR and
transactivation of Myo7b were observed four weeks after injection (Figure 14B, C). These
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results provide a proof-of-principle for transactivation of Myo7b in the retina and

demonstrate that the dual REVeRT rAAV system can reconstitute dCas9-VPR in vivo.
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Figure 14: Transactivation of Myo7b in the murine retina. A, Experimental design for
Myo7b transactivation upon subretinal injection. B-C, Relative expression of Myo7b (B) and
reconstituted dCas9-VPR (C) in retinas four weeks after subretinal injection with rAAV
vectors encoding split dCas9-VPR and three sgRNAs targeting the Myo7b promoter region
(3xsgMyo7b, n=5). The contralateral eye injected with rAAV formulation buffer served as
a reference (buffer, n =5). D, Western blot (WB) from lysates of retinas of two mice (#1 and
#2) 4 weeks after subretinal injection (n = 2). For comparison, a positive control (+ ctrl) from
a lysate obtained from 661W cells stably expressing Myo7b is shown. E, Scatter plot
showing the correlation between the values for relative Myo7b expression and relative
expression of reconstituted dCas9-VPR obtained from murine retinas four weeks after
subretinal injection (n = 5). Spearman r is shown in the lower-right corner. For statistical
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analysis in B, a two-tailed paired t-test was performed. P21, postnatal day 21. wpi, weeks
post injection. kDa, kilo Dalton. OS, oculus sinister. OD, oculus dexter.

To determine whether Myo7b transactivation also leads to the expression of MYO7B protein,
a western blot with retinal lysates was performed. The corresponding band could be detected
for both eyes injected with the dual REVeRT rAAV for Myo7b transactivation and was
absent in the buffer-injected control eyes (Figure 14D). The variance in Myo7b expression
suggests that the transactivation efficiency might depend on the amount of reconstituted
dCas9-VPR. In line with this hypothesis, plotting of Myo7b expression against the
expression of reconstituted dCas9-VPR showed a high correlation between the amount of

dCas9-VPR and the transactivation efficiency (Figure 14E).

4.1.2 Transactivation of Myo7b in Additional Tissues

CRISPR-mediated transactivation can also be used for diseases affecting other tissues
(Kemaladewi et al., 2019). Therefore, the experiments were set out to evaluate whether the
dual REVeRT rAAV vectors expressing split dCas9-VPR in combination with sgRNAs
targeting the Myo7b promoter region can transactivate this gene in different non-retinal
tissues. It appears conceivable that transactivation efficiency is dependent on the
administration route. To address this question, intraperitoneal administration was chosen
(Figure 15A). Compared to local administration such as subretinal injections, transduction
of specific tissues upon intraperitoneal delivery of the dual rAAVs is more challenging. The
dual rAAVs are diluted in the bloodstream and must cross multiple biological barriers to
reach specific tissues. Five weeks after intraperitoneal injection of WT mice, successful
transactivation of Myo7b and efficient reconstitution of dCas9-VPR were observed in the
retina, heart, skeletal muscle, lung, and liver (Figure 15B, C). These data demonstrate that
the dual REVeRT rAAV transactivation system is largely independent of the target tissue or
route of administration. Nevertheless, no Myo7b transactivation could be detected in the
brain upon intraperitoneal injection (Figure 15B). The most plausible explanation is that the
injected rAAVs with serotype 8 could not cross the blood-brain-barrier. This is consistent
with a previous study investigating the tissue tropism of different AAV serotypes upon

systemic injection (Zincarelli et al., 2008).
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Figure 15: Transactivation of Myo7b in different tissues after intraperitoneal injection.
A, Experimental design for the evaluation of Myo7b transactivation in different tissues after
intraperitoneal (ip) injection of rAAYV vectors containing split dCas9-VPR and three sgRNAs
for Myo7b transactivation. Intraperitoneal injections were performed by Stefan Thalhammer.
B-C, Myo7b expression (B) and expression of reconstituted dCas9-VPR (C) five weeks after
injection with rAAV vectors for Myo7b transactivation (3xsgMyo7b, n = 3) compared to
samples from untreated mice (untrd, n = 3). For statistical analysis, a two-tailed Welch’s t-
test was performed.

These results raised the question of whether local administration of the dual REVeRT rAAV
vectors is capable of transactivating Myo7b in the brain. Hippocampal injection of the dual
REVeRT rAAV transactivation vectors resulted in functional reconstitution of dCas9-VPR
accompanied by transactivation of Myo7b in the hippocampus (Figure 16A, B). Analogous
to the subretinal injections a strong correlation between Myo7b transactivation and the

amount of reconstituted dCas9-VPR was observed (Figure 16C).
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Figure 16: Transactivation of Myo7b in the hippocampus. A, Experimental design for
evaluation of Myo7b transactivation after hippocampal injection. Hippocampal injections
and isolation were performed by Verena Mehlfeld and Manuela Briimmer. B, Myo7b
expression (left panel) and expression of reconstituted dCas9-VPR (right panel) in
hippocampi of mice four weeks after injection with rAAV vectors for Myo7b transactivation
(3xsgMyo7b, n = 4) compared to samples from untreated mice (untrd, n = 6). C, Correlation
between Myo7b transactivation and dCas9-VPR reconstitution (n = 4). Spearman r is shown
in the lower right corner. For statistical analysis in B, a two-tailed Welch’s t-test was
performed.

4.1.3 Transactivation of MYO7B in Human Retinal Organoids

Unlike the coding sequences, the promoter regions of certain genes are generally not as
highly conserved across different mammalian species. The mouse-specific sgRNAs for
transactivation of Myo7b can therefore not be used for transactivation of the human MYO7B.
To develop an experimental framework which could be of direct therapeutic relevance for
human patients, a new array of sgRNAs targeting the human MYO7B promoter region was
tested in HEK293 cells, a widely used human cell line (Figure 17A, B). A significant increase
in MYO7B transcript could be detected after cotransfection of HEK293 cells with plasmids
encoding for split dCas9-VPR and the sgRNAs targeting the MYO7B promoter region
(Figure 17B, C).
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Figure 17: Transactivation of MYO7B in HEK293 cells. A, rAAV vector plasmids
containing split dCas9-VPR and sgRNAs targeting the MYO7B promoter region
(sgMYO7B). B, Binding positions of different sgRNAs targeting the MYO7B promoter
region. C, Relative MYO7B expression in HEK293 cells after cotransfection with the
plasmids shown in A. The 5’ vector contained either sgRNAs for MYO7B transactivation
(3xsgMYOQO7B, n = 3) or a control sgRNA targeting the bacterial lacZ gene (sglacZ, n = 3).
For statistical analysis in C, a two-tailed Welch’s t-test was performed.

Next, the dual REVeRT rAAV MYOQO7B transactivation approach was applied to transduce
human retinal organoids. Human retinal organoids are currently the most suitable in vitro
model for evaluating approaches designed to treat IRDs. For photoreceptor-specific
expression, the dual rAAV vector cassettes were equipped with the human GRK promoter
(Figure 18A) (Khani et al., 2007). Mature retinal organoids were transduced at DD 146 using
the dual REVeRT rAAV system. This resulted in a significant increase in MYO7B mRNA
three weeks post-transduction (Figure 18A-C).
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Figure 18: Transactivation of MYO7B in human retinal organoids. A, rAAV vector
expression cassettes used for MYO7B transactivation in human retinal organoids. B,
Experimental design for evaluation of MYO7B transactivation after transduction of human
retinal organoids. Generation, cultivation, and transduction of human retinal organoids were
performed by Nanda Boon. C, Relative MYO7B expression (left panel) and reconstitution of
dCas9-VPR (right panel) after transduction of retinal organoids with the rAAV vectors
shown in A (3xsgMYO7B, n = 3) compared to non-transduced retinal organoids (untrd, n
= 3). GRK, G-protein-dependent rhodopsin kinase 1 promoter. DD, differentiation day. wpt,
weeks post transduction. For statistical analysis in C, a two-tailed Welch’s t-test was
performed.

4.2 Simultaneous Gene Knockout and Transactivation for the Treatment of Gain-of-

Function Mutations

4.2.1 Proof-of-Principle for Concurrent Gene Knockout and Activation

As mentioned in 2.2.4, the treatment of gain-of-function mutations remains a challenge for
gene therapy. Gain-of-function mutations result in proteins with a new function that, even in
small amounts, have negative effects on the affected cells. Therefore, current treatment

strategies for these mutations either include the i) efficient suppression of the target gene
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transcripts using RNAi or Cas9 along with the supplementation of the healthy copy
(Cideciyan et al., 2018; Kiang et al., 2005; Tsai et al., 2018), ii) specific repression of the
mutated transcript (Giannelli et al., 2018), or iii) correction of the mutated allele (Wang et
al.,, 2020). Both strategies, however, come with some limitations. Mutation-specific
strategies can only be used for the treatment of a single mutation and strategies that need the
supplementation of a healthy gene copy are limited by target gene size and do not supply

splice isoforms.

Some of these limitations can be elegantly overcome when combining the knockout of the
disease-associated gene with a transcriptional activation of a functionally equivalent gene.
This can be achieved by using a multiplexing approach that combines catalytically active
Cas9-VPR with at least two separate sgRNAs equipped with spacer sequences of different
lengths. In presence of sgRNA with a spacer length of less than 16 nt Cas9-VPR loses its
nuclease activity and can thus be employed for transactivation of the functionally equivalent
gene (Dahlman et al., 2015; Kiani et al., 2015). Another sgRNA containing a regular spacer
sequence (20 nt) enables gene knockout. This concurrent knockout and activation (hereafter
referred to as CONNACT) approach represents a new strategy for the treatment of gain-of-

P23H/+ mouse

function mutations. I set out to evaluate CONNACT in the gain-of-function Rho
model (Sakami et al., 2011). Treatment of this mouse model includes a knockout of the rod
photoreceptor pigment rhodopsin and the activation of Opn/mw, the cone photoreceptor
pigment M-opsin. The latter strategy has already been proven beneficial in a heterozygous

rhodopsin-deficient mouse model (Bohm et al., 2020).

To assess the transactivation efficiency of sgRNAs with 15 nt spacer length, MEF cells were
cotransfected with dCas9-VPR and different sgRNAs targeting the Opnl/mw promoter
region (Figure 19A). 661 W cells could not be used for these experiments as they have a high
endogenous expression of Opnlmw (Bohm et al., 2020). All sgRNAs tested showed

transactivation of OpnImw in MEF cells with variable efficiencies (Figure 19B).
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For the following in vivo experiments, arrays of the two (sgOps1-2) or three (sgOps1-3) best
performing sgRNAs were chosen. The different number of sgRNAs used for the Opnimw
transactivation is likely to affect the overall efficiency of Opnlmw transactivation allowing
the assessment of dose dependency of the therapeutic outcome. For rod photoreceptor-
specific expression the split Cas9-VPR dual rAAYV vector cassettes were each equipped with
a RHO promoter. The sgRNAs for OpnlImw transactivation were combined with a sgRNA
targeting the first exon of rhodopsin for gene knockout (Figure 20A). Dual REVeRT rAAV
vectors containing split Cas9-VPR and sgRNAs were subretinally injected at P21 to
RhoP?"* mice (Figure 20B, C). Four weeks after subretinal injection, a significant knockout
of Rho could be observed. Furthermore, successful transactivation of Opnlmw was
observed, which was further enhanced by the addition of a third OpnImw promoter region
targeting sgRNA (Figure 20D). Rho knockout and OpnlImw transactivation could also be
confirmed by RNA-seq and revealed only a few differentially expressed transcripts
compared to control injected retinas (Figure 20E, Supplementary Table 1). These results
provided a proof-of-principle for the CONNACT strategy in the murine retina and could be
confirmed by RNA-seq.

71



Results

5’ vector

nghongp5(1)ngps(2) 5 Caso T HBD [PAHTR)
or

[FTRHUS fsaRAoUs 30pS(MHUe Ea0pS(2HUe)Ea0RS(EIRHO IS Caso il B0 AR
or

TRIUS) S92 1RHO S Caso T - S pA TR

3’ vector
C
gRT-PCR /
subretinal injection RNAseq &
2.6x10" vg IHC injection |
¥ N site ||
} ' T T { wpi control &
P21 4 site

O
m

N

o
|
o
o
o
(63}
N

N
|

0.0028
0.1496

—
n
|
w
|

0.1644 =

-
o
S
N

N
o
o
1

o
[}
1
e
- lllI—l-

relative Rho expression
o
|
s oo
5]
m
]
m
relative Opn1mw expression
T
5]
-*H
3xsgOps + sgRho [log,(FPM)]
15

1 &,
u o

0.0 ! -I_. 0 ) k : 0 A1 ' n2 N3 N4 N5 6
FARO AN 10° 10" 10 10° 10 10° 10
¥ No oo ¥ No .o sglacZ [log,(FPM)]
I O RSO
q’_‘fox"o rb'\-%xo', q/_‘_"o?("o 05\?,@)(6

Figure 20: Simultaneous Rho knockout and OpnImw transactivation in Rho"?*%* mice.
A, In combination with different sgRNAs, nuclease active Cas9-VPR is used to target the
first exon of rhodopsin for gene knockout (left) or to target the promoter region of Opnlmw
for gene transactivation (right). B, Dual rAAV vector cassettes used for the expression of
split Cas9-VPR. The 5’ vector cassette included either a sgRNA for the knockout of RAo
(sgRho, 20 nt spacer) and sgRNAs for the transactivation of Opn/mw (sgOps, 15 nt spacer)
or a sgRNA targeting the bacterial lacZ gene (sglacZ) functioning as a control. C,
Experimental design for CONNACT evaluation upon subretinal injection. D, Expression of
Rho (left) and OpnImw (right) in retinas upon injection with CONNACT (2xsgOps + sgRho,
n = 6; 3xsgOps + sgRho, n = 9) relative to control injected retinas (sglacZ, n = 15). For
statistical analysis, Welch’s ANOVA with Dunnett’s T3 multiple comparison test was
performed. E, RNA-seq results from retinas injected with CONNACT (3xsgOps + sgRho, n
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= 3) or control vectors (sglacZ, n = 4). Each dot represents a different transcript. sgRho,
sgRNA targeting the first exon of Rho. sgOps, sgRNA targeting the promoter region of
Opnimw. sglacZ, sgRNA targeting lacZ. RHO, short human rhodopsin promoter. FPM,
fragments per million.

To evaluate the simultaneous gene knockout and transactivation with the CONNACT system

PLHY mice was

at the protein level, immunohistochemistry on retinal cryosctions of Rho
performed four weeks after injection. At the injection site, a robust M-opsin staining could
be observed outside of cone photoreceptor outer segments (Figure 21A). No M-opsin
staining outside of the PNA-labelled cone photoreceptor outer segment was present at the
contralateral control site of the same retina (Figure 21B). No gross changes in the intensity
of the rhodopsin staining could be detected. Nevertheless, in some PNA negative outer
segments, strong M-opsin staining was visible, but the rhodopsin signal was undetectable,

indicating that these were rod outer segments with efficient Opn/mw transactivation and

complete Rho knockout (Figure 21A).

A injection site

“‘, n . "7
:ﬁ : § 2"7"‘} v

B control site

P23H/+

Figure 21: Immunostainings of Rho mice. Immunohistochemistry was performed on
retinal cryosections from mice injected with CONNACT (3xsgOps + sgRho). Depicted are
representative staining from one mouse of the injection site (A) or control site (B) distal from
the injection site (Fig, 21C). Magnifications of the areas marked with grey rectangles are
shown on the right. PNA was used to label cone photoreceptors. White arrows indicate M-
opsin staining inside rod photoreceptor outer segments that are lacking a Rhodopsin signal.
Scale bar: 30 pm.

73



Results

4.2.2 Functional Assessment of CONNACT in Rho??"* mice

Next, it was investigated whether CONNACT could improve retinal function and

P23H/+

morphology in Rho mice. ERG and OCT measurements were performed one and three
months after subretinal injection. The contralateral eye of each mouse injected with dual
rAAVs encoding for split Cas9-VPR and a sgRNA targeting the /acZ promoter served as a

control.

One month after treatment, Rho"?*"" mice treated with the CONNACT system showed
reduced amplitudes in ERG measurements obtained under scotopic conditions, suggesting a
decrease in rod photoreceptor function most likely caused by the rhodopsin knockout (Figure
22A). In contrast, amplitudes of photopic and flicker ERG, which are mainly generated from
cones, showed no significant difference (Figure 22B, C). This indicates that cone
photoreceptors remain unaffected at this state. OCT measurements allow the assessment of
the ONL thickness. The ONL thickness is determined by the number of photoreceptor nuclei
and is therefore a direct parameter for assessing photoreceptor death. Upon treatment of
Rho?>"* mice with the CONNACT strategy the ONL thickness remained unchanged,

suggesting no increase in photoreceptor survival (Figure 22D).

After 3 months, a pronounced reduction in scotopic ERG amplitudes was observed (Figure
23A). At this point, photopic amplitudes were also reduced, indicating a more rapid
degeneration of cones after treatment (Figure 23B). Given that cone function remained
unaffected one month after treatment (see above), the degeneration of cones 3 months post
injection is presumably a secondary effect originating from the loss of rod photoreceptors.
The effects on cones at this stage were also reflected in the reduction of the 10 Hz flicker

ERGs and the ONL thickness (Figure 23C, D).
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Figure 22: Evaluation of CONNACT on retinal function and morphology one month
post injection. A-B, ERG measurements from Rho"?*"* mice injected with CONNACT
(2xsgOps + sgRho, n = 7; 3xsgOps + sgRho, n = 6) or control (sglacZ, n = 13) vectors under
scotopic (A) or photopic (B) conditions. C, Amplitudes generated by 10 Hz flicker ERG. D,
Measurements of ONL thickness of treated and control eyes.
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Figure 23: Evaluation of CONNACT three months post injection. A-B, ERG
measurements from Rho"?"* mice injected with CONNACT (2xsgOps + sgRho, n = 7;
3xsgOps + sgRho, n = 6) or control (sglacZ, n = 13) vectors under scotopic (A) or photopic
(B) conditions. C, Amplitudes generated by 10 Hz flicker ERG. D, Measurements of ONL
thickness of treated and control eyes. For statistical analysis, Welch’s ANOVA with
Dunnett’s T3 multiple comparison test was performed.
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Figure 24: Evaluation of effects from OpnImw transactivation on retinal function and
morphology. A-B, ERG measurements from Rho?>"* mice six months after subretinal
injection with dual rAAV vectors including split Cas9-VPR and three sgRNAs (15 nt spacer)
for the transactivation of OpnImw (3xsgOps(1-3), n =6) or a control sgRNA (sglacZ, n = 6)
under scotopic (A) or photopic (B) conditions. C, Amplitudes generated by 10 Hz flicker
ERG. D, Measurements of ONL thickness of treated and control eyes.
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Under these conditions, the CONNACT strategy accelerated the retinal degeneration
accompanied by a decreased retinal function. To investigate whether the increased
degeneration was caused by off-target effects due to the Opnimw transactivation in
combination with the catalytically active Cas9-VPR, Rho"*"* mice were subretinally
injected with dual REVeRT rAAV vectors expressing split Cas9-VPR and the sgRNAs for
Opnlmw transactivation. However, no significant changes were observed between the
transactivation group and the control group even six months after injection (Figure 24A-D).
Another plausible explanation for the accelerated retinal degeneration upon treatment with
the CONNACT strategy is that the moderate transactivation of Opn/mw was not sufficient
to compensate for the pronounced knockout of Rko. This is in line with the previous studies
on rhodopsin-deficient mice showing that the disease progression depends on the amount of

the rhodopsin protein (Humphries et al., 1997).

4.2.3 Evaluation of sgRNAs for Enhanced Opnlmw Transactivation

To optimise the Opnimw transactivation efficiency, nine new sgRNAs targeting the
Opnlmw promoter region were designed and compared to the evaluated (Figure 25A).
Transactivation efficiency was assessed after cotransfection of MEF cells with dCas9-VPR
and sgRNAs. While sgOps(1) and sgOps(2) remained the best performing sgRNAs in their
region, the new sgOps(3a) outperformed sgOps(3) (Figure 25B). Next, it was evaluated
whether the higher transactivation efficiency could also be observed when sgOps(3) is
replaced by sgOps(3a) in the sgRNA array. Indeed, a 2.8-fold increase in transactivation
efficiency could be detected for the 3xsgOps(1,2,3a) combination compared to the original
3xsgOps(1-3) array (Figure 25C).
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Figure 25: Evaluation of additional sgRNAs for the transactivation of Opnlmw. A,
Binding positions of sgRNAs targeting the OpnImw promoter region. The previously used
sgRNAs are depicted in grey (sgOps1-3) and newly designed sgRNAs are depicted in black.
B, Relative Opnimw expression in MEF cells transfected with dCas9-VPR and sgRNAs
targeting the Opnlmw promoter region. C, Comparison of Opnlmw transactivation
efficiency of the previously used sgRNA array (3xsgOps(1-3)) and the optimised SgRNA
array (3xsgOps(1,2,3a)). n = 3 for all conditions. bp, base pairs. TSS, transcriptional start
site. untrd, untreated. nt, nucleotides.

Subsequently, it was investigated whether this increased transactivation efficiency using the

P23H/+

3xsg0ps1,2,3a also persisted in vivo. Rho mice were subretinally injected at P21 with
dual TAAV vectors expressing Cas9-VPR and the optimised sgRNA array. The optimised
sgRNA array could still reach the same reduction in Rho transcript compared to the
previously used sgRNA array in vivo (Figure 26A). But surprisingly, no significant
difference could be observed for transactivation of Opnimw compared to the previous

sgRNA array (Figure 26B).
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Figure 26: Opnlmw transactivation and Rho knockout in Rho??3%* mice with optimised
CONNACT vectors. Relative Rho (A) and Opnimw (B) expression in the retina of
RhoP"* mice four weeks after subretinal injection with the optimised CONNACT
(3xsgOps(1,2,3a) + sgRho, n = 4) or control (sglacZ, n = 4) vectors. For comparison,
activation and knockout efficiency reached with the previous system were included
(3xsgOps(1-3) + sgRho, n = 9). Welch’s ANOVA with Dunnett’s T3 comparison test was
used for statistical analysis.

Assessment of retinal function by ERG one month post injection showed a reduction in
scotopic a- and b-wave amplitudes comparable to the previous treatment (Figure 27A). In
addition, no improvement was observed in photopic ERG or OCT measurements (Figure
27B-D). Overall, these results were in accordance with the missing increase of Opnlmw

transactivation with the optimised sgRNA array observed by qRT-PCR (Figure 26B).

In conclusion, a proof-of-principle for the CONNACT system was provided in vivo, but it
needs further improvement before it can be used for the treatment of gain-of-function

mutations in rhodopsin.
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Figure 28: Treatment effects on retinal function and morphology with optimised
CONNACT vectors. A-B, ERG measurements from Rho">"* mice one month after
subretinal injection with optimised CONNACT (3xsgOps(1,2,3a) + sgRho, n = 7) or control
(sglacZ, n = 7) vectors under scotopic (A) or photopic (B) conditions. C, Amplitudes
generate by 10 Hz flicker ERG. D, Measurements of ONL thickness of treated and control
eyes. Values obtained with the previous system (3xsgOps(1-3) + sgRho, n =6) are included
for comparison.

81



Results

4.3 Development of a Gene-Independent Therapy Approach for Inherited Retinal

Diseases

4.3.1 Evaluation of CONNACT for Neuroprotection and Cellular Reprogramming

The CONNACT strategy per se is not limited to the treatment of gain-of-function mutations.
In fact, it can be modified to develop a gene-independent approach for the treatment of IRDs
by transactivating neuroprotective genes combined with a simultaneous knockdown of genes
known to impact photoreceptor fate. Because of the central role of cones in visual perception
in humans, long-term preservation of their survival, structure, and function represents the
most attractive goal for patients suffering from IRDs. One way to achieve this goal is to
reprogram rods into cone-like photoreceptors by the knockout of the transcription factor Nr/
(Figure 5). The reprogrammed photoreceptors lack the expression of most rod-specific genes
(Montana et al., 2013). Taking advantage of the CONNACT strategy established herein cone
photoreceptor survival could be further enhanced by the transactivation of neuroprotective
factors such as RACVF encoded by Nxn/l. This strategy based on reprogramming and
activation of trophic factors (hereafter referred to as REACT) was evaluated in vitro in 661W

cells (Figure 28).
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Figure 28: Transactivation of Nxnll in 661W cells. A, Binding positions of sgRNAs
targeting the Nxn/l promoter region. Black arrows indicate the position of primers used for
gRT-PCR in B and C. B, Nxnll expression in 661W cells cotransfected with plasmids
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encoding for split Cas9-VPR and sgRNAs targeting the Nxn/l promoter region (sgNx1-4)
relative to untreated 661W cells (untrd). C, Relative Nxn/l expression for 661W cells
cotransfected with plasmids encoding for split Cas9-VPR and a sgRNA array of two
sgRNAs. n = 3 for all conditions.

First, new sgRNAs targeting the Nxn/l promoter region (sgNx1) were designed and tested
for their Nxnll transactivation efficiency in 661W cells (Figure 28A, B). The three best
performing sgRNAs were tested combined in arrays of two sgRNAs each. The array of
sgNx1(3) and sgNx1(4) resulted in the highest transactivation and was used for all further
experiments (Figure 28C).

Nxnl2 is a functionally equivalent counterpart of Nxn/l, and it also encodes two splice
isoforms (Jaillard et al., 2012). Similar to the Nxnll isoforms, the short Nxn/2 isoform is a
tropic factor (RACVF2) and the long isoform functions as a thioredoxin enzyme (Figure 10).
Due to the AAV packaging capacity, the uppermost number of sgRNAs that can be included
in the 5” vector is four. As efficient Nr/ knockout can be achieved with one and the Nxn/l
transactivation with two sgRNAs, the remaining place can be used to include one sgRNA

for Nxnl2 transactivation.
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Figure 29: Transactivation of Nxn/2 in 661W. A, Binding positions of sgRNAs targeting
the Nxnl2 promoter region. Black arrows indicate the position of primers used for qRT-PCR
in B. B, Relative Nxnl2 expression in 661W cells cotransfected with plasmids encoding for
split Cas9-VPR and a sgRNA array containing sgRNAs targeting the Nxn/2 promoter region
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(sgNx2) and the Nxnll promoter region (2xsgNx1(3+4). C, Relative Nxnll expression for
661W cells cotransfected with plasmids encoding for split Cas9-VPR and a sgRNA array
for the transactivation of Nxnl/l and Nxnl2. n =3 for all conditions.

Two sgRNAs targeting the Nxn/2 promoter region (sgNx2) were designed and compared by
cotransfection of 661W cells (Figure 29A). A slightly higher transfection efficiency could
be observed for the first sgRNA (Figure 29B).

The experiments described above were designed to detect the transactivation efficiency of
the long isoform of Nxn/l and Nxn/2. To assess transactivation of the short isoforms, each
encoding a thioredoxin enzyme, specific reverse primers were used for qRT-PCR (Figure
30A). Using this approach, increased expression of the short Nxn// isoform (RACVF) was
observed. This increase was not affected in the presence of one Nxn/2 promoter region-
targeting sgRNA (sgNx2(1)). However, almost no increase in RACVF mRNA was observed
when sgNx2(1) was replaced by sgNx2(2), another sgRNA targeting the Nxnl/l promoter
region (Figure 30B). Based on these results, sgNx2(1) was used for further REACT

experiments.
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Figure 30: Transactivation of short splice isoforms with Cas9-VPR. A, Binding positions
of sgRNAs targeting the Nxnll or Nxnl2 promoter region. Black arrows indicate the position

84



Results

of primers used for qRT-PCR in B or C. B-C, Relative expression of RACVF (B) and
RACVEF2 (C) in 661W cells cotransfected with plasmids encoding for split Cas9-VPR and a
sgRNA targeted to the promoter region of Nxn/l (sgNx1(3+4)) or Nxnl2 (sgNx2). n =3 for
all conditions.

No transactivation of the short isoform of Nxn/2 could be detected (Figure 30C). Compared
to the long isoform of Nxn/l, the transactivation of the short isoform was less efficient. For
Nxnl2 the increase in transcript of the long isoform was already very low, which might be

the reason for the missing transactivation of the RACVF2 transcript.
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Figure 31: Evaluation of sgRNAs for the knockout of Nrl/ in WT mice. A, Binding
positions of sgRNAs on the third exon of Nrl. B, Dual rAAV vector cassettes containing
Cas9-VPR and a sgRNA targeting Nr! (sgNrl) or lacZ (sglacZ). C, Experimental design for
evaluation of Nr/ knockout efficiency after subretinal injection of WT mice. D, Western blot
of lysates obtained from retinas four weeks after subretinal injection. E, Semi-quantitative
analysis from western blot signals obtained in D (n = 2) relative to signals obtained from
control injected eyes (sglacZ).

Next, a previously published (sgNrl(1)) and a new designed (sgNrl(2)) sgRNA targeting the
third exon of Nrl (Figure 31A) were tested (W. Yu et al., 2017). The knockout efficiency
was evaluated at the protein level after subretinal injection. Dual rAAVs containing split

Cas9-VPR and a sgRNA were injected subretinally into WT mice at P14. The early timepoint
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of injection was chosen because photoreceptors of younger mice are expected to be more
responsive to reprogramming (Figure 31B, C). In line with the published results, both
sgRNAs showed an efficient knockout of Nrl in the murine retina. The reduction rate of the
first sgRNA targeting Nr/ was higher and resulted in an overall reduction of the Nrl western
blot band intensity by 71.55 % compared to retinas of WT mice control injected with dual
rAAV vectors expressing Cas9-VPR and a lacZ targeting sgRNA (Figure 31D, E).

4.3.2 Evaluation of REACT in the Murine Retina

Next, the REACT strategy using the best performing sgRNAs was tested in vivo. Since the
rod photoreceptor-specific RHO promoter might not be functional in reprogrammed rods
after successful Nrl knockout, it was replaced by a GRK 1 promoter that drives expression in
both rod and cone photoreceptors (Figure 32A). Subretinal injection of WT mice was
performed at P14 (Figure 32B). Successful knockout of Nr/ was confirmed by western blot
using retinal lysates from two mice (Figure 32C). Transactivation of both Nxn/!/ isoforms
and the long isoform of Nxn/2 could be detected (Figure 32D-F). In agreement with the in

vitro results, no significant transactivation of RACVF2 could be observed (Figure 32G).
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Figure 32: Evaluation of REACT in WT mice. A, REACT rAAV vector cassettes used
for the knockout of Nr/ and simultaneous activation of Nxn/l and Nxn/2. B, Experimental
design for in vivo experiments using REACT. C, Western blot of lysates obtained from
retinas four weeks after subretinal injection with REACT vectors (REACT, n = 2). The band
intensity relative to bands obtained from retinas injected with the rAAV formulation buffer
(buffer, n =2) is depicted above the western blot. D-G, Relative expression of Nxnll (D),

87



Results

RACVF (E), Nxn/2 (F) and RACVF2 (G) (n = 4). For statistical analysis in D-G, a two-tailed
paired t-test was performed.

It was further investigated whether the knockout of Nr/ led to successful reprogramming of
rods by evaluating the expression of the rod-specific genes Rho and Nr2e3, a downstream
transcription factor of the Nr/ pathway (Cheng et al., 2004). A reduction in transcript levels
was observed for both Rho and Nr2e3 compared to control injected eyes (Figure 33A, B).
However, transactivation of the cone opsins Opnlmw and Opnlsw could not be detected
(Figure 33C, D). This suggests that reprogramming of adult rod photoreceptors into cones
by suppression of Nrl is incomplete, which is consistent with other studies (Montana et al.,

2013).
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Figure 33: Effect of the Nrl knockout on the expression of photoreceptor-specific genes.
A-D, Relative expression of Rho (A), Nr2e3 (B), Opnisw (C) and Opnlmw (D) in murine
retinas four weeks after subretinal injection of REACT (n = 4). For statistical analysis, a
two-tailed paired t-test was performed.
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4.3.3 Evaluation of REACT in the Rho??"* Mouse Model

Finally, the efficiency of REACT in the RhoP23H/+ mouse model was evaluated. Mice were

subretinally injected at P14 with dual rAAVs expressing the REACT components. The

control contralateral eye of each mouse was injected with the rAAV formulation buffer.
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Figure 34: Effects of REACT on the retinal function and morphology in Rho"?*"* mice.
A-B, ERG measurements from Rho"?"* mice one month after subretinal injection with
REACT (n = 7) or control (sglacZ, n = 7) vectors under photopic (A) or scotopic (B)
conditions. C, Amplitudes generate by 10 Hz flicker ERG. D, Pairwise comparison of ONL
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thickness of treated and contralateral control eyes. For statistical analysis in C and D, a two-
tailed paired t-test was performed.

One month after subretinal injection, treatment effects were evaluated by ERG and OCT
measurements. No changes in ERG amplitudes could be observed (Figure 34A-C). This is
expected at that stage, given that REACT will most likely enhance only the survival of cones
and the degeneration of cone photoreceptors becomes detectable at approximately three
months of age in Rho">"*mice. Nevertheless, a significant increase in ONL thickness could
already be observed in OCT measurement of treated mice (Figure 34D). These results
provide preliminary evidence that the REACT strategy may be an attractive new tool to

prevent cone photoreceptor degeneration.
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5 Discussion

5.1 Transcriptional Activation for Gene Therapy

5.1.1 MYO7B Transactivation for the Treatment of Usher Syndrome Type Ib

In the first part of the study, the transactivation of Myo7b for therapy of loss-of-function
mutation in Myo7a was evaluated. It was shown that the gut-specific MYO7B can be
transactivated with high efficiency in the murine retina. The main limitation of this study is
the lack of evidence for the functionality of transactivated MYO7B in the murine retina. In
contrast to humans, mouse models harbouring mutations in Myo7a do not show a severe
retinal phenotype (Calabro et al., 2019; Lillo et al., 2003). This makes the mouse an
unsuitable model organism for the evaluation of a therapy for Usher syndrome type Ib on
retinal function (Calabro et al., 2019). Other large animal models (e.g., pigs), which are
likely to have a more comparable phenotype to human patients, are currently being
developed. MYO7A-deficient pigs could be used as a more appropriate model for assessing

the effects on retinal function and morphology.

The successful transactivation of MYO7B in human retinal organoids (Figure 18) suggests
that the transactivation system is functional in the human retina. sgRNAs for gene
transactivation need to be designed specifically to every organism, therefore human retinal
organoids are an important tool for the development of retinal transactivation therapies. In
addition, retinal organoids can be used as disease models (Zhang et al., 2021). Such
organoids are created from human pluripotent stem cells that have been altered by genome
editing or derived from patient cells and can be used to evaluate treatment effects. For
example, retinal organoids derived from an RP2 retinitis pigmentosa patient showed an
increase in ONL thickness after transduction with rAAVs containing a healthy copy of the
mutated gene (Lane et al., 2020). No retinal organoid models have yet been developed for
mutations in MYO7A. MYO7A-deficient retinal organoids would be a valuable model to
evaluate the potential of the dual rAAV MYO7B transactivation system. Transduction and
expression efficiency in retinal organoids could be further increased by using AAV serotypes
with higher transduction rates and the strong ubiquitous CMV promoter (McClements et al.,

2022).

In Usher syndrome type Ib, retinal degeneration is accompanied by congenital hearing loss

and variable vestibular dysfunction (Delmaghani & El-Amraoui, 2022). The early onset of
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hearing loss allows for diagnosis and retinal treatment before severe degeneration of
photoreceptors. In principle, transactivation of MYO7B could also be used for the treatment
of hearing loss and vestibular dysfunction by local administration to the inner ear (Maguire
& Corey, 2020; Pan et al., 2017). Currently, hearing loss is treated with cochlear implants
(Delmaghani & El-Amraoui, 2022). Although cochlear implants are a tremendous benefit to
deaf patients, the enabled sound recognition is not comparable to regular auditory function
(Geleoc & Holt, 2014). The inner ear is already fully developed in the second trimester of
pregnancy (Hepper & Shahidullah, 1994). There may be a small treatment window after
birth, but postnatal gene replacement or transactivation therapy would likely be too late to

restore hearing (Toms et al., 2020).

Another important question is whether MYO7B transactivation offers advantages over
classical gene replacement of MYO74 by dual rAAV vectors. Dual rAAV strategies for the
delivery of split MYO7A4 have already been developed (Lopes et al., 2013; Trapani et al.,
2014). However, depending on the dual rAAV strategies used, the use of split MYO74 could
cause side effects resulting from the expression of the protein halves alone (Trapani et al.,
2015). In contrast to gene replacement, transactivation by dCas9-VPR drives expression
from a natural genomic locus, allowing the expression of different splice isoforms and long

non-coding RNAs.

It remains to be determined whether the advantages of dCas9-VPR can counterbalance the
most obvious disadvantage of this system, the long-term expression of a bacterial protein in

retinal cells.

5.1.2 CRISPRa for the Treatment of other Diseases

An important advantage of CRISPRa is that systems for the transactivation of other genes
can be easily developed by simply exchanging the sgRNAs. By contrast, dual rAAV gene
replacement strategies require new design and validation of split constructs for every new
gene. The number of diseases which possess potential functional counterparts is quite high.
For instance, about 45 % of IRD-causing genes have counterparts that meet these criteria
(Riedmayr et al., 2022). In addition to functionally equivalent genes, transactivation of cell-
protective or disease-modifying genes also represent an attractive approach for inherited or
acquired diseases (Becirovic, 2022). Another advantage of CRISPRa-based strategies is that

transactivation is completely independent of target gene size. This strategy can therefore be
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used preferably to target very large genes which cannot be packaged into dual rAAVs. One
example is the laminin-al gene (LAMA 1), which is associated with cerebellar dysplasia and
retinal dystrophy (Aldinger et al., 2014). LAMA I possess a functional equivalent, the LAMA2
gene, which is a highly attractive target for transactivation. Mutations in LAMA2 cause
muscular dystrophy and it has already been shown that transactivation of Lamal improves

the disease phenotype in mice carrying a splice site mutation in Lama2 (Kemaladewi et al.,

2019).

In this study, the high versatility of the dCas9-VPR system to facilitate transactivation in
brain, heart, skeletal muscle, lung, liver, and retina has been demonstrated. The combination
of systemic application with specific promoters enables the treatment of multisystemic or
difficult to reach tissues and could reduce the injury caused by local injections. With the
AAV9 serotype, it should even be possible to facilitate treatment of the central nervous
system after systemic administration, as AAV9 vectors can cross the blood-brain barrier

(Zincarelli et al., 2008).

Furthermore, the transactivation approach allows for the supplementation of multiple genes
(Cong et al., 2013; Mali et al., 2013). Multiplexed transactivation could be used for the
treatment of polygenic diseases or the additional transactivation of cell-protective genes,
which could act synergistically to increase treatment success. In contrast to gene
replacement, transactivation leads to expression from a natural gene locus and should include
the expression of splice isoforms and non-coding RNAs. The supplementation of multiple
splice isoforms is of particular importance if the isoforms perform different functions in the
cell, such as the Nxn/l isoforms (Leveillard & Sahel, 2017). In contrast to gene correction
with other CRISPR-based approaches, treatment strategies based on transcriptional

activation are mutation-independent (van der Bent et al., 2018; Wang et al., 2020).

The dCas9-VPR system itself does not induce permanent changes to the genome, and
CRISPR-mediated transactivation has been shown to cause no off-target effects after long-
term expression in vivo (Kemaladewi et al., 2019; Liao et al., 2017; Matharu et al., 2019).
As a protein of bacterial origin, Cas9 carries the risk of causing immune responses. After
intramuscular injection of AAVs containing SpCas9 in mice, elevated levels of monocytes
and T-cells have been observed, but no cytotoxicity (Chew et al., 2016). While the risk of
immunogenicity is lower after local injection to immune-privileged tissues such as the retina,
it presents a problem for systemic treatment. Additionally, activation of the immune system
by pre-existing antibodies or T-cells specific to SpCas9 could cause a reduction in treatment
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efficiency (Charlesworth et al., 2019; Simhadri et al., 2018; Wagner et al., 2019). Since
SpCas9 delivered by rAAYV vectors is only expressed inside the target cells, it should not be
exposed to neutralizing antibodies, but treated cells could be the target of cytotoxic T-cells.
SpCas9-reactive regulatory T-cells also already exist in humans and have been shown to
reduce immune reactions caused by SpCas9 (Wagner et al., 2019). They could be useful in
preventing severe immune reactions along with the administration of immunosuppressive
treatment. Another way to circumvent immunogenicity would be the use of Cas9 variants
derived from bacteria that are non-pathogenic to humans or artificially modified variants
with immunosilenced T-cell epitopes (Ferdosi et al., 2019). Neutralisation by an immune
reaction displays a specific risk for gene transactivation therapies, as they rely on permanent
expression in the target cells. This is in contrast to CRISPR-Cas gene-editing tools, which
are causing permanent modifications in the genome and are no longer needed after successful
editing. dCas9-VPR needs to be delivered in vectors that support long-term expression, such
as AAVs. Although this issue remains to be further investigated, long-term therapeutic
effects utilizing CRISPRa might thus require the co-medication of immunosuppressive

drugs.

5.2 Potential of the CONNACT Strategy for the Treatment of Retinal Diseases and
Beyond

5.2.1 CONNACT for the Treatment of Gain-of-Function Mutations

In addition to simple gene transactivation, this study evaluated the use of the CONNACT
strategy, which combines transactivation and gene knockout in a single CRISPR-Cas9
module. The CONNACT system is built on the discovery that sgRNAs with shortened spacer
lengths can be used for the transactivation of genes with a catalytically active Cas9-VPR
(Dahlman et al., 2015; Kiani et al., 2015). In the first experiments, the CONNACT system
was evaluated for the treatment of gain-of-function mutations in rhodopsin by knockout of
Rho and transactivation of the functionally equivalent Opnlmw. After subretinal injection of
Rho"%* mice a proof-of-concept of the CONNACT strategy could be provided for in vivo

P23H/A+

application (Figure 20). Unfortunately, no benefit in Rho mice was observed after one

and three months of treatment (Figures 22, 23). The lack of therapeutic benefit might be

explained by the strong R0 knockout and rather weak Opnlmw transactivation. The average

P23H/+

reduction of RAo transcript in the retina of subretinally injected Rho mice was between

43 and 70 % (Figure 20). As a single subretinal injection covers only one third of the retina,
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it can be concluded that the knockout of Rko alleles was highly efficient in transduced cells.
Mice lacking any rhodopsin expression display a more severe phenotype compared to the
Rho??"* mice (Humpbhries et al., 1997; Sakami et al., 2011). Sufficient amounts of M-opsin
as a rhodopsin substitute are therefore likely to be crucial for treatment success. In the murine
retina, the ratio between rods and cones is 33:1, and a reduction of 50 % in rhodopsin already
results in a mild phenotype (Carter-Dawson & LaVail, 1979; Humphries et al., 1997). For
this reason, the total knockout of rhodopsin by CRISPR-Cas9 most likely needs to be
compensated by an Opnimw gene activation of at least 15-fold to enable successful
treatment. Such values could not be reached even after optimisation of the sgRNA array. At
this point, the OpnImw expression could only be further evaluated by increasing the number
of sgRNAs targeting its promoter region or further evaluation and optimisation of new

sgRNAs.

The difficulties of complete Rio knockout could be overcome by using a CONNACT system
with a Cas9 variant that can distinguish between the mutated and healthy alleles. Since most
Cas9 variants are unable to confidently distinguish between single mismatches in their
spacer sequence, the P23H causing point mutation should be part of the PAM sequence to
ensure a specific knockout of the defective allele (Chen et al., 2017; Hsu et al., 2013). The
SpCas9-VQR variant recognises an NGA PAM sequence and has been used to specifically

P23H/+ mouse

disrupt the mutated allele harbouring a C>A transversion mutation in the Rho
model where a reduced disease progression could be observed upon treatment (Giannelli et
al., 2018). The key limitation of such a system is that it is tailored to the treatment of one
specific mutation. While the P23H mutation in rhodopsin is the most frequent gain-of-
function mutation in North America, the high frequency is based on a founder effect (Farrar
et al., 1990). In Europe and Asia, the P23H mutation is almost non-existent and other
mutations such as P347L are more frequent (Fernandez-San Jose et al., 2015; Kim et al.,

2011). As there are over 150 different mutations known in rhodopsin, mutation-specific

approaches might not be appropriate (Athanasiou et al., 2018).

Other treatment options for gain-of-function mutations in rhodopsin are based on the
degradation of RHO mRNA (Meng et al., 2020). Antisense oligonucleotides (AONSs) are
small single-stranded DNA molecules that target complementary mRNA. The resulting
double-stranded fragments are then cleaved by RNase H1 (Crooke, 2017). AONs can be
used to specifically target the P23H mutant mRNA and thus remove the mutated rhodopsin
without harming the correct version (Murray et al., 2015). An obstacle with AONSs is that
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they cannot be delivered by vectors for long-term expression as they are DNA molecules.
Therefore, long term therapy would require multiple applications, which entails a higher risk
of side effects. Short hairpin RNAs (shRNAs), on the other hand, can be delivered viarAAV
vectors for permanent expression in post-mitotic cells. They assemble in a silencing complex
and induce target mRNA degradation (Hutvagner & Zamore, 2002). The disruption of RHO
transcript off both alleles by shRNAs, with the codelivery of a healthy RHO coding
sequence, that is altered in such a way to be unaffected by the shRNA, within the same
rAAV, enables the treatment of gain-of-function mutations in rhodopsin (Cideciyan et al.,
2018; Kiang et al., 2005). The main difficulty of strategies based on RNA degradation is that
they only achieve an incomplete knockdown of RHO transcript in the target cells in contrast
to methods altering the genomic sequence. For a complete knockout of Rho, CRISPR-Cas9
has been used. By delivery of two rAAV vectors, one expressing Cas9 and the other two
sgRNAs targeting Rho and a modified healthy gene copy, the treatment of gain-of-function
mutations is possible (Tsai et al., 2018). The packaging of the sgRNAs together with the
replacement coding sequence ensures that the knockout only takes place if the new healthy
copy is also delivered. However, this strategy is only feasible for genes with a coding
sequence small enough to be packaged together with the two sgRNAs into one rAAV. As
the CONNACT system is independent of target gene size it could also be used for the

treatment of diseases that require the supplementation of larger genes.

Other diseases caused by gain-of-function mutations that could potentially be treated with
the CONNACT system are, for example, catecholaminergic polymorphic ventricular
tachycardia or osteogenesis imperfecta. Mutations in the ryanodine receptor type 2 (RyR2),
an intracellular calcium release channel in the sarcoplasmic reticulum, cause arrhythmogenic
disorders and can lead to sudden death (Sleiman et al., 2021). Dominant mutations in RyR2
are the main reason for catecholaminergic polymorphic ventricular tachycardia (Priori et al.,
2001). The cardiac RyR2 is induced by Ca?* influx and is responsible for the release of Ca**
from the sarcoplasmic reticulum into the cytosol of the cardiac myocytes (Bers, 2002). In
the skeletal muscle, the highly similar RyR1 facilitates a rapid release of Ca’* from the
endoplasmic reticulum (Witherspoon & Meilleur, 2016). Due to the large coding sequence
of RyR2, 16.6 kB, a knockout combined with the supplementation of a healthy RyR2 copy
is not possible in two rAAV vectors. Knockout of RyR2 and the transactivation of RyR1
with the CONNACT system could be delivered in dual rAAVs and used for the treatment of
dominant catecholaminergic polymorphic ventricular tachycardia. To ensure efficient

treatment of cardiac myocytes, systemic injections with the dual rAAVs REVeRT
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transactivation system could be performed. The use of a cardiac-specific promoter would
increase the safety of the system, but the possible higher risk of immunogenicity due to
systemic application needs to be investigated. Furthermore, CONNACT could be used for
the treatment of gain-of-function mutations in the collagen al(I) chain (COL1A1), which
cause bone dysplasia (Etich et al., 2020). COL1A1 is present in the bone extracellular matrix
but is also necessary to ensure structure and stability in other tissues (Marini et al., 2017). A
specific knockout of the affected COL1A1 allele could reduce the severity of the disease,
but mild symptoms would remain due to haploinsufficiency (Rousseau et al., 2014). The
combined knockout of COL1A1 with simultaneous transactivation of COL2A1, a highly
similar homologue, with the CONNACT system could be used for the treatment of

osteogenesis imperfecta.

To enable lifelong treatment, the CONNACT system relies on constant expression. While
CRISPR-Cas transactivation has proven safe in long-term expression and shortened sgRNAs
can even be used to protect off-target sites from disruption by Cas9 (Rose et al., 2020), long-
term expression of 20 nt spacer length sgRNAs with catalytically active Cas9 could be a
risk. The treatment success depends on constant supplementation of the functionally
equivalent protein and thus Cas9-VPR expression, whereas the knockout of both target
alleles should be completed shortly after the treatment application. The risk of off-target
effects by nuclease active Cas9 could be reduced by limiting the expression of the knockout
sgRNA. One way would be the codelivery of the knockout sgRNA as RNA molecules or
part of a DNA plasmid packaged into non-viral vectors (Behr et al., 2021). This system
would allow a transient expression of the sgRNA. However, delivery of an additional
component comes with complications in the production and quality control of a future
therapeutic. Another way would be the use of inducible sgRNAs, which are activated by
administration of small molecules (Tang et al., 2017). The limitation of inducible systems is
that they do not allow full control and often show off-state activity. Flanking a sequence
with CRISPR-Cas recognition sites facilitates simultaneous cutting on both ends and the
excision of the respective sequence (Cong et al., 2013). This technique could be used to
remove the knockout sgRNA from the AAV episome after transduction. If the knockout
sgRNA expression cassette is flanked by its recognition site, the knockout sgRNA would
not only recognise the target site but also the sequences next to its coding sequence and could
excise itself from the episome. The advantage of such a self-cutting system is that no
additional component is needed and the knockout sgRNA can be completely removed.

However, the target gene knockout efficiency could be reduced and production of rAAVs
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would only be possible if the split Cas9-VPR is not expressed in the rAAV production cell

line, otherwise, truncation of the transgene at this stage could not be excluded.

5.2.2 REACT as a Gene-Independent Treatment Strategy

In the third part of the study, a system for gene-independent treatment for retinal gene
therapy was developed. IRDs are a group of different rare diseases and patient groups that
share the same mutation are usually quite small, moreover, there are still patients with no
clear genetic diagnosis (Perea-Romero et al., 2021). A gene-independent strategy based on
reprogramming and neuroprotection could be used to benefit a large heterogeneous group of
patients. A proof-of-principle for the combination of reprogramming of rod photoreceptors
based on Nrl knockout and neuroprotection by transactivation of the trophic factors Nxn//
and Nxnl2 was provided (Figure 32). Additionally, first results of the treatment evaluation
of the REACT system show a promising effect on retinal morphology (Figure 34D). Further
evaluation of the system in long-term studies and different disease models needs to be
provided to assess the full therapeutic potential of REACT. A comparison of the REACT
system with its individual components, cellular reprogramming, and supplementation of
neuroprotective factors, should be performed to evaluate the higher benefit of the

combination.

To further optimise the REACT system, a strong ubiquitous promoter such as CMV could
be used to drive split Cas9-VPR expression. Since Cas9-VPR expression levels have been
linked to the transactivation efficiency (Figure 14E), a higher expression of the split Cas9-
VPR fragments should further increase expression levels of the neuroprotective components
of the REACT system. Furthermore, the use of a ubiquitous promoter would allow Nxn/l
and Nxnl2 transactivation in additional retinal cell types such as Miiller glia or RPE cells,
which could enhance the neuroprotective effect. The knockout of N7/ should not affect other
cell types, as it is mainly expressed in rod photoreceptor cells in the mature retina (Swain et
al.,, 2001). While this study provided a proof-of-principle that Cas9-VPR mediated
transactivation can be used to increase the expression of multiple genes and splice isoforms
simultaneously (Figure 32D-G), it should be considered to focus only on Nxn/l
transactivation for future therapeutic use. This way, a third sgRNA targeting the Nxnl//
promoter region could be included to further enhance transactivation efficiency. In addition,
it should be noted that a less complex system would simplify the approval by authorities and

quality control of a future therapeutic, so the combination of gene transactivation should
98



Discussion

only be considered if a synergistic effect is expected. Since Nxn/l and Nxnl/2 are functionally
related, transactivation of both genes probably has an additive but not necessarily synergistic
effect. Whereas additional transactivation of downstream genes of the RACVF pathway, such
as the RACVF receptor basigin, could further improve treatment success and should be

evaluated.

The reprogramming of rods into cone-like photoreceptors enables the suppression of rod-
specific gene expression. An increase in the expression of cone-specific genes on the other
hand is impeded by epigenetic modifications in mature photoreceptors (Montana et al.,
2013). For this reason, treatment strategies based on reprogramming by NRL knockout can
be used to abolish the expression of mutated rod-specific genes and thus prevent disease
progression and cone photoreceptor degeneration but lead to a loss in rod photoreceptor
function (Montana et al., 2013; W. Yu et al., 2017). Therefore, dim-light and peripheral
vision could decrease upon treatment. This loss might be acceptable for patients to maintain
cone photoreceptor function and daylight vision. It should be noted that retinitis pigmentosa
patients might have already lost many rods before the onset of first symptoms, subsequential
diagnosis and a potential treatment application (Leinonen et al., 2020). Reprogramming with
the REACT system did not result in an increased expression of cone opsins (Figure 33C, D).
In contrast, by targeting Cas9-VPR to the OpnImw promoter region, an increase in Opnlmw
expression could be achieved despite its methylation status in the mature retina (Figure 20D,
E) (Bohm et al., 2020). It would be interesting to investigate if a combination of N7/ knockout
with the transactivation of cone opsins would lead to full reprogramming of rods into

functional cone-like photoreceptors and could improve the therapeutic effect of REACT.

5.2.3 Additional Applications for CONNACT

CRISPR-Cas technology plays an important role in the development of innovative
treatments for different diseases (Karimian et al., 2020; Katti et al., 2022; Martinez-Escobar
et al., 2020). The CONNACT system allows the combination of different strategies that
could have synergistic effects. In cancer therapy, for example, the knockout of oncogenes or
multidrug resistance genes combined with the transactivation of tumour suppressor genes.
The knockout of different genes has already been proven to be beneficial in cancer therapy.
For example, the knockout of the protein kinase PLK1, which is required for mitosis,
decreased tumour growth and increased survival in mouse models of glioblastoma and

metastatic ovarian adenocarcinoma (Rosenblum et al., 2020). A problem of PLK 1 knockout
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is that other dividing cells could also be affected, leading to serious side effects. The
targeting of cancer-specific mutations such as fusion oncogenes would be less harmful. The
disruption of fusion oncogenes, which are a product of chromosomal rearrangements and
often lead to constant expression of tyrosine kinases or transcription factors, has been shown
to result in the specific elimination of cancer cells (Martinez-Lage et al., 2020). Other targets
for gene knockout are multidrug resistance genes such as MDRI (Ha et al., 2016). Their
knockout would restore the sensitivity of cancer cells to chemotherapeutic treatments. To
increase treatment efficiency the CONNACT system could be used to combine the knockout
of these genes with the transactivation of silenced tumour suppressor genes such as MASPIN,
REPRIMO, or PTEN that have been shown to decrease cancer proliferation (Garcia-Bloj et
al., 2016; Moses et al., 2019). Transactivation of the mutant tumour product themselves
could also improve treatment efficiency, as increased expression leads to higher antigen
presentation and subsequent T-cell response (G. Wang et al., 2019). The treatment of
neurodegenerative diseases could be facilitated by the transactivation of neuroprotective
genes and the simultaneous knockout of cell-damaging genes. For example, the
accumulation of amyloid-f protein is linked to Alzheimer’s disease (Zhang et al., 2011).
Amyloid-p is produced from amyloid precursor protein (APP) following B-cleavage. In
contrast, a-cleavage initiates a non-amylogenic pathway and results in the generation of
neuroprotective SAPPa. Specific editing of the C-terminus of amyloid precursor protein by
CRISPR-Cas has been shown to inhibit B-cleavage (Sun et al., 2019), to further increase
sAPPa concentration the CONNACT system could be used to combine gene editing with
the transactivation of Adam10 that induces the a-cleavage pathway (Park et al., 2021). Such
a combination could increase the therapeutic benefit for patients suffering from Alzheimer’s

disease.

In conclusion, the CONNACT system shows great therapeutic potential for the treatment of

IRDs and offers new treatment options for a wide range of inherited and acquired diseases.
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Supplementary Table 1: Differentially expressed genes

Gene ID log2FoldChange | pvalue padj

Rad54b ENSMUSG00000078773 236 | 1.72E-16 | 3.79E-13
Manba ENSMUSG00000028164 1.77 | 8.14E-38 | 1.08E-33
Slc6a2 ENSMUSG00000055368 1.65 | 1.88E-29 | 1.24E-25
Gml19410 ENSMUSG00000109372 1.59 | 4.31E-10| 5.18E-07
Frrsl ENSMUSG00000033386 1.46 | 5.76E-13 | 1.09E-09
Podn ENSMUSG00000028600 1.39 | 6.49E-12 | 1.07E-08
Opnlmw ENSMUSG00000031394 1.29 | 1.87E-25 | 8.22E-22
Ifi47 ENSMUSG00000078920 1.20 | 1.09E-06 | 5.61E-04
Gml16062 ENSMUSG00000087249 1.18 | 6.95E-07 | 4.48E-04
ligpl ENSMUSG00000054072 1.13 | 1.91E-06 | 7.88E-04
BC065403 ENSMUSG00000097211 1.13 | 1.40E-04 | 1.01E-02
Cutal ENSMUSG00000026870 1.09 | 6.47E-06 | 1.68E-03
1500026H17Rik | ENSMUSGO00000097383 1.09 | 9.25E-05 | 7.69E-03
Fam204a ENSMUSG00000057858 1.09 | 6.62E-17 | 1.75E-13
Shisa2 ENSMUSG00000044461 1.07 | 4.18E-18 | 1.38E-14
Gucyla? ENSMUSG00000041624 -1.07 | 1.00E-03 | 2.95E-02
Malatl ENSMUSG00000092341 -1.10 | 1.77E-03 | 3.98E-02
Klif12 ENSMUSG00000072294 -1.17 | 2.02E-06 | 7.97E-04
Kcnh5 ENSMUSG00000034402 -1.18 | 3.85E-04 | 1.72E-02
Dok6 ENSMUSG00000073514 -1.28 | 5.92E-05 | 5.79E-03
Gml11808 ENSMUSG00000068240 -1.28 | 7.70E-04 | 2.51E-02
Gm340 ENSMUSG00000090673 -1.55| 6.85E-06 | 1.68E-03
Rho ENSMUSG00000030324 -1.69 | 6.85E-06 | 1.68E-03
Cdrl ENSMUSG00000090546 -2.22 | 4.37E-04 | 1.84E-02
Gm22009 ENSMUSG00000089417 -2.29 | 1.11E-04 | 8.76E-03
Gm26917 ENSMUSG00000097971 -2.81 | 3.22E-04 | 1.58E-02
Scarna?2 ENSMUSG00000088185 -3.37 | 6.60E-05 | 6.23E-03
Histlh4d ENSMUSG00000061482 -3.59 | 5.06E-04 | 2.00E-02
Rmrp ENSMUSG00000088088 -3.68 | 1.87E-03 | 4.05E-02
Gm23935 ENSMUSG00000076258 -3.71 | 3.06E-04 | 1.51E-02
Lars2 ENSMUSG00000035202 -3.72 | 2.85E-04 | 1.45E-02
Rn7sk ENSMUSG00000065037 -3.94 | 4.07E-04 | 1.76E-02
Gm24187 ENSMUSG00000088609 -3.96 | 1.35E-04 | 1.00E-02
Gm42418 ENSMUSG00000098178 -4.42 | 3.62E-09 | 3.42E-06
Gm24270 ENSMUSG00000076281 -4.55 | 4.02E-05 | 4.62E-03
Mir6236 ENSMUSG00000098973 -5.32 | 1.12E-05 | 2.13E-03
Gml15564 ENSMUSG00000086324 -5.37 | 6.06E-06 | 1.61E-03
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