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Abstract

Gene therapy for inherited retinal diseases (IRDs) has had to overcome
many pitfalls to reach the clinic, and still has many challenges to address,
such as expanding the carrying capacity of vectors, ensuring long-term
transgene expression, and limiting inflammatory reactions. The
development of alternative non-viral vectors is therefore crucial to broaden
the gene therapy possibilities. In this thesis, non-viral scaffold matrix
attachement region (S/MAR) plasmid DNA vectors were investigated in
two examples of IRDs, that would benefit from gene augmentation
therapy: Choroideremia and Usher syndrome type [IA. S/IMAR vectors
containing the human CHM (1.9kb) or USH2A (15.6kb) coding sequences,
which produce the proteins REP-1 and usherin, respectively, were
successfully generated. These vectors were assessed in different patient-
cell disease models. CHM-S/MAR vectors restored REP-1 expression with
a 75% rescue of prenylation function in CHM patient fibroblasts. CHM
human induced pluripotent stem cells (hiPSC) were generated and
differentiated into RPE, for further experiments. USH2A-S/MAR vectors
drove transgene expression in patient fibroblasts, with Usherin presence
confirmed by gPCR, western blots, and immunostainings. This work also
gave new insights on USH2A patient-derived cell cilia defects and usherin
function in focal adhesion and cell migration. S/IMAR vectors have shown
promise as a novel non-viral retinal gene therapy, warranting further

development for both choroideremia and USH2A-related diseases.



Impact statement

There are currently no treatments available for choroideremia (CHM) and
USH2A-related retinopathy. Both would be good candidates for gene
augmentation therapy. However, the USH2A coding sequence (15.6kb) is
too large to be amenable by AAV viral vectors, and although the CHM
coding sequence (1.9kb), producing the protein REP1, fits into AAV
capsids, the latest clinical trials did not meet primary endpoints with
reported sight-threatening intraretinal inflammation. Therefore, efforts must
be taken to develop alternative non-viral strategies. In this thesis, | have
cloned and validated a REP1-S/MAR DNA vector toolbox that showed
proof-of-concept in both patient-derived CHM fibroblasts and a chm
zebrafish model. In addition, | have cloned and validated a S/MAR DNA
plasmids containing a full human USHZ2A coding sequence. These
USH2A-S/MAR plasmids are the first reported and are valuable as a gene
therapy tool for USH2A retinopathies, and to explore usherin function in
different cell and animal models. | also generated USH2A and CHM hiPSC
lines, allowing the production of retinal organoids and RPE respectively.
These cell lines are valuable models to better understand USH2A and
CHM pathomechanisms and to test innovative treatments. Moreover, this
work has contributed to new insights into the role of usherin in
ciliogenesis, focal adhesion and neurite outgrowth. Going forwards, these
vectors will be assessed with innovative vehicles (nanoparticles and

liposomes) and in larger animals models.
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Chapter 1. Introduction

1.1 The eye, the organ of vision

The eye allows us to be aware of the world around us by perceiving
colour, shape, motion, and light. These properties are supported by the
neural retina: a 0.2-mm-thick tissue lining the internal surface of our eyes,
which is responsible for the transformation of light signals into nervous
impulses. The neural retina is organised in a laminar fashion, with six
major types of neurons. The first layer formed by photoreceptors (PR)
interdigitating with the supporting monolayer of retinal pigment epithelium
(RPE), an intermediate layer of interneurons such as horizontal, bipolar
and amacrine cells and a final layer of retinal ganglion cells (RGC), the
axons of which form the optic nerve and transmit signals to the brain for

visual processing (Hoon et al. 2014) (Figure 1).

1.1.1 The photoreceptors

The human retina contains approximately 130 million PRs divided into two
types: rods and cones (Kennedy et Malicki 2009). The rods are
responsible for vision in dim light with low spatial acuity called scotopic
vision whereas cones mediate photopic vision in bright light and
trichromatic vision, with 3 cone subtypes: blue-opsin (short wavelength),

green-opsin (medium wavelength), or red-opsin (long wavelength).

To be able to convert the light stimuli into a biochemical cascade and

communicate the information to the downstream neurons. PRs have
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developed unique morphological features, starting with a highly
specialized ciliary tripartite compartment formed of the basal body (BB),
the connecting cilium (CC) and the outer segment (OS). The basal body is
a structure composed of microtubule ftriplets, from which arise the
axoneme. BBs are attached to the periciliary membrane (PCM), the area
between the ciliary membrane and the cell membrane (Seo et Datta
2017). These membranes serve as docking points for proteins that go to
the ciliary compartment. PR OS, an extension of the CC, is filled with
stacks of disks full of light-sensitive G-protein coupled receptors (GPCR),
containing a transmembrane opsin protein and an 11-cis-retinal
chromophore. Photons can trigger 11-cis-retinal chromophore
photoisomerization into an all-trans configuration. This modification leads
to the activation of the transducin, which initiates a phosphodiesterase
resulting in decreasing GMPc concentration in the OS, closed sodium
channels, and ultimately cell hyperpolarization (Goldberg, Moritz, et

Williams 2016).

1.1.2 The retinal pigmented epithelium (RPE)

The retinal pigmented epithelium is a continuous monolayer of epithelial
cells at the interface with the PR outer segments and choroidal blood
supply. It plays an essential role in retinal homeostasis. RPE cells possess
long and thin microvilli in close contact with PR outer segments. RPE
phagocytic abilities allow recycling of shed PR outer segments, which
contain Vitamin A derivatives and lipids (Baehr et al. 2003). Besides, RPE

contains many melanosomes to absorb light and enhance visual acuity

16



(Boulton et Dayhaw-Barker 2001). In addition, RPE contributes to immune
regulation of the retina. As a matter of fact, it expresses factors and
receptors to sense pathogens and create an adequate pro or anti-

inflammatory microenvironment (Wong et al. 2022).
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Figure 1. The eye and the retinal structure.

The eye (A) focuses light onto the neural retina. Ganglion cell layer (GCL).
Inner plexiform layer (IPL) Inner nuclear layer (INL) Outer plexiform layer
(OPL) Outer nuclear layer (ONL) Inner segments (IS) Outer segments
(OS) Retinal pigmented epithelium. Adapted from (Kennedy et Malicki
2009).

1.2 Inherited retinal dystrophies (IRD)

Loss of photoreceptors and/or RPE leads to progressive blindness, which
is the case in inherited retinal dystrophies (IRD) such as retinitis
pigmentosa (RP). Approximately 1 in 3000 people develop an IRD, which
leads to sight loss (Liew, Michaelides, et Bunce 2014). So far, more than
250 genes have been identified as causative of IRD (Figure 2). In RP, rod
cells are lost first, leading to night blindness (nyctalopia) in early stages,
followed by constriction of the peripheral visual field. The cones situated in
the periphery, then lose their outer segments and die. Cones survive for

longer in the macula, especially the fovea due to their density, however, in
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end-stage disease these will be lost leading to complete blindness.
Several therapeutic windows of opportunity could improve the patient’s life,
depending on the stage of the pathology. However, the wide heterogeneity
of mutations involved in this pathology makes it challenging to treat
(Verbakel et al. 2018a). Moreover, gene replacement therapy,
pharmacotherapy and neuroprotection cannot treat the late stages of RP,

because of the PR loss.

Mapped and Identified Retinal Disease Genes 1980 - 2019
350
300 ~
250 -

_ Mapped |
200 -
150 -
100 -

50

0 T T T 1
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Figure 2. Mapped and identified retinal disease genes since 1980
(adapted from https://sph.uth.edu/retnet/sum-dis.htm#D-graph).

1.3 Gene therapy for inherited retinal dystrophies

1.3.1 Challenges and limitations of retinal gene therapy

The eye offers many advantages as a target for gene therapy. It is small,
relatively immune-privileged, and easily accessible for therapeutic
interventions, which makes it possible to inject small amounts of vectors
directly in-situ. In addition, non-invasive in vivo imaging techniques allow

reliable monitoring of the time course of degeneration and treatment safety
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and efficacy for clinical trials. Altogether, these features place the retina at
the forefront of translational gene therapy. Currently, there are over 40
gene therapy clinical trials for inherited retinal dystrophies from Phase | to
Phase lll trials, and recently the first gene replacement therapy has been
approved for Leber congenital amaurosis (LCA) type 2, caused by biallelic
mutations in the RPE65 gene. However, challenges need to be addressed,
such as expanding the carrying capacity of vectors, ensuring long-term
transgene expression and keeping inflammatory reactions to a minimum.
Therefore, the development of alternative vectors is crucial to broaden the

gene therapy possibilities for genetic eye diseases.

1.3.1.1 Toxicity and immune response

The eye benefits from having a relative “immune privilege”, leading to
reduced immune-mediated inflammation. The eye was described as such
by Sir Peter Medawar, who reported that allografts can survive without
rejection when implanted into the anterior chamber of the eye (Medawar
1948). This immune exception prevents any uncontrolled inflammatory
responses, sparing precious non-regenerative retinal cells, and therefore
protecting the sense of vision. However, the eye is not completely void of
immune cells and resident T cells and circulating monocytes enter the eye
(Wu et al. 2024). Inflammatory and immune responses can occur in the

eye. A better understanding of ocular immune response, especially to

20



gene vectors and transgenes, would ensure safer and more efficient gene

therapies for inherited retinal dystrophies.

Several challenges need to be taken into account to ensure the safety of
gene therapy, especially immunogenicity of the vector, which is when a
transgene or its product triggers a harmful immune response, and
phenotoxicity due to overexpression or ectopic expression of the
transgene (Khabou et al. 2018). Phenotoxicity can occur in gene therapy
when the translated protein or its overexpression induces a cellular stress.
For instance, Khabou and collaborators reported that AAV vectors
encoding GFP were significantly more toxic compared to a non-coding
control capsid in mice retina. Intracellular pathways such as endoplasmic
reticulum stress can lead to apoptosis of transfected cells, and therefore

reduce efficiency of the treatment (Khabou et al. 2018).

Most of the current clinical trials are using viral vectors, and more
specifically adenoviral-associated viral (AAV) vectors. Until now, they
remain the vector of choice for retinal/ocular gene therapy. They have so
far demonstrated the best transduction efficacy, with a relatively good
safety profile (Trapani et Auricchio 2019). In addition, the risk of insertional
mutagenesis is minimal. However, several AAV clinical trials reported
cases of inflammation in treated eyes. For instance, a dose-dependent
inflammatory response to a high dose of AAV2-RPE65 was reported in 5 of
8 participants, displaying intraocular inflammation, which was resolved
under steroid treatments (Bainbridge et al. 2015). Similarly, one serious

adverse event of presumed intra-retinal inflammation resulting in severe
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functional and structural impairment was observed in a clinical trial treating
choroideremia patients with AAV2-REP1 (Dimopoulos et al. 2018).
Similarly, Zhai and colleagues reported intraretinal inflammation triggered
by AAV2-REP1 subretinal injection, which resulted in permanent damage
to the retinal structure (Zhai et al. 2023). Furthermore, preclinical studies
in non-human primates displayed an innate and adaptive immune
response following the subretinal injection of clinical-grade AAV8
(expressing the human CNGA3 cDNA sequence and driven by the cone-
specific human arrestin 3 promoter) under concomitant steroid treatment
(Felix F. Reichel et al. 2017) . It activated all three main recognition
pathways of innate immunity (1) Toll-like (2) NOD-like and (3) RIG-I-like
(Felix F. Reichel et al. 2017). These receptors play the role of microbial
sensors, to bacterial or viral products and nucleic acids, and mediate the
innate immune response. Inflammatory response to AAV seems to occur in
a dose-dependent fashion, encouraging the development of more efficient

AAV capsids to use lower doses of vector (Khabou et al. 2018).
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Viral and bacterial nucleic acids can trigger an innate immune response
(Shirley, de Jong, et al. 2020) mediated by TLR. For instance, DNA
plasmid vectors induce a proinflammatory response. It is mediated by

TLR9 and result in the activation of the NFKB pathway (Figure 3).
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Figure 3. Innate Immune sensing and signalling pathways to viral and bacterial
component.
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Adapted from (Shirley, de Jong, et al. 2020). This figure is not exhaustive and shows
the most common pathways for immune sensors to foreign DNA or RNA. TLR2
recognizes a wide range of ligands such as viral capsids and bacterial products.
TLR3, TLR7 and TLR9's main ligands are dsRNA, ssRNA and CpG motifs,
respectively. TLR activation switches on both the MyD88/NFKB and
MyD88/IRF3/IRF7 signalling pathways, resulting in IFNa/f and pro-inflammatory
cytokines production (TNF, IL6, pro IL1B and NALP3). DsRNAs are also direct
ligands of MDAS5 and RIG1, which activate the MAVS/STING/IRF3/IRF7 pathway.
Additionally, dsDNAs (self or foreign dsDNA) are also direct ligands of the
cGAS/STING/IRF3/IRF7 signalling pathway.

TLR =Toll-like Receptor dsRNA= double-stranded RNA, dsDNA=double-stranded
DNA, ssRNA=single-stranded RNA, MDA5=melanoma differentiation associated
protein, RIG-I=retinoic acid-inducible gene-l, MAVS=mitochondrial antiviral signalling
protein, STING= Stimulator of Interferon genes, IRF= interferon response factor,
cGAS=cyclic guanosine monophosphate-AMP synthase, IFN = interferon,

MyD88=myeloid differentiation primary response protein 88, NF-kB=nuclear factor k-
light-chain-enhancer of activated B cells.



1.3.2 S/MAR technology

S/MAR are defined as DNA sequences found in eukaryotic genomes
anchoring the chromatin to the nuclear matrix (Argyros, Wong, et Harbottle
2011a). These sequences are 300 to 5000 bp-long with 70% AT-rich
content (Jurgen Bode et al. 2000). The first report of these motifs was
published about 30 years ago in drosophila DNA and suspected to play a
role in chromatin loop organization (Mirkovitch, Mirault, et Laemmli 1984;
R Richardson et al. 2017). Several S/MAR sequences have been
characterized in the human genome such as APOB matrix attachment
region associated to the human apolipoprotein B locus or the IFNB1 MAR
associated to the human Interferon Beta 1 locus (J Bode et al. 1992).
S/MAR elements occur in the human genome, contributing to DNA
structure, loop domain partitions, replication, and transcriptional activity

regulation.

The AT-rich content of S/MAR has been shown to favour DNA strands
unwinding, increasing its availability to transcriptional factors. Additionally,
S/MAR sequences have been found to play an insulator-like role by
protecting genes from being silenced (Jenke et al. 2002). Additionally,
S/MAR sequences serve as binding sites for scaffold attachment factor
protein A (SAF-A), a RNA-binding protein that interacts with the nuclear
phosphoprotein p300, a transcription factor regulating gene transcription
(Martens et al. 2002). Several other transcription activator recruitment is

facilitated by S/MAR sequences such as SAF-B, SATB1 and ARBP
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(Argyros, Wong, et Harbottle 2011b) (Figure 4). The valuable properties of
S/MAR sequences, such as episomal maintenance and silencing

protection, have been exploited to tailor a novel kind of episomal vector.
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Figure 4. SIMAR motifs in the human genome organize chromatin. (A)
Rod photoreceptor cell with a nucleus containing genomic DNA. (B) The
S/MAR motifs in red interacts with the nuclear matrix allowing the
formation of the chromatin loop domain (CLD). This chromatin
organisation makes genes in blue more available for transcription factors,
allowing higher expression. (C) DNA plasmids containing a S/MAR
sequence reaching the nucleus, bind sites for scaffold attachment factor
protein A (SAF-A), a RNA-binding protein that interacts with the nuclear
phosphoprotein p300. Adapted from (Argyros, Wong, et Harbottle 2011a)
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1.3.2.1 Episomal vectors using S/MAR

The first episomal vectors exploiting S/MAR sequence properties is the
pEPI vector (Piechaczek et al. 1999). It represents the first virus-free
episomal vector replicating in eukaryotic cells (CHO cells). The cloned
2kb-S/MAR fragment in this vector comes from the 5’ region of the human
interferon B-gene and is responsible for a stable expression maintained
over more than 100 generations without selection pressure (Piechaczek et
al. 1999). Following this work, the development of a minimally sized
S/MAR vector, produced by cutting off the bacterial backbone of pEPI,
allowed a higher and more sustained expression both in vitro and in vivo.
This pEPI minicircle contains the expression cassette of interest and a 2kb
S/MAR fragment (Argyros et al. 2011). Since then, many improvements
have been made by Dr Richard Harbottle’s team (DKFZ, Germany) in
collaboration with Nature Technology Corporation, such as the addition of
insulating elements (Ele40) and the production of spliced versions of the
vectors with a minimal bacterial backbone to increase vector expression
and establishment (Argyros et al. 2011; Bozza et al. 2020; Roig-Merino et
al. 2022; Bozza et al. 2021). These DNA plasmid vectors present several
advantages for gene therapy such as (1) persistence of expression and
episomal maintenance without insertional mutagenesis (2) unlimited
cloning capacity that can accommodate the cDNA of large genes, such as
USHZ2A (3) no potentially toxic viral components (4) great versatility and

accessible production.
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1.3.2.2 Proof of concept in eye disease models

S/MAR DNA vectors have shown some promising results in animal models
of eye disease, especially RPE-based diseases. Koirala and colleagues
developed a promising non-viral approach, exploiting S/MAR DNA vector
properties in a LCA mouse model. They used a S/MAR plasmid
expressing the human RPE65 cDNA driven by the VMDZ2 promoter, which
allows RPE-specific expression. RPE65-S/MAR DNA plasmids
nanoparticles were formulated and introduced into Rpe65’ mice, by
subretinal injection. In 15-month post-injection mice, expression of RPE65
protein in the RPE, functional rescue of the protein, and improvement of
cone ERG amplitudes were detected (Koirala et al. 2013; Koirala et al.
2013a). In addition, another study assessed the sustained expression of
several S/MAR vectors such as pEPI and its significantly reduced
derivative pEPIto (60% less CpG motifs compared to pEPI) islands in
mouse retina and demonstrated transgene expression up to 32 days post-

injection (Calado et al. 2014; Haase et al. 2010).
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1.4 Applications in two inherited retinal dystrophies

1.4.1 Choroideremia (CHM)

With an estimated prevalence of between 1 in 50,000-100,0000 people
(MacDonald et al. 2015), CHM is the most common inherited X-linked
chorioretinal dystrophy. Caused by mutations within the CHM gene
encoding the Rab-escorted protein 1 (REP1), it is characterized by the
degeneration of choriocapillaris, RPE and the PR layer. Affected males
present with night blindness in their first or second decade of life followed
by the gradual loss of peripheral vision leading to legal blindness during
the fifth or sixth decade of life. Female -carriers usually remain
asymptomatic with good visual acuity throughout their lifetime, although
mild progressive vision loss has been observed with nyctalopia and
pigmentary changes (Coussa et Traboulsi 2012). CHM pathogenesis
remains unclear, especially regarding its exact site. However, it is
generally accepted that pathogenic CHM mutations are loss-of-function
mutations, which makes it an ideal candidate for gene augmentation
therapy. Additionally, no known dominant-negative effects have been
reported and CHM cDNA is small enough (1.9kB) to fit into an AAV vector.
Thus, expression of even a small amount of healthy functional protein is
predicted to be therapeutic. Several promising clinical trials using AAV

vectors are currently underway.
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1.4.1.1 Genetics of CHM

The CHM gene (OMIM 303390) is located on chromosome X at position
Xq21.2 and consists of 15 exons encoding a 653-amino acid (aa) protein,
the ubiquitously expressed Rab escort protein-1 (REP1) (Sorsby et al.
1952; Cremers et al. 1990). REP1 plays a key role in the intracellular
trafficking pathways of vesicles and prenylation of Rab proteins. Loss of
function or absence of REP1 leads to choroideremia (Moosajee et al.
2014; Furgoch et al. 2014). To date, 297 unique pathogenic variants
among 348 variants have been reported (CHM LOVD Database, accessed
03/05/23). These mutations span across the entire CHM gene and
consists of nonsense, missense, frameshifts, in-frame deletions and
insertions, duplications and deep-intronic mutations. Most CHM
pathogenic variants are null, either caused by deletions leading to non-
functional REP1 or nonsense mutations resulting in premature termination
codons (PTC) and therefore, termination of protein translation. Some rare
cases of unusual mutations have been reported such as missense
variants, deep-intronic and a variant in the promoter region, but still with
absence of REP1 expression (Simunovic et al. 2016; Carss et al. 2017;

Radziwon et al. 2017) (Figure 5).
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Figure 5. CHM gene and variants.

CHM gene contains 15 exons for an open-reading frame of 1.9kb,
translating into REP1, a 653aa-long protein. Most CHM pathogenic
variants are null with 50% frameshifts, 43% nonsense and 3.3% missense
mutations (LOVD Database, accessed 03/05/2023).

1.4.1.2 Role of REP1 and pathogenesis

REP1 modifies small GTP-binding proteins called Rab proteins. Rab
proteins act as key regulators of intracellular trafficking (Miguel C. Seabra,
Mules, et Hume 2002; Miguel C. Seabra et Wasmeier 2004). There are
over 50 Rab proteins expressed in all cells. In the retina, they play a
central role in guiding melanosomes within the RPE and help
phagocytosis of disc membranes shed from the photoreceptor cells. REP1
escorts Rab proteins in the cytosol to the geranyl-geranyl transferase 2

complex (GGTase2). This tripartite complex allows the addition of geranyl-
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geranyl groups to Rab proteins, anchoring them to the bilayer lipidic
membranes ensuring correct addressing to the target compartment
(Corbeel et Freson 2008) (Figure 6). The absence of REP1 in CHM
patients leads to a reduction in prenylation levels in various cell types of
the body, but the disease phenotype remains restricted to the retina,
suggesting that a mechanism could compensate REP1 absence (Miguel
C. Seabra, Brown, et Goldstein 1993). This discrepancy led to the
identification of the CHM-Like (CHML) gene (OMIM 118825) encoding
REP2, a second isoform of REP1. REP2 is also an ubiquitously expressed
protein, which shares 75% identity with REP1, and can ensure the
escorting of Rab proteins to GGTase2 (Cremers et al. 1994). The
characterisation of REP2 and its properties supported the hypothesis of a
partial redundancy. However, REP1 and REP2 showed different activities
of prenylation towards a subset of Rab proteins, especially Rab27A.
Rab27A is expressed in the RPE and the choroid and demonstrated to
accumulate in its unprenylated state in the cytosol of CHM patient cells (M.
C. Seabra, Ho, et Anant 1995). In addition, Rab27A is less efficiently
prenylated by REP2 than it is by REP1 (Rak et al. 2004). Finally, it has
been shown that REP2 activity towards Rab27A is blocked in CHM cells
due to the competition with high-affinity Rab proteins. Therefore, absence
of REP1 is thought to result in unprenylated low-affinity Rab proteins,
which could explain pathogenesis in the retina (Mitsios, Dubis, et

Moosajee 2018).
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The pathogenic mechanism of unprenylated Rab proteins leading to cell
death in CHM patients has not yet been elucidated. Evidence of
dysfunctional phagocytosis in the RPE of CHM mouse and zebrafish
models has been reported, as well as abnormal melanosome transport
(Wavre-Shapton et al. 2013; van Wijk et al. 2006; Krock, Bilotta, et Perkins
2007). This may be a cell-autonomous process due to the ubiquitous
expression but also a cell-dependent contribution as PR are intimately

dependent on RPE health and normal function.
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Figure 6. REP1 role in Rab proteins prenylation in the retina.

Photoreceptor cells, RPE and choroid are degenerating in Choroideremia.
REP-1 ensures the escorting of Rab proteins to the Geranyl-geranyl
transferase 2 enzyme. The GGTase-ll is responsible for the addition of
geranyl-geranyl pyrophosphate groups to the Rab proteins. REP1 also
guides newly prenylated Rab proteins to their target compartment.
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1.4.1.3 Therapeutic strategies

Gene therapy is currently the most promising therapeutic strategy for
choroideremia (Cehajic Kapetanovic, Patricio, et MacLaren 2019). In
principle, restoration of REP1 expression should result in improvement of
the disease phenotype. CHM has a relatively short cDNA sequence of
1.9kb, allowing delivery of the transgene vector and REP1 cDNA by AAV
vectors. However, recently, the phase 3 clinical trial did not meet the
primary or secondary endpoints, and triggered harmful ocular inflammation

(Zhai et al. 2023).

Amongst all public CHM pathogenic variants, 37% are caused by
nonsense mutations (LOVD Database, Accessed 05/03/2023). Nonsense
mutations result in premature termination codons (PTC) and trigger
nonsense mediated decay (NMD). The NMD pathway acts as a control
quality mechanism by eliminating transcripts containing PTCs. However,
some of these PTC-containing transcripts can escape surveillance,
leading to the expression of partially truncated protein. Translational
Readthrough Inducing Drugs (TRIDs) exploit these PTC-containing
transcripts by allowing readthrough of the PTC, resulting in the restoration
of full-length protein. Such strategies have been explored in the chm848
zebrafish model and CHM patient cells using the drug ataluren (PTC124)
and its analogue PTC414, and provided partial rescue of REP1 expression

and function (Moosajee et al. 2016; Rose Richardson et al. 2017).

33



1.4.2 USH2A-retinopathy, for large gene replacement therapy

Retinitis pigmentosa (RP) has a prevalence of 1 in 4000, the most
common cause of blindness amongst working age adults. USHZ2A
mutations alone are the leading cause of non-syndromic retinitis
pigmentosa (nsRP) accounting for 12-25% of cases (Pagon 1988;

Verbakel et al. 2018b; Hartong, Berson, et Dryja 2006).

USHZ2A mutations represent the most frequent cause of Usher syndrome,
an autosomal recessive disorder involving dual sensory impairment of the
visual and audiovestibular systems. It was first described in 1858 by
Albrecht Von Graefe (Graefe 1858) and classified as an inherited disorder
in 1914 by the Scottish ophthalmologist Charles Usher (Usher 1914). It is
the most common cause of deaf-blindness with an estimated prevalence
of 3-6 in 100,000 people worldwide (Toms et al. 2015). Patients with Usher
syndrome have congenital sensorineural hearing loss with or without
vestibular dysfunction, and visual loss in the form of RP. These symptoms
allowed clinicians to classify the disease into three clinical subtypes
depending on the severity of hearing loss as well as the presence of

vestibular symptoms (Smith et al. 1994; Toms et al. 2020).

Usher syndrome type 1 is the most severe subtype characterised by
severe-to-profound congenital deafness, vestibular dysfunction and

prepubertal onset of RP in the first decade of life. So far, nine gene loci
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have been identified as involved in Usher type 1; USH1B (MYOT7A,
myosin Vlla), USH1C (USH1C, harmonin), USH1D (CDH23, cadherin-23),
USH1E (USH1E, unknown), USH1F (PCDH15, protocadherin-15), USH1G
(USH1G, SANS), USH1H (USH1H, unknown), USH1J (CIB2, CIB2) and

USH1K (USH1K, unknown) (Toms et al. 2015).

Usher syndrome type 2 is the most common form accounting for more
than 50% of all cases and exhibits a milder phenotype with moderate-to-
severe hearing defects without vestibular dysfunction, and later onset of
RP in the second decade of life. In total, three gene loci have been
reported as associated with Usher type 2; USH2A (USHZ2A, usherin) the
most prevalent accounting for around 57-79% (Lentz et Keats 1993) of this
subtype, USH2C (ADGRV1, ADGRV1 also known as VLGR1 or GRP98)

and USH2D (WHRN, Whirlin) (Figure 7)

Lastly, Usher type 3 is the rarest form of Usher Syndrome, involving
progressive hearing loss, variable vestibular dysfunction and onset of RP
symptoms. Only one gene locus has been described for this subtype,

USH3A (CLRN1, Clarin-1).

1.4.2.1 Genetics of USH2A

The USH2A gene (OMIM: 608400) is located on the long arm of

chromosome 1qg41, and codes for two usherin transcripts due to an
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alternative splicing: a short isoform (a) containing 21 exons leading to a
1546-aa secreted protein (Eudy et al. 1998) and a very large isoform (b)
with 51 additional exons (van Wijk et al. 2004). Isoform (b) is predominant
in the retina and the cochlear, giving rise to a 5202-aa matrix protein with a
predicted total molecular weight of 570 kDa. The long isoform b contains
an intracellular region which interacts with the Usher protein network, a
short transmembrane domain and a very long extracellular domain with
several motifs associated with extracellular matrix proteins such as laminin
and fibronectin repeats (van Wijk et al. 2006; 2004). In addition to these
two isoforms, a modified exon 71 encoding an additional 24-aa peptide

restricted to the inner ear, has also been described (Adato et al. 2005).

The mutation spectrum is very heterogenous and includes over 1500
mutations with more than 600 variants presumed to be pathogenic (LOVD
Database, accessed on May 03", 2023) which span the whole USH2A
gene, consisting of nonsense, missense, deletions, duplications, splicing
variants and pseudo-exon inclusion variants, with no crucial hotspots
(Baux et al. 2014). Most are solitary, but several are more prevalent such
as the recurrent ¢.2299delG, pGlu767Serfs*21 (rs80338903) variant (Eudy
et al. 1998; X.-Z. Liu et al. 1999; Weston et al. 2000). This is the most
frequent pathogenic mutation (Le Quesne Stabej et al. 2012) and
responsible for approximatively 24.5% (606/2484) of pathogenic variants
in USH2A (LOVD database, accessed on 03/05/2023). The ¢.2299delG

mutation has been reported in patients from Northern and Southern
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Europe, North America, South America, North and South Africa, and China
(Baux et al. 2014) with a particular high allelic frequency of 30.6% in
Scandinavia (Dreyer et al. 2008). Investigating the reasons underlying its
exceptionally high prevalence through haplotype studies has found
evidence of a European common ancestor (Aller et al. 2010; Dreyer et al.
2001). This single pair deletion in exon 13, coding for the fifth laminin-type
epidermal growth factor-like domain, results in a PTC presumed to result
in a truncated protein and/or target of nonsense-mediated mRNA decay
(NMD). Additionally, it has been demonstrated to induce an exonic splicing
defect leading to the skipping of exon 13 or both exons 12 and 13 (Lenassi

et al. 2014).

Another common pathogenic variant, also located in exon 13 coding for
the fifth laminin domain, is the missense mutation ¢.2276G>T,
p.Cys759Phe (rs80338902) accounting for 7.6% of pathogenic variants
(LOVD database). The replacement of a cysteine by a phenylalanine has
been predicted to disrupt a presumed disulphide bond or lead to the
rearrangement of a key region promoting interactions with the extracellular
matrix, impairing the function of usherin (Rivolta, Berson, et Dryja 2002;
Pérez-Carro et al. 2018). A further relatively frequent mutation driving a
diseased phenotype by a different mechanism is the deep-intronic ¢.7595-
2144A>G mutation (rs786200928) in intron 40 of USH2A. It induces the
addition of a 152 bp pseudo-exon (PE) into the mature USH2A transcript

between exon 40 and 41 (Vaché et al. 2012). The USH2A transcript
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containing the aberrant exon is then subjected to the NMD pathway and

further degradation (Radulfus WN Slijkerman et al. 2016a).

Apart from USHZ2A pathogenic variants, mutations in PDZD7 gene (PDZ
domain-containing 7) have been suspected to act as a retinal disease
modifier in USH2A patients, supporting a digenic inheritance model of
Usher Syndrome explaining the frequently observed variability of the
visual phenotype (Ebermann et al. 2010) but no further studies have found

evidence for digenic inheritance (Le Quesne Stabej et al. 2012).
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Figure 6. Diagram summarizing the repartition of Usher Syndrome
types and USH2A pathogenic variants.
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1.4.2.2 Understanding USH2A genotype phenotype correlations

Mutations in USH2A are responsible for both Usher syndrome type 2 and
nsRP, which are distinguished by impaired and preserved hearing function,
respectively. Both disorders show autosomal recessive inheritance and
therefore, patients must carry two pathogenic allelic variants to drive a
diseased phenotype. Accordingly, genotype-phenotype studies have been
conducted to understand whether specific mutations were more likely to
preserve hearing or to produce a more severe phenotype. Lenassi and
colleagues have proposed a model of an allelic hierarchy, where the
presence of at least one retinal disease specific USHZ2A allele results in
the preservation of normal hearing and leads to nsRP. Retinal disease
specific alleles were more likely to be those where some protein function
may be preserved. Thus, considered as phenotypically dominant to Usher
syndrome type 2 alleles, for instance, carriers of at least one copy of
c.2276G>T, p.Cys759Phe (rs80338902) missense mutation are associated

with nsRP with preserved hearing function (Lenassi, Vincent, et al. 2015).

In addition to these considerations, the onset and severity of the
symptoms have also been investigated. The presence of two null alleles
has been described as likely to cause more severe hearing loss and
retinal degeneration (Pierrache et al. 2016). In a large USH2A patient
cohort, nsRP patients were found to become visually impaired 13 years

later, based on visual field, and 18 years later, based on visual acuity, than
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Usher syndrome type 2 patients. In addition, other studies have shown
that the combination of two truncating mutations in USH2A causes more
severe and progressive hearing impairment compared to the presence of
one or two non-truncating mutations (Hartel et al. 2016; Abadie et al.
2012). Overall, it seems that remnant usherin protein function could
attenuate both retinal and hearing symptoms. However, a recent study
investigating the patterns of degeneration between syndromic and non-
syndromic RP patients, relying on autofluorescence ring, area horizontal
diameter and ellipsoid width, showed no significant differences between
the two groups (Dubis AM, et al. Invest Ophthalmol Vis Sci.

2019;60:ARVO E-Abstract 5172).

Interestingly, differences in cone functionality have been identified when
comparing electroretinogram (ERG) responses of syndromic and non-
syndromic USH2A-related RP. (Sengillo et al. 2017). The Usher type 2
patients displayed a more attenuated 30 Hz-flicker amplitude of 17 pV
compared to 2.1 yV in nsRP patients, indicating a reduced cone function
in Usher 2 patients compared to those with nsRP. Nevertheless, an
identical USH2A genotype may also lead to very different phenotypes
between patients. A case report of two siblings carrying the same USHZ2A
mutations displayed a surprising clinical heterogeneity; the first was
diagnosed as having Usher Syndrome 2 while the second sibling had
completely preserved visual function, which made it the first reported

USHZ2A-related non-syndromic deafness (Lenassi, Robson, et al. 2015).
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This intra-familial genotype-phenotype discrepancy raises questions about

the role of protective environmental, genetic and epigenetic factors.

1.4.2.3 Usherin protein

In addition to retinal and cochlear expression, it has been shown that
usherin isoforms are also expressed in other tissues. The short isoform is
secreted in the extracellular matrix and has been described in testis, small
and large intestines, uterus and ovary, while the long isoform has been
reported in heart and kidneys (Pearsall et al. 2002; Bhattacharya et al.
2002; van Wijk et al. 2004) (Figure 9). More recently, Schwaller and
colleagues reported presence of usherin long isoform in mouse hair

follicles and Meissner corpuscles (Schwaller et al. 2021).

The usherin long isoform b is predominantly expressed in the adult retina
where it localises to the photoreceptor cells (van Wijk et al. 2004; Huang
et al. 2002; Eudy et al. 1998). The photoreceptor, the light-sensitive cell of
the retina, is composed of an inner segment and an outer segment. The
inner segment is mainly responsible for the cell metabolism and protein
production while the outer segment is a highly specialized cilia filled with
stacks of discs containing photosensitive transmembrane proteins called
opsins. The connecting cilium is a narrow collar wrapping the
photoreceptor ciliary axoneme. Here, Liu and colleagues were the first to
show evidence of a specific usherin long isoform expression in murine

photoreceptors, which was spatially restricted to the periciliary membrane
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complex (PMC), a structure wrapping the photoreceptor connecting cilium
(X. Liu et al. 2007). Similarly, usherin has been specifically localized to the
PMC of both cone and rod macaque photoreceptors (Sahly et al. 2012),
zebrafish and Syrian hamster photoreceptors (Zou et al. 2019; Dona et al.

2018) (Figure 8).
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Figure 7. Schematic diagram of usherin localisation in
photoreceptors

(A) Cellular organisation of a photoreceptor. The photoreceptor possesses
an inner segment and an outer segment, a highly specialised cilia
responsible for light detection. The inner segment is followed by the
connecting cilium and the outer segment. (B) The connecting cilium is
wrapped in the periciliary membrane complex, where the usherin long
isoform is spatially restricted. (C) Side view and section (D) of the
periciliary membrane complex.
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Figure 8. Usherin isoforms in photoreceptor cells.

Usherin isoform a consists of 1 LamG-like jellyroll fold domain (LamGL), 1
Laminin N-terminal domain (LamNT), 10 laminin EGF-like domains and 4
fibronectin type Ill repeats. Additionally to these domains, usherin isoform
b is composed of 2 laminin G domains (LamG), 28 fibronectin type llI
repeats, a transmembrane domain and an intracellular PDZ-binding
domain. The 2 most common mutations (c.2299delG, p.Glu767Serfs*21
and c2276.)

The Usher interactome includes Usher type 2; usherin, the ADGRV1
(USH2C) and whirlin (USH2D). In vitro and in vivo experiments showed
that whirlin physically interacts with both usherin isoform b and ADGRV1
isoform b through the association of the whirlin PDZ domain with usherin
and ADGRV1 PDZ-binding domains (Reiners et al. 2006). This Usher 2
complex has been localized to the photoreceptor PMC in mice (Yang et al.
2010), zebrafish (Dona et al. 2018) and macaque models (Sahly et al.

2012).

Additionally, it was shown that removal of whirlin long isoform in a murine
model resulted in the disruption of Usher 2 complex associated with
usherin and ADGRV1 mislocalisation, and reduced usherin expression.

Consistently, AAV-mediated whirlin replacement in this whirlin-knockout
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mouse model rescued both whirlin expression and Usher 2 complex
localization to the PMC (Zou et al. 2011). Furthermore, not only does
whirlin play a central role in Usher 2 complex formation but also integrates
the Usher 1 protein network by interacting with the unconventional actin-
based motor protein myosin Vlla (USH1B), cadherin-23 (USH1D) and
protocadherin-15 (USH1F), the scaffold protein SANS (USH1G) and the
calcium/integrin binding-protein CIB2 (USH1J). Harmonin (USH1C), SANS
(USH1G) and PDZD7, as well as whirlin, are key assembler scaffold
proteins at the centre of the Usher protein network (Ralph WN Slijkerman,
Kremer, et van Wijk 2017). Harmonin interacts with all Usher 1 proteins
(except CIB2) and is linked to the Usher 2 complex via ADGRV1 and
usherin binding (Reiners et al. 2005). Similarly, SANS interacts with the
same Usher 1 proteins but in addition, binds to both scaffold proteins
whirlin and harmonin. Moreover, SANS has been recently described as
being part of a protein complex in the photoreceptors involving usherin
and whirlin (Sorusch et al. 2017) (Figure 10). Sorusch and colleagues
hypothesized that SANS is involved in two distinct functions in
photoreceptors; firstly, scaffolding the usher protein complex for
intracellular transport through the inner segment and secondly, regulating
the cargo transfer from the transport machinery of inner segment to the
ciliary transport module at the base of the photoreceptor cilium (Sorusch et

al. 2017).
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Figure 9. Usherin interacting partners in photoreceptors.

Interacting partners have been divided into 4 groups: the Usher 2 complex
periciliary membrane complex (red), the extracellular matrix partners
(green), the scaffold proteins (magenta) and the Usher 1 protein network
(blue).

In light of USHZ2A-related hearing symptoms, the subcellular
distribution of the usherin isoform b has been characterized in the ciliated
sensory cells of the cochlea, known as hair cells. Located within the inner
ear, sensory hair cells accommodate a mechano-transduction system
converting sound-induced vibrations in electric signals (Schwander,
Kachar, et Muller 2010). A set of highly specialized microvilli (known as
stereocilia) protruding from their apical surfaces, the hair bundle, is
responsible for hair cells mechano-sensitivity. Vibration-induced deflection
of these stereocilia leads to the opening of a mechano-sensitive ion
channel, resulting in depolarization of the hair cell. Usherin isoform b has
been localized in the ankle links of the developing cochlear hair cells (X.

Liu et al. 2007; Adato et al. 2005; Michalski et al. 2007). The ankle links
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form transient fibrous structures spanning between the bases of growing
stereocilia, essential for correct development and organisation of the hair
bundle. In the developing mouse hair cells, their development occurs at
P0-P2 and persists until P9. By P12, the ankle links are no longer
detectable (Goodyear et al. 2005). Consistently, several studies have
reported similar transient expression patterns of usherin long isoform and
ankle links (Adato et al. 2005). Similar observations have been described
in cochlear hair cells, with the three proteins being interdependent for
preservation of normal subcellular localization at the hair cell ankle links
(Adato et al. 2005). The scaffolding protein PDZD7 has also been
localized to the stereociliary ankle links of developing hair cells (Grati et al.
2012) coupled with in vitro affinity properties for Usher 2 proteins complex
(Chen et al. 2014). Hence, PDZD7 appears as a potential component of
Usher 2 complex, especially when considered with the finding that a
frame-shift mutation in PDZD7 combined with homozygous USHZ2A
mutations was associated with a more severe USH2A-related phenotype

(Ebermann et al. 2010).
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Figure 10. Schematic diagram of usherin localisation in cochlear hair
cells.

Hair cells are the ciliated sensory cells of the cochlea responsible for the
transformation of sound-induced vibrations in electric signals. The usherin
is localised in the ankle link of developing hair cells.

The two main cell types involved in USH2A-related disorders are sensory-
ciliated cells. In hair cells, the stereocilia on their apical surface are
microvilli-structures while the genuine axonemal cilium is the kinocilium,
which degenerate during hair cell development. It plays a critical role in
hair bundle formation and polarization (Schwander, Kachar, et Mdiller
2010) (Figure 11). Similarly, two comparable structures are found in
photoreceptors, where the true cilium is the outer segment while the
microvilli are the calyceal processes forming a collar around the base of
the outer segment. Interestingly, the calyceal processes are conserved in
frog, zebrafish and primate photoreceptors. The Usher 1 complex has

been localized to the photoreceptor calyceal processes, suggesting a role
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in retinal structure maintenance (Sahly et al. 2012). Similar to its role in
ankle links for the correct development of hair bundles, usherin could span
between the apical inner segment and the connecting cilium internal
membrane to strengthen or arrange a proper spacing, ensuring correct
maintenance of connecting cilium and outer segment. Additionally,
associations with extracellular matrix components could be involved in its
structural maintenance function. Supporting this idea, interactions of
Usherin LE domain with type IV collagen 7S domain and fibronectin have
been characterized (Bhattacharya et al. 2004; Bhattacharya et Cosgrove

2005).

Since Usher syndrome has been proposed to act as a ciliopathy,
investigations towards other ciliated cells have been conducted. For
instance, sperm abnormalities have been observed in patients with Usher
Type 2 associated with atypical axoneme leading to decreased sperm
motility and velocity, although contradictory studies have been reported
since (van Aarem et al. 1999). However, a study from 1986 suggested cilia
axoneme impairment in Usher Syndrome pathogenesis (Hunter et al.
1986). Further evidence suggesting that Usher Syndrome can be
classified as a ciliopathy is an accelerated age-related olfactory decline
among Usher patients (Ramos et al. 2019; Ribeiro et al. 2016).
Additionally, a recent study showed a cilia defect in USHZ2A patient-derived
human dermal fibroblasts (HDF) compared to a healthy control,

suggesting a role of usherin in ciliogenesis (Samanta et al. 2019).
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It remains unknown why the rod photoreceptors degenerate before cones
even though usherin is expressed in both. Recently, single-cell RNA
sequencing from adult human retinas revealed USH2A expression was
photoreceptor-specific, but surprisingly was higher in the cones (Cowan et
al. 2019). Whether usherin function in cone photoreceptors is less
essential to their long-term maintenance compared to rods, or usherin
function in rods can be compensated for by cones remains to be found.
The discrepancy between the two cell types may help understand the
pathogenesis behind USHZ2A-related RP. Further characterisation of
usherin protein interacting partners, their function and subcellular
localisation will aid in understanding the role of usherin and USHZ2A-

related pathogenesis mechanisms.

1.4.2.4 USH2A models

1.4.2.4.1 Cell models

The accumulated knowledge regarding the genetic and clinical
characterization of USH2A-related disease has allowed the generation of
cell and animal models. Such models have provided invaluable insights
into the USHZ2A-related retinal pathogenesis and are essential tools to

assess new therapeutic strategies.
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To circumvent the limited supply of USH2A patient retinal primary cells,
human induced pluripotent stem cell (hiPSC) technology offers an
unlimited source of retinal tissue preserving a human and patient genetic
background. hiPSCs are pluripotent stem cells generated from patient-
derived somatic cells, which have the ability to generate retinal cells
(Takahashi et Yamanaka 2006). To achieve this, several in vitro
differentiation protocols of hiPSCs towards a retinal fate have been
optimized, leading to the generation of 3D self-organizing optic cup-like
structures, known as retinal organoids (Llonch, Carido, et Ader 2018).
These in vitro models gave rise to organized laminated layers containing
all major retinal cell types. Furthermore, the retinal organoids not only
follow the naturally occurring in vivo retinal development in a stepwise
fashion (Meyer et al. 2009) but also display the same transcriptional
signature as a normal developing human retina (Cowan et al. 2019; Welby
et al. 2017). Significantly, the generated cone and rod photoreceptors
contain rudimentary outer segment-like structures, capable of light-
responses (Zhong et al. 2014; Hallam et al. 2018). Overall, these
elements suggest that retinal organoids are relevant models for human

retina.

The derivation of hiPSCs from patients with USH2A-related disease offers
the opportunity to create the ‘disease in a dish’ and thus dissect the
molecular mechanisms and screen innovative therapies. To date, only two

publications have reported generation of USH2A-retinal cells derived from
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hiPSCs. The first study conducted by Tucker et al used a 3D/2D protocol
to produce eye-cup-like structures derived from keratinocytes cells from a
patient carrying the deep-intronic ¢.7595-2144A>G  mutation
(rs786200928) in intron 40 of USH2A and the ¢.12575G>A mutation
(rs199605265) in trans. While there were no obvious differences indicative
of early developmental abnormalities in USHZ2A-derived retinal cells
compared to control, they displayed an increased GRP78 and GRP94
expression protein levels, suggesting that ER stress could be involved in

USHZ2A pathogenicity in photoreceptors (Tucker et al. 2013).

The second report from Guo et al derived retinal organoids from
reprogrammed urine cells of a patient with nsRP carrying the ¢.9127-
9129delTCC and c.8559-2A > G (rs397518039) mutations in USHZ2A. In
contrast to the previous study, the investigators found reduced laminin
expression, defective retinal progenitor cell differentiation and
disorganized neural retina, higher expression of pro-apoptotic and
decreased expression of cilium associated genes in patient-derived retinal
organoids compared to wild-type controls (Guo et al. 2019). However,
these findings were produced from 12-week-old retinal organoids, and
usherin expression has not been demonstrated at this time point. In
addition, no evidence of interaction between the usherin and its partners
such as whirlin or ADGRV1 has been provided. More mature retinal
organoids would have been more relevant as supported by single-cell
transcriptomic data analysis of retinal organoids exhibiting a high USH2A

gene expression in 24-week -old retinal organoids (Cowan et al. 2019).
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Although limited USHZ2A-related patient-derived retinal organoids have
been published, several retinal organoids modelling ciliopathy-related
retinal diseases have successfully recapitulated key features of patient
retinal phenotype, such as CEP290-LCA related ciliopathy (Parfitt et al.
2016), RP2-related RP (N. Schwarz et al. 2017) and RPGR-associated RP
(Deng et al. 2018). Although they have great potential for advancing our
knowledge of USHZ2A-related retinal disease, many challenges remain to
be addressed to improve retinal organoid models. Firstly, the generated
photoreceptors are not fully developed, with limited OS formation and disc
organization, which hampers the understanding of molecular mechanisms
and architectural maintenance of photoreceptor cells. In addition, hiPSCs
display a high variability to produce layered retinal organoids with
photoreceptor cells, depending on the patient, the hiPSC clone and the

retinal differentiation protocol (Cowan et al. 2019; Mellough et al. 2019).

1.4.2.4.2 Animal models

Mouse models are a very valuable tool in ophthalmology research,
according to the several retinal degenerative mice models that have been
characterized (Veleri et al. 2015). Mice are nocturnal animals with a similar
retinal organisation to humans. However, the murine retina contains fewer
cone photoreceptors than the human retina, and do not possess any

enriched cone regions such as the fovea found in primate retina.

52



1.4.2.4.2.1 Mouse models

An UshZ2a-null mouse model has been described, displaying complete
depletion of both usherin isoforms in the retina and the cochlear (X. Liu et
al. 2007). Ush2a-null mice exhibited a late-onset photoreceptor
degeneration and a non-progressive moderate hearing loss at high
frequencies without vestibular dysfunction, recapitulating the main
symptoms found in the patients with Usher type 2. Loss of outer hair cells
bundles and mislocalisation of usherin partners such as whirlin, PDZD7
and ADGRV1 were observed in the mutant cochlea (Zou et al. 2015). Up
to 10 months of age, no phenotypic differences in retinal structure and
function were observed in Ush2a-null mice compared to wild-type,
although Muller cell activation in the mutant retina was described as early
as 2 months postnatally, indicative of early retinal stress. By 20 months of
age, the photoreceptor nuclei were reduced by half and accordingly, ERG
responses were significantly reduced compared to the age-matched wild-
type mice, demonstrating a late-onset progressive retinal degeneration.
Interestingly, further studies showed red-green cone opsin mislocalisation
at P80 in the Ush2a mutant mice, prior to wide spread degeneration;
however, the mechanisms underlying the retinal disease were not

elucidated in this mouse model (Lu et al. 2010).

Another Usher-like mouse model named KMUSHUSH — displaying
spontaneous RP and moderate hearing loss, showed decreased

expression in both Pde6b and Ush2a gene (Yao et al. 2016). The several
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point mutations identified in the Ush2a gene suggested a causative role of
usherin in the KMUYSHUSH ysher-like phenotype. However, further studies
showed that a base deletion occurring in Adgrv1 resulting in a nonsense
mutation was responsible from the hearing loss phenotype of this model

(Yan et al. 2018).

Even if the retinal degeneration has been reproduced in an Ush2a-null
model, a high phenotypic discrepancy has been described when
comparing human patients and other Usher mutant mice. Accordingly, only
Ush2a-null and Whirlin-null mutant mice displayed obvious retinal
degeneration (Toms et al. 2015). One of the main reasons for the
discrepancy between Usher patients and mice could be the absence of
calyceal processes in murine photoreceptors, where Usher 1 proteins
have been localized and suspected to form an adhesion belt from the
apical inner segment to the outer segment basal region in primate retinas

(Sahly et al. 2012; Toms et al. 2015)

1.4.2.4.2.2 Zebrafish

Zebrafish (Danio rerio) are alternative vertebrate models becoming
increasingly popular for research into ocular disease. Human and
zebrafish eyes share several common features; the structural organization
of the retina is well-conserved with a cone-enriched retina (R Richardson
et al. 2017) responsible for acuity and colour vision. In addition, 70% of

human genes have at least one zebrafish orthologue, allowing the
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recapitulation of disease phenotypes in mutant models (Howe et al. 2013).
Regarding the USH2A gene, the zebrafish and human usherin protein
sequences show 52% identity and 68% similarity with the same domain
structure (Dona et al. 2018), supporting a conserved role of usherin

between these species.

To date, five different ush2a zebrafish models have been generated. Dona
and colleagues characterised two ush2a zebrafish lines (ush2a™¢’ and
ush2ab’245)  with  protein-truncating  mutations, generated using
CRISPR/Cas9 (Dona et al. 2018). The mutant zebrafish retinas showed a
complete ablation of usherin expression along with a reduction of the other
Usher 2 proteins, adgrv1, whirlin A and B, at the photoreceptor PMC. In
addition, ERG responses were reduced at 5 days post-fertilization (dpf)
compared to age-matched wild-type zebrafish. The photoreceptor
degeneration in the larval retina was exacerbated by constant high-level
light exposure of 3000 lux up to 8 dpf. Similarly, Han and colleagues
reported another ush2a-null zebrafish (ush2ahzu6) generated using TALEN
technology, displaying early retinal dysfunction (at 6-7 days post-
fertilization) demonstrated by ERG recordings (Han et al., 2018).
Furthermore, levels of rod-specific proteins rhodopsin were reduced from 7
months and shortening of photoreceptor outer segments was described
from 12 months. Surprisingly, in contrast to all previous studies, usherin
expression in wild-type zebrafish was detected in the ganglion cell layer as

well as the photoreceptors. Additionally, ush2a"zv6 |arvae showed
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decreased acoustic startle responses indicative of early impaired auditory

function.

Recently, the novel CRISPR/Cas9-generated ush2a“®07 zebrafish mutant
line was described; unlike the previously reported mutants (ush2a™c?,
ush2ab??45 and ush2ahzv6) displaying early defects, this line presented a
slowly progressive adult retinal degeneration, with increased apoptotic
photoreceptor levels from 6 months post-fertilization. Rhodopsin and blue
opsin mislocalisation with lysosome-like structures in the photoreceptors
were also observed from 6 months post-fertilization. Following these
results, further characterisation of the ush2a™<? revealed a similar pattern
in photopigment mislocalisation with elevated autophagy levels at 6 dpf.
Defective photopigment trafficking is consistent with the hypothesis of the
Usher 2 complex playing a role in docking and fusion of transport vesicles

through the connecting cilium to the outer segment (Toms et al. 2020).

In addition, the four ush2a-knockout models described, a humanized
zebrafish knock-in model for the deep-intronic ¢.7595-2144A>G mutation
in USH2A has been generated (R. Slijkerman et al. 2018). Even though
only 7.4% of ush2a transcripts contained the human pseudo-intron and did
not reveal phenotypic changes compared to wild-type zebrafish,
antisense-morpholino treatment was able to partially correct the ushZ2a

aberrant splicing. Collectively, these zebrafish models are invaluable tools
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to better understand USH2A-related pathogenesis and to provide
preclinical proof-of-concept for the development of efficient and safe

treatments.

1.4.2.5 Therapeutic strategies

To date, no approved treatments are available to alleviate the retinal
symptoms of USHZ2A-related disease. Potential therapeutic strategies can
be divided in two main types: USH2A-targeted therapy, which manipulate
levels of USH2A; and USH2A-independent therapy, which aims to prevent
retinal degeneration or through targeting common disease pathways such

as cell death or oxidative stress.

It has been almost 50 years since the concept of introducing genetic
material into a host cell for therapeutic purposes was formulated by
researchers. Gene therapy has had to overcome many pitfalls to reach the
clinic, and still has many challenges to address. Regarding the treatment
of inherited eye diseases, the eye benefits from its immune-privileged
status, accessibility and compartmentalization allowing a restricted spread

of the delivered drug.
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1.4.2.5.1 Viral approaches

AAV Lentivirus Adenovirus
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Figure 11. Viral vectors for eye gene therapy.

Although several engineered AAVs transduction efficacy with “enhanced”
capsids towards photoreceptor cells have been well documented, the AAV
cargo limit is still 4.7 kb (Figure 12). Single AAV particles cannot carry the
full USH2A coding sequence (15.6 kb). Therefore, several strategies have
been investigated and optimized to overcome AAV carriage limitations.
The use of dual and triple AAV has expanded AAV transfer capacity from
4.7 kb to a maximal transfer capacity of 14 kb (Trapani et al. 2014;
Maddalena et al. 2018). However, this technology displays a limited
efficiency reaching 40% efficacy of a single AAV photoreceptor
transduction in pig retina, and still does not spare enough capacity for
USH2A cDNA. Recently, Maddalena and colleagues used intein-mediated
protein trans-splicing to expand AAV transfer capacity in the retina. Inteins
are genetic elements leading to the production of splice-sites in the
proteins (Maddalena et al. 2018). They allow the protein to excise itself to
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produce a full-length protein without leaving any amino-acid modifications
in the final product or without an external energy source. This technology
allowed them to efficiently restore ABCA4 (6.8 kb-long transcript) and
CEP290 (7.4 kb-long transcript) protein levels in the retina of two
corresponding mouse models. A higher efficiency of transduction was
achieved compared to the triple AAV strategy. Nevertheless, intein-
mediated protein transplicing via AAV vectors requires the use of cis-
regulatory sequences in each AAYV, limiting its actual capacity. To translate
this strategy to USH2A, more than 5 AAV particles transducing the same
photoreceptor cell to produce the full usherin protein would be needed

(Figure 13).
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Figure 12. Expanding AAV vector capacity for large gene transfer.

The scheme represents two strategies that allow the successful transfer of
large genes. The first strategy on the left panel is based on the
concatemerisation and splicing of three transgenes to reconstitute the full-
length coding sequence of interest. AAV vectors carrying the three
different transgenes transduce the photoreceptor cell. The transgenes
concatemerise and splice into a single episome in the nucleus allowing the
production of the full-length protein of interest. The second strategy
consists of intein-mediated transplicing allowing the reconstitution of the
full-length protein. Similarly to the previous strategy, AAV vectors carrying
three different transgenes transduce the targeted cell. However, it forms
three distinct episomes. The three proteins resulting from these episomes
by intein-mediated transplicing, lead to the full-length protein. AAV,adeno-
associated virus; CDS, coding sequence; SD, splicing donor; SA, splicing
acceptor; rec, recombinogenic region.
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To accommodate the full-length USH2A coding sequence, a viral vector
with a large carrying capacity would be required. Lentiviral vectors have
been investigated for gene therapy, resulting in the terminated clinical trial
evaluating the use of recombinant EIAV-based lentiviral vector UshStat for
treating USH1B (MYO7A) patients (NCT01505062). However, they have a
gene size limit of 9 kb and therefore are not able to accommodate the full-
length USH2A coding sequence (Lee et al. 2017). Additionally, this clinical
trial has been halted due to safety. Alternatively, adenoviral vectors display
a sufficient cargo capacity (8 — 36 kb) to carry the full USH2A cDNA, and
so would be an ideal candidate for gene replacement. Furthermore, they
can efficiently transduce mouse and human retinal cells, such as the
Helper-dependent Adenovirus 5 (Puppo et al. 2014; I. C. Han et al. 2019).
However, adenoviral vectors are prone to elicit a harmful inflammation
response leading to retinal damage (Leikas, Yla-Herttuala, et Hartikainen
2023). Developing strategies to circumvent innate immune responses
would improve the translational development of such viral vectors for large

transgene expression in ocular gene therapy.

Another approach for large gene sizes has been applied for Duchenne
muscular dystrophy caused by the dystrophin gene (DMD) mutations (11
kb-long coding sequence) where shorter synthetic dystrophin versions,

known as microdystrophins, have been developed, allowing to be
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transduced by AAV vectors (Le Guiner et al. 2017; D. Duan 2018). This
strategy requires an extensive knowledge of the crucial protein domains to

ensure a functional protein is produced.

The limitations of viral vectors for gene therapy have encouraged efforts
towards the development of alternative strategies. Non-viral synthetic
vectors are easier to produce, less immunogenic and most importantly,
suitable for larger transgenes. For instance, nanoparticles can
accommodate DNA plasmid vectors up to 20 kb and do not limit effective
in vivo gene transfer (Fink et al. 2006), which would accommodate the
USH2A coding sequence. The use of compacted DNA nanoparticles
formulated with polyethylene glycol-substituted polylysine (CK30PEG)
containing the ABCA4 cDNA cassette (6.8 kb) was able to improve the
phenotype of an abca4-deficient mouse model, when delivered
subretinally (Koirala, Makkia, et al. 2013). Additionally, the carrying
capacity of nanoparticles allows the addition of cis-regulatory elements
such as promoters, insulators and scaffold-matrix attachment region
(S/MAR) sequences (Planul et Dalkara 2017). However, despite extensive
research, non-viral methods remain less efficient at transducing cells

compared to viral vectors.

1.4.2.5.2 CRISPR-Cas9 editing

As an alternative to gene augmentation therapy, the CRISPR/Cas9

breakthrough has paved the way for the use of gene-editing strategies for
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inherited diseases through correction of point mutations and small indels
or exon-skipping. It provides a promising option for treating diseases
caused by large genes such as USH2A whether by correcting the USH2A
mutation directly in the patient retina or by correcting IPSC-derived

photoreceptors for future transplantation.

To date, CRISPR/Cas9 targeting of USH2A involved in vitro editing of the
recurrent ¢.2299delG, p.Glu767Serfs*21 mutation (rs80338903) and
c.2276 G>T, p.Cys759Phe (rs80338902) in HEK cell models, patient-
derived fibroblasts and hiPSC (Fuster-Garcia et al. 2017; Sanjurjo-Soriano

et al. 2019) (Figure 14).

Additionnally, the CRISPR toolbox was enriched with new generations of
editing tools such as base editing, which uses an enzyme allowing precise
nucleotide transitions, or such as the prime editing, which uses a Cas
nickase to nick the targeted DNA strand (Major, McClements, et MacLaren

2023).

Despite proof-of-concept in vitro, for clinical translation there remains
many challenges such as eliminating off-targets, and increasing in vivo
editing efficiency in post-mitotic cells such as photoreceptors (Burnight et

al. 2018).
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CRISPR-based gene editing
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TTTAAGACGTTAGGAGTGAGACCCGT
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Figure 13. CRISPR-Cas9 editing as a strategy for USH2A missense
mutation ¢.2276 G>T.

1.4.2.5.3 Nonsense suppression

As 20% of USH2A pathogenic variants are nonsense mutations, USH2A-
related diseases are an ideal target for small translational read-through
molecules (TRIDs). The introduction of a premature termination codon
leads to either degradation of the mRNA by NMD or premature termination
of the translation leading to a non-functional protein. Small compounds,
such as ataluren (PTC124) or designer aminoglycosides (NB84), induce
ribosomal translation infidelity allowing a near cognate amino acid to
compete with a release factor. This allows the premature termination
codon to be bypassed, resulting in restored translation with synthesis of up

to 25% of full-length protein (Figure 15). This approach has been

64



investigated in Usher type 1 models (Welch et al. 2007; Rebibo-Sabbah et
al. 2007). Notably for USH1C (harmonin) nonsense mutations, the
designers NB30, NB54 and PTC124 efficacy were investigated in vitro in
HEK cells and in ex vivo mice retinal cultures allowing partial restoration of
full-length protein synthesis and its function (Tobias Goldmann et al. 2012;

T. Goldmann et al. 2011).

For USH2A-related disease, Neuhaus and colleagues applied PTC124 to
a HEK cell model containing a cDNA fragment from ¢.12550-15996 of
usherin long isoform containing the p.Trp3955* mutation and showed a 3.3
fold increase of USH2A expression compared to a DMSO control
(Neuhaus et al. 2017). Further studies demonstrated PTC124 efficacy in
restoring usherin expression and primary ciliogenesis capability in USH2A
patient-derived fibroblasts with the p.Gly3142* (rs397518048) mutation
(Samanta et al. 2019). Additionally, the European Medicine Agency (EMA)
and the U.S Food and Drug Administration (FDA) has granted Ataluren
orphan drug designation for the treatment. Therefore, TRIDs show
promise as a safe and cost-effective strategy to treat a range of USH2A

nonsense mutations.
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Examples of TRIDs
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Figure 14. Translational Readthrough Inducing Drugs mechanism of
action.

Mutation leading to premature stop codons can result in truncated protein,
protein degradation by the proteasome or RNA nonsense-mediated decay.
Molecules such as ataluren, gentamicin and NB84, allow readthrough of
premature stop codon resulting in the restoration of full-length protein. A-
site (aminoacyl) is the first binding site in the ribosome. During protein
translation, the P-site holds the tRNA binding to polypeptide chain.

1.4.2.5.4 Antisense oligonucleotides (AON)

Antisense oligonucleotides (AON) are small and versatile RNA molecules
that can interfere with mRNA splicing by specifically blocking aberrant
splice sites and therefore allowing restoration of correct splicing.
Investigations into using AONs for the treatment of inherited retinal
diseases have yielded encouraging results (Figure 16). A clinical trial was
underway in which QR-110, an RNA antisense oligonucleotide for
intravitreal injection, was being tested in patients with Leber congenital

amaurosis carrying the deep-intronic mutation ¢.2991+1655A>G in the
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ciliopathy gene centrosomal protein 290 (CEP290) (NCT03140969). The
c.2991+1655A>G mutation causes a splicing defect leading to a
premature stop codon. QR-110 treatment showed restoration of the correct
splicing and resulted in vision improvement at 3 months (Cideciyan et al.
2019). However, although the QR-110 treatment demonstrated statistically
significant improvements in visual acuity and retinal sensitivity were
reported, it did not meet phase Il trial primary endpoints (Russell et al.

2022).

Such strategies are applicable for USH2A patients carrying the deep-
intronic ¢.7595-2144A>G mutation (rs786200928) in intron 40 of USH2A,
which introduces a pseudo-exon PE40 (Vaché et al. 2012). Slijkerman and
colleagues demonstrated that administration of engineered AON to
USH2A patient fibroblasts carrying the ¢.7595-2144A>G mutation partially
restores correct splicing of USH2A mRNA (Radulfus WN Slijkerman et al.
2016b). In addition to the correction of deep-intronic mutations, an AON
candidate (QR-421a) has been designed to exclude the whole exon 13 of
the USH2A mature transcript (https://www.progr.com/qr-421a-for-usher-
syndrome-type-2/). Given that two of the most common pathogenic
USH2A mutations are in exon 13 (LOVD Database), it has been
hypothesized that QR421a treatment will result in restoration of a slightly
shorter but functional usherin protein. A clinical trial was ongoing in phase
2 in patients with RP due to mutations in USH2A exon 13 (NCT03780257).

However, the clinical trial has been halted due to financial constraints.

67



ANTISENSE OLIGONUCLEOTIDE

WISl WL —
AON
utat Slkiueg
utations
iy
Pseudo-exon i - skipping
i & St EXON 40 PE40 EXON 41 RS

Figure 15. Antisense oligonucleotide for USH2A exon 13 skipping

1.4.2.5.5 Other strategies

Retinitis pigmentosa ultimately lead to irreversible degeneration of
photoreceptors, first the rods, followed by cones. Gene independent
strategies are being considered, which operate by either slowing down the

degenerative process or by restoring retinal photosensitivity.

1.4.2.5.5.1 Neuroprotection

Neuroprotective strategies have been investigated to prevent
photoreceptors degeneration in several models (Pardue et Allen 2018).
For instance, the Rod-Derived Cone Viability Factor (RdVCF), has been
shown to slow the rate of cone cell death and to improve cone function in
rat and murine models of retinal disease (Byrne et al. 2015) . RACVF, a
truncated thioredoxin-like protein encoded by the nucleoredoxin-like-1
gene (NXNLT), is endogenously secreted by rod photoreceptors and

promotes retinal cone survival by facilitating glucose uptake and
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metabolism. Therefore, loss of rods occurring in the first stage of RP
results in cone death. By restoring RdACVF secretion, the cone
photoreceptors responsible for the visual acuity of patients would be
preserved. This approach would be a gene therapy, amenable by AAV

vectors.

Similarly, ciliary neurotrophic factor (CNTF) has been found to prolong
photoreceptor survival in mouse and rat models of retinal degeneration (Y.
Li et al. 2010; Liang et al. 2001; LaVail et al. 1998). Currently, retinal
implantation of capsules containing human NTC-201 cells releasing CNTF
is in a phase 2 clinical trial for patients with RP (NCT00447980)
(MacDonald, Sauvé, et Sieving 2007; Talcott et al. 2011). However, the
neuroprotective strategies for USH2A-related patients are only relevant in
the early stages of RP. Once the photoreceptor layer is fully degenerated,

strategies to replace photoreceptor function are required.

1.4.2.5.5.2 Optogenetic therapies

Among the different approaches, optogenetic therapies consist of the
introduction of light-sensitive proteins, named optogenes, into the
remaining cells of the degenerative retina. It has already been shown that
targeting the remaining cone cell bodies (Busskamp et al. 2010) with
hyperpolarizing optogenes, bipolar cells or retinal ganglion cells (Sengupta
et al. 2016; Macé et al. 2015; Berry et al. 2019) with depolarizing
optogenes or middle-wave opsin, restores visual responses in mouse

models of RP and post-mortem retina of macaque. However, targeting the
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remaining cone cell bodies with optogenes does not prevent the cell
degenerating. Therefore, a combined neuroprotective strategy such as
RdCVF may be of benefit. Currently, two clinical trials are underway using
AAV vectors to deliver the optogenes to the cells of interest

(NCT02556736 for advanced RP, and NCT03326336 for nsRP).

1.4.2.5.5.3 Cell therapy

Finally, the accessibility of the eye makes it an ideal candidate for cell
therapy and retinal prostheses for patients with advanced retinal
degeneration. Embryonic stem cell and iPSC technology as well as the
extensive research that has led to the optimisation of retinal differentiation
protocols, has improved the availability of tissue for transplantation.
Photoreceptor transplantation aims to rebuild the photoreceptor layer by
grafting in vitro generated photoreceptors (Gagliardi, Ben M’'Barek, et
Goureau 2019) but many challenges such as the cell product
manufacturing and the maintenance of the transplant light-sensitive
properties must be addressed. Innovative strategies such as the
transplantation of  optogenetically  engineered photoreceptors
demonstrated promising results to ensure a reliable light-sensitive

properties of the graft (Garita-Hernandez et al. 2019).

Hypothesis. S/MAR plasmid vectors have the potential to provide
persistent transgene expression and rescue the disease phenotype in

inherited retinal dystrophies.
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1.5 Project aims

Project. To design S/IMAR episomal plasmids and assess their efficacy and

toxicity in CHM and USH2A human cellular models.
Main aims.

. Clone and validate a S/IMAR DNA plasmid vector toolbox for CHM

and USH2A

. Rescue CHM model phenotype using CHM S/MAR DNA plasmid
vector. In HDF derived from CHM patient. In CHM-hiPSC derived RPE.
Rescue USH2A model phenotype using USH2A S/MAR DNA plasmid
vector. In HDF derived from USH2A patient. In USH2A-hIPSC derived

retinal organoids
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Chapter 2. Material and methods

2.1 Cell culture

2.1.1 Human Dermal Fibroblasts (HDFs)

Wild-type (WT), USH2A" and CHMY4?XY (HDFs) were purchased from
Coriell Repository or obtained from skin biopsies. Targeted USHZ2A
sequence analysis of the patient cells confirmed compound heterozygosity
for the  ¢.2299del p.(Glu767Serfs*21) and  ¢.3187_3188del
p.(GIn1063Serfs*15) variants. Cells were cultured in Dulbecco’s modified
Eagles medium (DMEM) high glucose (Gibco #41966029), 15% foetal
bovine serum (FBS) (Gibco #10500064), 1% Penicillin/Streptomycin
(pen/strep) (Gibco #15140122). Cells were kept at 37°C, under 5% COz2
195% air atmosphere, and 20% Oxygen tension and 80-85% of humidity.
When reaching 80% of confluency, cells were passaged using TrypLE
Express Enzyme (Gibco™ #12605028) and media was changed twice a

week.

2.1.2 Human embryonic kidney 293 cells (HEK293)

Human embryonic kidney 293 (HEK293) cells were cultured in the same
conditions as HDFs but with a 10% FBS concentration. When reaching
80% of confluency, cells were passaged using TrypLE Express Enzyme

(Gibco™ #12605028) and media was changed twice a week.
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2.1.3 Human induced pluripotent stem cells

hiPSCs clones were cultured with mTesR™ Plus (Stemcell Technology ™
#05825) in 60mm dish or 6 well-plate coated with Matrigel (Corning®
#734-1440) or Geltrex™ (Thermo Fisher Scientific, #A1413302) and
passaged once a week using ReLeSR™ (Stemcell Technology™, #05872)

when reaching 70-80% of confluency.

2.2 hiPSC reprogramming

HDF were reprogrammed using integration-free episomal vectors from
Addgene™: pCXLE-hOCT3/4-shp53-F (Addgene™ #27077), pCXLE-Hsk
(Addgene™ #27078), pCXLE-Hul (Addgene™ # 27080) and pCXWB-
EBNA1 (Addgene™ [D#37624) (Table 1). Reprogramming protocol was
based on a previously described protocol with minor modifications (Okita
et al. 2011; N. Schwarz et al. 2015). 1 x 10° HDFs were electroporated
with 1 ug of each episomal vector using NEON™ transfection system.
Electroporated HDFs were plated on 0.1% gelatin-coated 100 mm dish
and cultured in HDF media, supplemented with 0.5 mM sodium butyrate
(Sigma-Aldrich™ #B5887) until day 7 post-electroporation. Then, HDFs
were passaged and plated at a density of 200 000 cells per well on
Matrigel (Corning® #734-1440) coated 6 well-plate in mTesR™ Plus.

Medium was then changed every 1-2 days until hiPSC colonies appeared
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3 to 4 weeks later. Clonal hiPSC were isolated mechanically, and manually

passaged for the first four passages.

Episomal Plasmid Addgene ID Expression
pPCXLE-Hsk 27078 SOX2 and KLF4
pCXLE-Hul 27080 L-MYC and LIN28

pPCXLE-hOCT3/4-shp53-F 27077 OCT3/4 and shRNA against p53
pCXWB-EBNA1 37624 transient EBNA-1

Table 1. Episomal plasmids with Yamanaka factors to reprogram HDF
to hIPSCs.

2.3 Karyotyping and Short tandem repeat (STR) analysis

DNA was extracted using QlAamp DNA Micro Kit (Qiagen). For low-pass
whole-genome sequencing (WGS), libraries were produced using lllumina
DNA Prep library prep kit and sequenced on lllumina HiSeq 4000 with
paired 100 bp reads. After alignment, copy number estimation was
performed using the QDNASeq package (Scheinin et al., 2014). Short
Tandem Repeat (STR) profiling was obtained for each cell line with
Promega PowerPlex16HS system and was compared back to any

available commercial cell banks.
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2.4 Random differentiation of embryoid bodies

Embryoid bodies (EB) from hIPSC were generated to the differentiation
potential of hIPSC line into the 3 germ layers. iPSCs were passaged and
plated in Aggrewell medium (Stemcell Technology™, # 05893),
supplemented with 10 uyM Y27632 (Sigma-Aldrich™ #B1293), in low
adherence plates until they formed EBs in 7 to 10 days. EBs were plated
on gelatine-coated plates in DMEM/20% FBS medium and cultured for 2
weeks. Immunostainings were performed, using markers for each of the
germ layers (AFP as an endoderm marker, Vimentin as a mesoderm

marker and PAX6 as an ectoderm marker).

2.5 Retinal organoid differentiation

HiPSCs were first differentiated into retinal organoids following a
previously described protocol A (Gonzalez-Cordero et al. 2017) and into

RPE following another one (Reichman et al. 2017).

Briefly, hiPSCs were grown to reach 80-90% confluency At this point,
defined as day 0 of differentiation, mTesR™ Plus was replaced by

Essential 6TM (Gibco™ #A1516401).

e From day 0 to 2, cells are cultured in Essential 6TM (Gibco™
#A1516401).
e From day 2 to 28, the differentiating cells were subjected to a

neural induction medium composed of Essential 6TM, 1% N2
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supplement (Stemcell Technology™ #17502048) and 0.1%
Pen/Strep.

From day 21 to day 28, neural retina-like structures emerged from
the cell layer and were manually dissected at day 28 using a 21G
needle.

From day 28 to day 35, the isolated 3D retinal-like structures were
then further cultured in 6 well-plate in a maturation media
composed of DMEM/F12 (Gibco™ #21331020), 1% MEM NEAA
(Gibco™ #10370021), 2% B27 supplement (Gibco™ #12587010),
10ng/mL FGF2 (Peprotech™ #100-18B) and 0.1% Pen/Strep. At
D28, the dishes containing the 2D cell layer were further cultured

for RPE maturation and mechanically expanded.

Then, a new optimized protocol B was used, and resulted in more efficient

retinal organoids production for USH2A hIPSC clones. The first 2D step

was changed.

From day O to day 2, hiPSC were cultured in DMEM high glucose
supplemented with 20% KOSR, 10mM Nicotinamide, and 0.1% P/S.
From D2 to D28, N2 supplemented was added.

From day 5 to day 9, KOSR was decreased to 15% KOSR
concentration

At day 7, Nicotinamide is withdrawn from the differentiation media.
From day 9 to day 28, KOSR concentration is decreased to 10%.

The 3D step of protocol B is similar to protocol A. Brightfield images
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of differentiating organoids were acquired using an EVOS™ XL

Core Cell Imaging System.

2.6 RPE differentiation

hiPSCs were differentiated to hiRPE following a previously reported
protocol (Regent et al. 2019). Briefly, hiPSCs were cultured until 80% of
confluency, and submitted a to 3 sequential differentiation steps. From day
0 to 7, cells were cultured in DMEM (Thermofisher™ #11965092)
supplemented with 20% KSR (Thermofisher™ #108280) and 10mM
Nicotinamide (Sigma™ #N3376-100G). Then, Nicotinamide was changed
for 100ng/mL Activin A (Stemcell Technology™ #78001) from day 7 to 14.
Lastly, Activin A was stopped for 3 yM CHIR99021 (Stemcell Technology ™
#72052) from day 14 to 42. On day 42, cells were passaged and further
cultured on Matrigel-coated dishes or p-Slide 8-Well (Ibidi™ #80821) in

DMEM/ 4% KSR maintenance media.

2.7 Molecular biology

2.71 Polymerase Chain Reaction (PCR)

REP1 cDNA, NA65p and VMD2 sequences were amplified by PCR using
CloneAmp HiFi PCR Premix (Takara-Bio #639298) and primers with 15 bp
overhangs at their ends allowing the homologous recombination with

linearized backbone vector. Reagents were mixed as described in Table 2.
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The 25 pL Master Mix was then vortexed and briefly centrifuged before
being transferred into 8 individual PCR tubes. The thermal cycles were run
as described in Table 2. Finally, PCR fragments were excised and
extracted using QIAquick PCR Purification Kit (Qiagen #28104), according
to manufacturers’ instructions. DNA concentration was measured using

Nanodrop 2000C (ThermoFisher scientific #ND-2000C).
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Reagent Volume per Final concentration
reaction
CloneAmp hifi PCR 12.5ul 1X
Premix
Primer forward 1ul 0.2um
Primer reverse 1l 0.2um
DNA template Xl 0.4ng/ul
dH20 Up to 25ul -
Total volume 25pl -
Program Temperature Time Number of cycles
Preheat lid 110°C - -
Initial o ,
denaturation 95°C 2min i
Denaturation 98°C 10s
Gradient
Annealing 15s 30 cycles
60°C + 10°C
Elongation 72°C Xs
Final 72°C 10min i
elongation
Final hold 4°C Hold -

Table 2. PCR reaction protocol

79



2.7.2 Enzymatic restriction digestions

Enzymatic restriction digestions were used to linearized S/IMAR plasmid
backbones, and as quality control of the recombined plasmids. Briefly, the
following reagents volumes (see Table 3) were mixed into a 1.5 mL
reaction Eppendorf tube and incubated for 1-4h at 37°C in a heating block,

depending on restriction enzymes.

Reagent Quantity Volume
S/MAR vector 2-4 ug -
Restriction enzyme 1 1-3 Ul 1-3 uL
Restriction enzyme 2 1-3 Ul 1-3 uL
10X Digest Buffer - 5ul
dH20 - Up to 50 pL
Total - 50uL

Table 3. Restriction enzyme digestion. (Ul = international unit)
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2.7.3 Gel electrophoresis

Agarose gels were prepared dissolving agarose in 1X TAE buffer

supplemented with peqGreen DNA/RNA dye solution (VWR #732-3196)

(see Table 3). PCR fragments and digested vectors were run at 100-120 V

for 0.5-1h on 0.8-1.2% agarose gels depending on their size (Table 4).

Reagent 0.8% agarose gel 1.2% agarose gel
Agarose 49 69
1X TAE buffer 50mL 50mL
pegGreen
6L 6uL
DNA/RNA

Table 4. Agarose gel components
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2.7.4 In-Fusion Cloning reaction

First, 1-3ug of vector backbone were digested with 1-3 Units of the desired
restriction enzyme(s) for 1h at 37°C. The insert was amplified by PCR
using specific primers containing 15 bp of homology with the vector as
described above, with the CloneAmp HiFi PCR Premix (Takara-Bio
#639298). To proceed with the recombination reaction, 100 ng of vector
and 50 ng of the insert were mixed with water containing the 5x InFusion
mix, containing the appropriate buffer and enzyme to allow homologous
recombination between the 15 bp of homology. It was essential that the
volume of insert+vector did not exceed 7 ul. In such case, the InFusion
reaction volume was doubled. The recombination reaction took place in a
water bath at precisely 50°C for 15 minutes. Meanwhile, a 50pul aliquot of
E.coli Stellar Competent cells was thawed on ice for the transformation

(Table 5 and 6).

USH2A cDNA (15606bp) was cloned into S/IMAR vector backbones as
previously described with several optimizations due to its very large size.
USH2A cDNA was kindly provided by Professor Luk Vandenberghe.
Briefly, USH2A cDNA was amplified by PCR using Phusion™ High-Fidelity
DNA Polymerase (Thermofisher scientific #F530S) into five fragments of
equal size for further in-fusion cloning, piece by piece. In-fusion cloning
was optimized to 2:1 vector/insert ratio. The cloning was repeated five
times to get the complete USH2A cDNA insert in the vector backbone.
Finally, enzyme restriction digestions and sequencing of the insert were

performed as quality controls.

82



Gene primers Sequence 5’-3’ Amplicon
(Cloning) size (bp)
REP1_Forward aagcaggccggcgacgtggaggaaaaccctgggcccatggcggatactctcectteg 2014
REP1_Reverse tatcatcgagctcgagttattcagaggactcctctaggtttccaag
NA65_Forward ttgattattgactagtagatcttcgaaatactctcagagtgcca 761
NAG65 Reverse caataaagctactagtccaactgcagaatgaagaaggaagtt
VMD2_Forward ttgattattgactagtaattctgtcattttactagggtgatgaaattccc 623
VMD2_Reverse caataaagctactagtggtctggcgactaggctg
USH2A_1_Forward | aagcaggccggcgacgtggaggaaaaccctgggcccatgaattgcccagttctttcat 3234
USH2A_1_Reverse | cttcgccagatctcgagctcgatgataatgaatgtctaagttaatgcagaaacggagagaca
USH2A_2_Forward | ccttttgctcacatgtggcattgattattgactagttattaatagtaatcaattacgggg 2923
USH2A_2_Reverse | cgccgaggccagatctttattcticaccggceatctgcateeg
USH2A_3_Forward | ggggtaccgaagccgctagcatggagagcgacgagagce 3031
USH2A_3_Reverse | tatcatcgagctcgagttattcttcaccggcatctgcatcecgg
USH2A_4_Forward | ttgacatgcatgggacgcggaacccctatttgtttatttttc 3030
USH2A_4_ Reverse | tctcctccctttgcaaaagcectaggcectce
USH2A_5_Forward | cttcgccagatctcgagctcgatgataatgaatgtctaagttaatgcagaaacggagagaca | 3390
USH2A_5_Reverse | tatcatcgagctcgagtcaaacacacttaccagtgaagtctg
Table 5. In-fusion cloning primers
Reagent Quantity Volume
Digested S/MAR vector backbone 50-200 ng -
PCR Fragment 100-200 ng -
In-Fusion HD Enzyme Premix 5X - 2L
dH20 - Up to 10pL
Total - 10 yL

Table 6. In-fusion cloning reaction mix
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2.7.5 Transformation of competent cells

Stellar competent cells (E. coli HST08 Strain) were thawed on ice before
use. Fifty microlitres of the cell suspension were placed into an Eppendorf
tubes. The In-Fusion reaction mix containing the plasmid product was
placed on ice and 2.5 ul were added to the competent cells. The cells
were incubated on ice for 30 minutes, heat shocked at 42°C for 45
seconds and then immediately placed on ice for 2 minutes. 450 yl of SOC
medium (Invitrogen #15544034) were added to the reaction tube and
incubated for 1h at 37°C (with gentle shaking) to allow their recovery.
100uL of the transformed Stellar competent cell were then spread on

Kanamycin LB-agar plates and incubated overnight at 37°C.

2.7.6 DNA isolation and purification

The day after, 3 isolated colonies were picked using a loop and inoculated
in Kanamycin LB round-bottomed tubes. The tubes were then incubated
overnight at 37° in a shaking incubator. Then, the QIAGEN Plasmid Mini or
Maxi Kit (Qiagen #12125) was used to isolate and purify plasmids from

bacteria, according to manufacturer's instructions.

2.7.7 Sanger and Plasmidsaurus sequencing

Isolated genomic DNA or plasmids were sent to SourceBioscience for
Sanger sequencing or Plasmidsaurus (Plasmidsaurus Inc. Eugene,
Oregon) for whole plasmid sequencing. The sequencing primers used are

listed in Table 7.
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USH2A_seq1

TACTACAGCTTCGTGGTGGACAGC

USH2A_seq2 GAAAGTATTCAGTTCTGTACCCAG
USH2A_seq3 TTGCATCTGGTACTGTGCAAATAG
USH2A_seq4 TTTGCCAGGAATTGTGGTGC
USH2A_seq5 CCTTGTCAATGCAACAGCCATTC
USH2A_seq6 ATGATGTTGGATGTGAGCCC
USH2A_seq7 ACATTACCTGGGACCATTTGTGAC
USH2A_seqi1 CTGGAGTCCACCTGATTCTC

USH2A seq12

CCCAAAGACTAAGTCCACCTAAG

USH2A_seq13

AGCTGTTGCACACTGCTAAATC

USH2A seq14

GGGTCACCAGTGGAAGTAAC

USH2A_seq15

ATTGACCTTCCGGTTAAATACCAG

USH2A seq16

AAAGAGCAGAGTGTTTACGAG

USH2A seq17

GTACTGTTTATACATGGATGGGAG

USH2A_seq18

CCCAAAGCCCACTCATATTCAC

USH2A seq19

TATTTCAAATAGCCAAGGCAGC

USH2A_seq20

TACTTGAGAACTCCTGGAAATGTC

USH2A_seq21 CACTCATCCAGAACGGAGAC
USH2A_seqg22 TTTACACCGAGCCGAGAAGTG
USH2A_seq23 TCTGAGAGACCTGTCTCCCTTCAC
USH2A_seq24 GCTGTCCAGATGAACAGCAC
USH2A_seq25 ATGGAAGCCACAGAACATTG

USH2A seq26

TGTGCCACCAGTAGCAAGGTAG

USH2A_seq27

AGCCCAATAGCAGATACACTTAC

USH2A seq28

GCTGGCATTGAAGAGGAGTCTG

USH2A_seq29

TAGAACAGAAAGAGAATGGCCGGG

USH2A seq30

AGCTGGGCATACCTGTAGCTCTTG

USH2A seq31

TGCAGCCTTACTCTCAGTATAAC

USH2A_seq32 AGCTGAAGCCATTTCACAGG
USH2A_seq33 CCCACGTTCCATGTGATCTC
USH2A_seq34 TGAGAGTGGTGGCACACAAC

USH2A seq35

TCCACAAAGAGCCATATATCAGAG

USH2A seq36

AAGCTGTTTGTTAACTTGCCAACC

REP1_seq1 CATTGCTCTTAGCAGGAAGG
REP1_seq2 TTCGAGAAGGACGAGTGGAACAG
REP1_seq3 TGCAGGATGTGTGCTGTGTTTG
REP1_seqd4 GAATTCTGTGGGCTCTTTACTTC
CRB1 c2548GA_seq] CAGATTTGGCCAGGATGACT
CRB1_c2548GA_seq?2 TGATGGAAATGTCCACTTGA
CRB1 _c4006-10AG seq1 | GCTTGCTCTGGTTGGTCTTC

Table 7. Sequencing primers list
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2.8 Transfections

Transfection of HDFs were carried out using the Neon Transfection
System 100 pL kit (Neon Electroporation System # MPK10025). Briefly,
cells were dissociated using TrypLE Express and counted using Countess
[l Automated cell counter. For each transfection, 1 million cells were
resuspended in 100 ul buffer R and mixed with DNA plasmid ranging from
1.5 to 10ug and electroporated with the following parameters: 1350V-
20ms-2 pulses or 1700V-20ms-1 pulse. GFP expression was monitored by
fluorescent microscopy. Media was changed 24 hours after

electroporation.

2.9 qRT-PCR

RNA was extracted from HDF or RPE using the RNeasy Plus mini or micro
kit from (QIAGEN #74136), according to manufacturer’s instructions.
cDNA was synthesised from 1 pg of RNA using High-Capacity RNA-to-
cDNA™ Kit (ThermoFisher #4387406), according to the manufacturer’s
instructions. qRT-PCR were performed using SYBR Green Master Mix
(ThermoFisher #4309155) on a StepOne Real-Time PCR system (Applied
Biosystems), under standard cycling conditions. All samples were assayed

in triplicate. The qRT-PCR primers used are listed in Table 8.
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Gene primers

Sequence (5’-3’)

OCT4 forward CCCCAGGGCCCCATTTTGGTACC
OCT4 reverse ACCTCAGTTTGAATGCATGGGAGAGC
KLF4 forward ACCCATCCTTCCTGCCCGATCAGA
KLF4 reverse TTGGTAATGGAGCGGCGGGACTTG
SOX2 forward TTCACATGTCCCAGCACTACCAGA

SOX2 reverse

TCACATGTGTGAGAGGGGCAGTGTGC

LIN28 forward
LIN28 reverse

AGCCATATGGTAGCCTCATGTCCGC
TCAATTCTGTGCCTCCGGGAGCAGGGTAGG

LMYC forward
LMYC reverse

GCGAACCCAAGACCCAGGCCTGCTCC
CAGGGGGTCTGCTCGCACCGTGATG

OCT3/4 plasmid forward
OCT3/4 plasmid reverse

CATTCAAACTGAGGTAAGGG
TAGCG AAAAGGAGCAACATAG

KLF4 plasmid forward
KLF4 plasmid reverse

CCACCTCGCCTTACACATGAAGA
TAGCGTAAAAGGAGCAACATAG

SOX2 plasmid forward
SOX2 plasmid reverse

TTCACATGTCCCAGCACTACCAGA
TTTGTTTGACAGGAGCGACAAT

L-MYC plasmid forward
L-MYC plasmid reverse

GGCTGAGAAGAGGATGGCTAC
TTTGTTTGACAGGAGCGACAAT

LIN28 plasmid forward
LIN28 plasmid reverse

AGCCATATGGTAGCCTCATGTCCGC
TAGCGTAAAAGGAGCAACATAG

EBNA-1 forward
EBNA-1 reverse

ATCAGGGCCAAGACATAGAGATG
GCCAATGCAACTTGGACGTT

PEDF forward AATCCATCATTCACCGGGCTCTCT
PEDF reverse TGCACCCAGTTGTTGATCTCTTGC
MERTK forward AAGGCCGCATTGCTAAGAT
MERTK reverse CGCGTAGCTATTTCCCACAT
TYR forward ACTTACTCAGCCCAGCATC

TYR reverse GGTTTCCAGGATTACGCC
PMEL forward GCCTGGCAGTGGTCAGCACC
PMEL reverse CGGGGTAGACGCAGCCAGTGA
ADGRV1_ex8-9 forward | TTGGGTGTTGACACGGAACA
ADGRV1 ex8-9 reverse | CTTTTGCTTGCAAGGGGTCC
ADGRV1_ex27-28 forward | CAAGCACCCTGTGCCATCTT
ADGRV1_ex27-28 reverse | GTGCAGGATCATCAACAGACAG
USH2A ex13 forward CCTCCCTGGGACTGTCTGTA
USH2A ex13 reverse CAGTTGCAAGGCAGACAGAG
USH2A ex39 forward CAGCGGAGAAGAGACAAACC
USH2A ex39 reverse TCAAGCTGCCTTGGCTATTT
USH2A ex69-70 forward | GCTTGGACACCACCCTCTAC
USH2A ex69-70 reverse | CCCTGGGAGTAGGTTAGGCT
WHRN_ex1 forward CCCATGCTTCGTCTGGTCAT
WHRN ex1 reverse CCTGGTTCCACCAGAGACAC
WHRN_ex6-7 forward CACGCCAAGTTCTCACTCCT
WHRN ex6-7 reverse GGATGAACCCGTGTCACTGT
coGFP forward GCCGCATGACCAACAAGATG

coGFP reverse

GTTGCTGTGCAGCTCCTCCA
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hGAPDH forward GCTGCATTCGCCCTCTTA
hGAPDH reverse GAGGCTCCTCCAGAATATGTGA
RPEG65 forward AGCACTGAGTTGAGCAAGCA
RPEG65 reverse GGCCTGTCTCACAGAGGAAG
BEST1 forward GTCAGAGGCTCCTCCTTCCT
BEST1 reverse TCTGCTCCACCAGTGTTCTG
MITF forward CCGGGTGCAGAATTGTAACT
MITF reverse GGACAATTTTGGCATTTTGG
CRALBP forward CACGCTGCCCAAGTATGATG
CRALBP reverse CCAGGACAGTTGAGGAGAGG
USH2A_exon11-15 forward | AGTTGGTGCAGATCCTTCGG
USH2A_exon11-15reverse | CTTGCACTGGGAACACAAGC

Table 8. gRT-PCR primers list

2.10 Western Blot

Cells were washed with cold PBS twice and lysed with a RIPA cell lysis
buffer (ThermoFisher #10017003) supplemented with 1X Protease and
Phosphatase Inhibitor Cocktail (ThermoFisher #78441). Cell lysate was
centrifuged at 4°C for 15min at 13,000rpm. The protein supernatant was
collected, and the concentration was measured using the BCA Protein
Assay Kit (ThermoFisher #23227). 15-30ug of each protein sample were
boiled at 95 °C for 5 minutes with Nupage sample buffer (ThermoFisher
#NPO0007) and Nupage reducing agent (ThermoFisher #NP0009). Gel
electrophoresis was performed using SDS—polyacrylamide gel (Biorad
Laboratories #4569035) and transferred onto an Immuno-Blot PVDF
membrane (Biorad Laboratories #1620177). For usherin western blot, gel
electrophoresis was performed using NUPAGE Tris-Acetate SDS Running
Buffer gel, which was then wet-transferred onto an Immuno-Blot PVDF

membrane for 16 hours at 25 V at 4°C. The membrane was incubated in
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blocking buffer solution (5% dry milk/0.1%PBS-T) for 1H before incubation
overnight at 4°C under agitation with primary antibody diluted in blocking
buffer. The membrane was then washed 3 times with PBS/0.1%Tween
and further incubated with the secondary antibody diluted in the blocking
solution for 1h at room temperature under agitation. The membrane was
washed 3 times again before chemiluminescent detection the ClarityTM
ECL Western Blotting Substrate (Biorad Laboratories #1705061) and the

ChemiDoc MP Imaging system. ImageJ was used to analyse the results.
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2.11 Prenylation assays

Cells were placed on ice and washed three times with ice-cold PBS. Then,
cells were scraped in PBS supplemented with 1X protease and
phosphatase inhibitor cocktails, pelleted in 1.5mL Eppendorf tube and
centrifuged 5min at 1500G. The cell pellet was then frozen in liquid
nitrogen and kept at -80°C. The cell pellet was then lysed for 15min on ice
in a degassed buffer containing 25 mM final HEPES, 50 mM NaCl,2 mM
MgClI2, 2 mM DTE (Gebu Biotechnik GmbH #1007), 20 uM GDP (Sigma-
Merck #20-177), 1x complete mini EDTA-free protease inhibitors (Roche
#11836170001). Cell lysates were then sonicated 3 times for 45 seconds
at 40Hz. Then, cell lysates were centrifuged 5min at 1500G and the
supernatant transferred to 1.5-ml polyallomer microcentrifuge tubes
(Beckman #357448). The collected supernatants were centrifuged at
100,000G for 1h at 4°C using a TLA45 rotor in a Optima MAX-E Beckman
Coulter to obtain cytosolic protein extracts. The prenylation assay was
performed on the freshly prepared lysate using 5 mM biotin-labelled
geranyl pyrophosphate (Jena Bioscience #LI-015) as a prenyl group
donor, 0.5 mM recombinant REP1 (Jena Bioscience #PR-105), 0.5 mM
recombinant Rab geranylgeranyl transferase (Jena Bioscience #PR-103)
and 20 mM GDP in prenylation/lysis buffer at 37°C for 1h [13,57,58]. The
prenylation reaction was stopped by adding 6X SDS loading buffer, boiled

at 95 °C for 5min and biotin incorporation analysed by western blot.
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2.12Transfection and electroporation

Both electroporation and chemical transfections were used.
Electroporation was performed with the 10uL or 100uL Neon transfection
kit (Invitrogen # MPK1025) was used. Chemical transfections were
performed with JetOptimus Chemical reagent (Polyplus transfection #117-
01). Briefly, 200,000-400,000 cells were seeded in 6-well plate or 50,000-
100,000 cells in 24 well-plate and left in culture for the next day. DNA
plasmids vectors were diluted in JetOptimus Buffer. JetOptimus Reagent
was then added and vortexed. The mix was then incubated for 10min at
room temperature. The DNA/Jet Optimus solutions were distributed

dropwise in the well.

2.13Ciliation assays

HDFs were cultured to reach 70% of confluency in a T75 flask and then
subjected to a 48h-long serum starvation. Cells were then passaged and
seeded in 12-well plates on sterilised coverslips. 24h later, cells were
washed in PBS 2 times and fixed in ice-cold methanol for 10min. Fixed
cells were then washed 3 times in PBS/0.1% tween and permeabilized 1
hour in PBBS/0.5%triton. Then, cells were incubated overnight at 4°C with
primary antibodies. The day after several washes with PBS/T, cells were
incubated one hour with the secondary antibody, washed again, the
coverslips were mounted using Diamond Antifade Prolong Mounting

medium with DAPI (Invitrogen # P36962). Cells were imaged using a Zeiss
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LSM510 upright confocal microscope. Cilia were counted and measured

on ImagedJ using 3 independent experiments.

2.14Immunostaining of hiRPE

hiRPE cells were fixed in 4% paraformaldehyde (PFA) for 10 min at room
temperature and washed 3 times for 10min with PBS/0.1% Tween. After
1h in blocking solution (10% FBS in 0.1% Triton PBS) at RT, cells were
incubated with primary antibodies overnight at 4 °C. After 3 washes of
PBS/0.1% Tween, cells were incubated with fluoroconjugated secondary
antibodies and DAPI for 1h at room temperature. Further washes
PBS/0.1% Tween were performed. Images of hiRPE were acquired using
an EVOS™ XL Core Cell Imaging System or a Leica LSM 710 confocal

microscope.

2.15Cryosections and immunostaining

Retinal organoids were washed in PBS and fixed in 4% PFA for 15min at
4°C. Fixed organoids were incubated in a PBS/30% sucrose solution
overnight at 4°C and embedded in a solution of PBS/7.5% gelatin/10%
sucrose. Gelatin blocks included with OCT were then frozen in isopentane
at -50°C. 10 pym-thick cryosections were processed using a Leica CM1850
Cryostat and mounted on SuperFrost Plus™ Adhesion slides (VWR™ #
631-0108).For immunostaining, cryosections were washed in PBS,
permeabilized in 0.5 % Triton X-100/PBS for 1h at RT and blocked in 0.2%

gelatin/0.25% Triton X-100/PBS for 1h at RT. Sections were incubated with
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primary antibodies (Table 9) overnight at 4°C, followed by 3 washes in
Tween 0.2%/PBS and an incubation with fluorochrome-conjugated
secondary antibodies for 1h at RT. After several washes in Tween
0.2%/PBS, the sections were mounted and counterstained using
ProLong™ Diamond Antifade Mountant with DAPI (Invitrogen™ #P36962).
The slides were imaged using a Leica LSM 710 confocal microscope and

were analyzed using ImagedJ software.
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Antibody Species | Supplier Application | Dilution
Arl13b Rabbit Thermo IS 1/500
VSX2 Mouse Santa-Cruz IS 1/500
PAX6 Rabbit Biolegend IS 1/500
Whirlin Guinea Van Wijk Lab IS 1/300
Pig
B-actin Mouse Sigma WB 1/5000
Vinculin Mouse Santa-Cruz WB 1/2000
RHO 4D2 Mouse Abcam IS 1/500
Z0-1 Rabbit Abcam IS 1/500
MITF Mouse Invitrogen IS 1/500
OCT4 Mouse Santa-Cruz IS 1/100
SSEA3 Rat Millipore IS 1/50
Vimentin Mouse Santa-Cruz IS 1/300
RCVN Rabbit Sigma IS 1/300
OTX2 Rabbit R&D Systems | IS 1/500
REP1 Mouse Santa-Cruz WB 1/1000
CRX Mouse VWR IS 1/1000
GNAT1 Mouse Insight Biotech | IS 1/300
Acetylated Mouse Sigma IS 1/1000
Tubulin
PNA Lectin Vector Lab IS 1/1000
GD3 Mouse Abcam IS 1/300
AFP Mouse Santa-Cruz IS 1/100

Table 9. List of antibodies. IS= Immunostaining WB= Western blot
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2.16 Statistical analysis
Statistical analysis was performed using GraphPad Prism 8. All data are

expressed as mean x SD of when at least three independent experiments.
Shapiro-Wilk normality test was initially carriedout to determine if data is

normally distributed, and appropriate statistical test was chosen. Paired or

unpaired t-test were performed to compare two groups, depending on

experimental design. p < 0.05 was considered significant.
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Chapter 3. Design and validation of REP1-S/MAR
and USH2A-S/MAR vectors

3.1 Introduction and aims

Gene therapy starts with a reliable and relevant DNA design. This is the
case for viral and non-viral strategies. DNA vector components are crucial
for transgene expression level and duration, but also its toxicity.
Promoters, cis-regulatory elements, size of the DNA vectors, bacterial
backbones for plasmid-based strategies or inverted terminal repeats
(ITRs) for AAV strategies, must be chosen carefully, as they are decisive in

the development of an efficient and safe gene therapy.

The aim of this study to create a SIMAR DNA toolbox for CHM and USHZ2A
retinopathies in collaboration with Pr. Richard Harbottle’s team (DKFZ,
Germany). His research focuses on tailoring the best DNA vectors for the
genetic modifications of cells. One of the key aspects of their plasmid-

based vectors are the use of SIMAR sequences (see Introduction).

The aim of this chapter was to successfully insert the CHM coding
sequence (CDS) (1,962bp) or the USH2A CDS (15,609bp) into S/IMAR
vector backbones with several promoters to tailor an alternative to viral
gene therapy for Choroideremia or Usher syndrome type 2A retinopathies.

As depicted in the graphical abstract (Figure 17), the SIMAR backbones
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were digested with Xhol and BmgBI restriction enzymes, cutting out the
Puromycin resistance cassette (the white cassette on Figure 19). The
gene of interest (GOI) coding sequence (CDS) was then inserted in the

digested S/MAR plasmid backbones using an in-fusion cloning kit.

Plasmid backbone

/MA|
Promoter_coGFP_P24

chmere
 niron
_—

Final plasmid

J
-,

PuromyeinR ﬁ N Empty Gene of interes:
SIMAR_Eled0 § Bmg Bl pa\y;fgra\ S/MAR_Eled0 wva’;?gm\
S e
% Z’h Inserting < h
db the GOI CDS
Xhol r

Figure 16 Graphical abstract of cloning process to develop a S/MAR
DNA vector toolbox CHM and USH2A retinopathies.

Plasmid backbones containing a promoter, a chimeric intron, coGFP
coding sequence, P2A self-cleaving peptide, a puromycin cassette, a
S/MAR, a SV40 polyA signal, an insulator Ele40 and a bacterial backbone
containing an Ori and a Neo/Kan resistance cassette. The first step of the
process is cutting out the puromycin cassette and the second one to insert
the gene of interest coding sequence (GOI CDS).
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3.2 Inserting the human CHM CDS into S/IMAR vectors

The CHM CDS is translated into the REP1 protein. For a better
understanding, the plasmids containing the CHM CDS will be referred as
REP1-S/MAR plasmids. To clone these vectors, the CMV-PuroR-S/MAR
and CAG-PuroR-S/MAR backbones were digested using Xhol and BmgBI.
As described in Figure 20, the Puromycin resistance cassette was
discarded in both backbones (600bp-long fragment). CHM CDS (1962bp)
was then amplified by PCR with primers containing 15-bp overhangs and
cloned into the CMV-S/MAR and CAG-S/MAR backbones. The in-fusion
cloning reaction was incubated for 15 min at 50°C and transformed into
Stellar competent cells (E.coli HSTO8 strain). The competent cells were
then grown on LB Agar plate with 50ug/ml Kanamycin, to select the

clones.

Then, putative CMV-REP1-S/MAR vectors and CAG-REP1-S/MAR were
digested using Hindll and ran on an 0.8% agarose gel. As expected,
digested CMV-REP1-S/MAR and CAG-REP1-S/MAR displayed the

expected band sizes (Figure 18):

-  For CMV-REP1-S/MAR: 9339bp, 1826bp and 1230bp-long bands

-  For CAG-REP1-S/MAR: 9339bp, 2651bp, 1826bp and 1230bp-long
bands

These vectors were then maxiprepped and were sent for Sanger

sequencing.

99



Backbone digestions

Xhol + BmgBI
ow (1) (2)

ladder

(1) CMV-PuroR-S/MAR
(2) CAG-PuroR-SIMAR

- (1) CMV-PuroR-S/MAR

- 6982bp
- 600bp

- (2) CAG-REP1-S/IMAR

- 7605bp
- 600bp

Puromycine
cassette
(600bp)

In-fusion cloning
promoters

Hind Il

1kb
DNA

ladder (1) (2)

(1) CMV-REP1-S/MAR
(2) CAG-REP1-S/MAR

- (1) CMV-REP1-SIMAR

-8339bp

- 1826bp
- 1230bp

- (2) CAG-REP1-S/IMAR

- 9339bp

- 2651bp
- 1826bp
- 1230bp

Figure 17. In-fusion cloning of CMV-REP1-S/MAR vectors and CAG-

REP1-S/MAR.

CAG and CMV-PuroR-S/MAR were digested using Xhol and BmgBlI to cut
out the puromycin resistance cassette (600bp) and ran on a 0.8% TAE-
agarose gel to separate the two bands. CHM CDS was cloned into these
backbones, and the resulting plasmids were digested with Hindll as a

quality control.
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To clone REP1-S/MAR vectors with RPE-specific promoters, both NA65
and VMD2 sequences were successfully amplified by PCR (Figure 19).

NA65 and VMD2 amplicons were 761bp and 623bp-long respectively.

PCR NA65 PCR VMD2

Gradient 60°C + 10°C Gradient 60°C £ 10°C

NAB5 4 VMD2
promoter
promoter
(761bp) (623bp)

Figure 18. PCR amplification of NA65 and VMD2 promoter
sequences.

PCR amplified fragments were ran on 1.2% agarose gel. A gradient of
60°C £10°C was applied for the PCR annealing temperature. NAG65 and
VMD2 promoter are 761bp-long and 623bp-long respectively.
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CMV-REP1-S/MAR and CAG-REP1-S/MAR were digested using Bcul, in
order to cut out the CMV (591bp) and CAG (1620bp) promoters from the
backbones (Figure 20). The two fragments (7956bp and 7943bp) were
harvested using a gel extraction kit and purified for further in-fusion
cloning. The in-fusion cloning was performed using a molar ratio of 1
vector for 1 insert (NA65 or VMD2 fragment). To validate the NA65-REP1-
S/MAR and VMD2-REP1-S/MAR vector sequences, the plasmids were
digested using EcoNI restriction enzymes. The digestions produced the

expected bands (Figure 20):

- For NA65-REP1-S/MAR: 6215bp and 2501bp-long bands.
- For VMD2-REP1-S/MAR: 6185bp and 2393bp-long bands
These vectors were then maxiprepped and were sent for Sanger

sequencing.
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In-fusion cloning
REP1 vectors

Bcul

In-fusion cloning
RPE promoter

Econl

Tkb

DNA (1)

ladder

(2)

(1) (1) 2) )

- (1) CMV-REP1-S/MAR
- 7956bp
- 591bp

- (2) CAG-REP1-S/MAR

- 7943bp
" - 16200p

- (1) NA65-REP1-S/IMAR

-B215bp
-2501bp

- (2) VMD2-REP1-S/IMAR
- 6185bp
-2393 bp

(1) CMV-REP1-S/MAR
(2) CAG-REP1-S/MAR

(1) NAB5-REP1-S/IMAR
(2) VMD2-REP1-S/IMAR

Figure 19. In-fusion cloning of NA65-REP1-S/MAR vectors and VMD2-
REP1-S/MAR.

CAG and CMV-REP1-S/MAR were digested using Bcul to cut out the CMV
(591bp) or the CAG (1620bp) promoter and ran on a 0.8% agarose gel to
separate the two bands. PCR-amplified NA65 and VMD2 were cloned into
these backbones, and the resulting plasmids were digested with Econl as
a quality control.

Additionally, following the same process depicted in Figure 20, CHM CDS
was cloned in several S/MAR vectors backbones. The 17 resulting REP1-

S/MAR plasmids are listed in Table 10.
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CHM S/MAR plasmids

Promoter

cMv CAG hPGK EF1a CHMp NA65 | VMD2

INFb S/MAR Spliced 8,607 bp | 9,625bp | 8527 bp | 8661 bp 7850bp | 8716bp | 8578bp

ApoL/MAR Spliced | 7,449bp | 8,467 bp | 7369bp | 7503bp | 6692 bp
ApoL/MAR Core
Spliced 7175bp | 8,193bp | 7095bp | 7229bp | 6418 bp

INFb SIMAR Spliced | 7,369bp | 8,387 bp | 7289bp | 7423bp | 6612 bp

S/MAR sequence

ApoL/MAR Spliced | 6,211bp | 7,229bp | 6131bp | 6265bp | 5454 bp

ApoL/MAR Core

Spliced 5937bp | 6,955bp | 5857 bp | 5991 bp | 5180 bp

Table 10. REP1-S/MAR toolbox. 3 different S/IMAR sequences and 7
promoters have been used in this toolbox.
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3.3 Inserting the full-length human USH2A cDNA into
S/MAR vectors

The aim of these experiments was to successfully insert USH2A cDNA
(15,606bp) into S/IMAR vector backbones with ubiquitous promoters (CAG
and CMV). S/IMAR DNA plasmid vectors can accommodate the full USH2A
coding sequence and so, is a potential method for USH2A-related gene
augmentation therapy. However, the full-length USH2A cDNA sequence is
15,609 bp, which is challenging to amplify without any mutations and to
clone into a plasmid DNA vector. USH2A CDS was kindly provided by
Professor Luk Vandenberghe from a plasmid template (pUC57-CMV-
hUSH2A). The cloning process went through several optimizations due to
its very large size. Different approaches were considered. The first one
was to clone the full USH2A CDS in one cloning, similarly to what has
been performed for the REP1-S/MAR plasmids. However, performing an
efficient PCR of 16kb-long amplicon without mutation has been

challenging, most attempts failed (Figure 21).
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PCR USH2A CDS

1kb
DNA

ladder Gradient 60°C £10°C

Figure 20. Failed PCR amplification of full USH2A CDS.

PCR amplified fragments were ran on 0.7% agarose gel. A band at 15,6-
kb-long was expected, but no amplicons were produced. A gradient of
60°C +£10°C was applied for the PCR annealing temperature.
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The second approach was to insert the S/MAR backbone in the USH2A

CDS as described in Figure 22. The rationale was to change the

insert/backbone ratio as the USH2A CDS (15.6kb) was 2.5 larger than the

actual S/IMAR backbone (6.5kb).

®
S/MAR plasmid backbone

7 _Pro,
O
§ e
a SIMAR 2|
Promoter_coGFP_P2A o
PuromycinR | = o
b ©
o g SMAR_Eled0 A
S BmgBl
&
L

an

Xhol

%,

o Cutting out
Puromycin cassette

S

> EmET B e el

6.5kb-long S/MAR pilasmid backbone insert

4

©)
16kb-long USH2A CDS

\

e Inserting

—>

the plasmid backbone

using

In-fusion Cloning Kit

Final USH2A-S/MAR plasmid

S/MAR '
Promoter_coGFP_P2A
USH2A CDS
S/MAR_Ele40

T ad
[ ' *~ Plasmid

Backbone

Figure 21. Strategy 2 to clone a USH2A-S/MAR DNA vector.

Plasmid backbones containing a promoter, a chimeric intron, coGFP
coding sequence, P2A self-cleaving peptide, a puromycin cassette, a
S/MAR, a SV40 polyA signal, an insulator Ele40, considered as a 6.5kb-

long insert, and a 16kb-long USH2A CDS backbone.
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The third approach was to amplify the USH2A CDS by PCR using
Phusion™ High-Fidelity DNA Polymerase (Thermofisher scientific #F530S)
into five fragments of equal size (~3000 bp) using primers with overhangs
(Figure 23) allowing efficient in-fusion cloning recombination and
introducing enzymatic restriction sites into S/MAR vector backbones

previously digested with Xhol+BmgBI.

1
O 16kb-long USH2A CDS

1 1 1 1 1
PCR & PCR & PCR 1 PCR & PCR 1
H , , H H
v Y
Primer F1y Primer F2 ! Primer F3y Primer F4 y F4 Primer F5y F5

Primer R1 Prlmer R2 ! Primer R3 ! Primer R4 ! Primer R5

@
-/ 5 steps to clone the full 16kb-long USH2A CDS

Bacterial Prcmoter

Backbone . _— coGFP
Nt
Pri nmer r 3y rF1 Primer F2 ¢
I Primer R2 ;
‘ S/MAR

Primer R1

\_ ) Promoter_coGFP_P2A
A —L> —L* ------ > USH2A CDS
b ~ .‘.

S/IMAR
Promoter_coGFP_P2A
PuromycinR

S/MAR_Ele40 S/IMAR_Ele40

db USHéA CDS

Figure 22. Strategy 3 to clone a USH2A-S/MAR DNA vector

(1) PCR was performed to amplify each USH2A fragment. (2) USH2A
S/MAR vectors were generated in 5 five cloning steps by inserting a fifth of
the 16kb-long USH2A CDS in the S/IMAR backbone at each step.
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The first primers efficiently amplified the fragment 1, 2 and 3 but fragment
4 and 5 failed at first. New primers were ordered, and | manage to amplify

fragment 4 and 5 (Figure 24).

PCR USH2A CDS
PERUSHEACOS FRAG4 and 5 (new primers)

FRAG 1 FRAG 2 FRAG 3 FRAG 4 FRAG 5 FRAG 4
1

FRAG 5

Figure 23. PCR amplification of USH2A CDS fragments.

PCR amplified fragments were ran on 0.8% agarose gel. Amplicons at the
expected sizes were observed for Fragment 1, 2 and 3 but not for
Fragment 4 and 5.
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In-fusion cloning was optimized to a 2:1 vector/insert ratio. The cloning
was repeated five times to get the complete USH2A cDNA insert in the
vector backbone, as described in Figure 25. The two vectors generated
either had ubiquitous CAG (CAG-USH2A-S/MAR) or CMV (CMV-USH2A-
S/MAR) promoters. The vectors also contained the green fluorescent
protein (GFP) gene from the copepod species Pontellina plumata (also
known as copGFP). CAG-USH2A-S/MAR and CMV-USH2A-S/MAR were

22.2kb and 23.2kb in size, respectively, as described in Table 11.

Restriction enzyme

Backbone digestions digestions controls
of pSIMAR-USH2A

1kb Xhol + BmgBI 1kb SAPI

DNA ladder DNA ladder (1) (2)

(1 (2)

- (1) pS/MAR-CMV-USH2A
- 9338bp
- 5736bp
- 4246bp
- 2656bp
-190bp

- (2) pS/IMAR-CAG-USH2A
- 9169bp
-5747bp
- 4246bp
- 3679bp
- 210bp

pS/MAR backbones
- (1) 6982bp
- (2) 7605bp

Puromycin
cassette
(600bp)

pS/MAR-CMV-GFP backbone
pS/MAR-CAG-GFP backbone

Figure 24. Inserting the full-length human USH2A cDNA into pS/MAR
vectors.

S/MAR backbone digestion cut out the puromycin cassette and restriction
enzyme digestion controls of the pS/MAR-USH2A vectors using SAPI. (1)
pS/MAR-CMV-USH2A (2) pS/MAR-CAG-USH2A. 0.8% agarose gel
concentration.
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Once the cloning steps were performed, the vectors were digested with
SAPI restriction enzyme, and run on an agarose gel as a first quality

control, as shown in Figure 27 bands were expected (Figure 25):

- For pS/MAR-CMV-USH2A: 9339bp, 5736bp, 4246bp, 2656bp and
190bp-long bands.

- For pS/MAR-CAG-USH2A: 9169bp, 5747bp, 4246bp, 3679bp and
210bp-long bands

All the bands were observed at the correct size. However, further Sanger

sequencing revealed one single mutation located on the nucleotide 6987

C>A leading to a change from an alanine to a glutamic acid residue in

usherin. The mutation was corrected by cutting out the USH2A cDNA

fragment containing the mutation and replacing it with a corrected

fragment.

The Plasmidsaurus platform, which uses Oxford Nanopore long reads,
was used to sequence the full-length plasmid including the USHZ2A insert.
Every new maxi-prepped batch was sent for sequencing for quality control

before further experimental work.
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USH2A S/MAR plasmids

Promoter

(oA}

CAG

S/IMAR
sequence

INFb S/IMAR Spliced

22254bp

23272bp

Table 11. USH2A-S/MAR toolbox. 2 different promoters have been used

in this toolbox.
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cmv

The CMV viral promoter is extensively used in molecular biology to drive strong constitutive expression of
transgenes in a broad range of cells. However, CMV promoter is susceptible to silencing, and can vary
considerably among different cell types (Qin et al., 2010).

CAG

The CAG promoter is a strong hybrid mammalian promoter, containing the CMV early enhancer and
chicken B-actin promoter. It drives strong constitutive expression of transgenes in a broad range of cells.

UBIQUITOUS

hPGK

The hPGK promoter is a mammalian promoter originating from the PGK gene. It usually drives a milder
transgene expression.

EF1a

The human eukaryotic translation elongation factor 1 alpha (EF1a) promoter is constitutively active in a
broad range of cells. Using this promoter in an optimized version of the pEPI plasmid vector, Wang and
colleagues showed an increased in transfection efficiency, transgene expression, and the copy number of
the episomal vector in long-term culture in CHO cells (Wang et al. 2017).

hCHM

PROMOTER

The human endogenous promoter of the CHM gene has been identified as the region encompassing
nucleotides c.-119 to c.-76 by Radziwon and colleagues. Using the human endogenous promoter would
be a promising approach as it would drive an expression level similar to the endogenous one.

NA65

NA65 promoter is 0.8kb-long shortened version of the 1.6kb-long native RPE65 promoter, which drives
RPE-specific expression.

VMD2

CELL-SPECIFIC

The VMD2 promoter is a 0.6kb-long RPE-specific promoter cloned from human BEST1 gene (Alexander
and Hauswirth 2008).

hIRBP

The human interphotoreceptor retinoid-binding protein (hIRBP) promoter is a 1.3-kb promoter fragment of
the human /IRBP gene driving expression in both rod and cone photoreceptors (Beltran et al 2017).

hRK1

The human rhodopsin kinase (hRK1) promoter drives transgene expression exclusively in photoreceptors
(Khani et al 2007).

INFB SIMAR

The cloned 2kb-S/MAR fragment in this vector comes from the 5’ region of the human interferon B-gene
and used in the pEPI plasmid vector (Piechaczek et al., 1999).

ApoL
S/MAR

The cloned 0.8kb-S/MAR fragment in this vector comes from the core repetitive domain of the matrix-
attachment region of the ApoB gene. Dr. Matthias Bozza in Pr. Richard Harbottle team showed that ApoL
S/MAR when cloned in a plasmid vector could efficiently drive episomal maintenance and transgene
expression.

S/MAR SEQUENCE

ApolLC
S/MAR

ApoLC S/MAR is a spliced version of the ApoL S/MAR fragment previously described and developed by
Pr. Richard Harbottle’s team.

Ele40

Anti-repressor element 40 (ele40) is originally located on the human chromosome 22 upstream of the
IL17R gene. It is a known insulator element, and has been used by Richard Harbottle’s team in S/IMAR
vectors as boundaries between the bacterial backbone and the expression cassette.

P2A

The self-cleaving 2A peptide P2A originates from porcine tescovirus-1 and allows from one mRNA to
produce 2 separated proteins. For instance, in our case, there is one protein of interest produced for one
GFP produced.

OTHER SEQUENCES

GFP

The vectors contain the green fluorescent protein (GFP) CDS from the copepod species Pontellina plumata
(also known as copGFP).

Table 12. S/IMAR plasmid components used in this study.
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3.4 Discussion

Drawbacks raised by clinical trials for LCA and Choroideremia with viral
gene therapy, call attention to the design of vectors for retinal gene
therapy. Not only in terms of non-viral or viral carriers of the transgene, but
also in regard to the transgene itself. DNA design importance has probably

been overlooked in the gene therapy field.

DNA vector components are crucial for transgene expression level and
duration, but also its toxicity. Promoters, cis-regulatory elements, size of
the DNA vectors, bacterial backbones for plasmid-based strategies or
inverted terminal repeats (ITRs) for AAV strategies, must be chosen

carefully, as they are decisive.

Here in this chapter, valuable DNA S/MAR plasmids for Choroideremia
and USHZ2A-related retinopathies have been cloned and validated. For
Choroideremia, ubiquitous and RPE-specific promoters have been
inserted into the REP1-S/MAR. This toolbox will allow us to assess the
best promoters on different Choroideremia models, in terms of level and

duration of transgene, and functional rescue.

For USHZ2A-S/MAR, only two promoters have been inserted, as the
cloning process have been challenging. It is the first vector, in our
knowledge, containing the full USHA CDS for gene therapy. It is the first
time such a large gene has been successfully cloned for an ophthalmic

disease.
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Although the S/MAR plasmids can theoretically accommodate any gene
insert size, the larger the plasmid, the more toxic and inefficient the
transfection. That is why, strategies to limit plasmid sizes or mini-gene
approaches would be beneficent for large gene therapies such as USH2A
or ABCA4. Besides, the size of our USH2A-S/MAR plasmid (23kb) can
make it more fragile, and must be handle with care. Quality controls must
ensure the purity and the dominant peak size such as the ones provided
by Plasmidsaurus. Furthermore, mutations can arise from bacterial

transformation and would need frequent sequencing.

However, production of plasmid-based vectors (complexed with
nanoparticles or not) is cheaper, more efficient, and versatile compared to
AAV-based gene therapy. It would allow safer and more affordable gene

therapies.

Several S/IMAR vectors applications have been achieved by Richard
Harbottle’'s team in different areas (Bozza et al. 2020; Roig-Merino et al.

2022).

For example, Roig-merino and colleagues achieved stem cell
reprogramming using S/MAR reprogramming plasmids, instead of using
integrating vectors. They developed this non-viral, non-integrating and
autonomously replicating S/MAR based plasmids to persistently modify
stem cells and their differentiated progeny. Moreover, Bozza and
colleagues used similar S/IMAR vectors to manufacture recombinant T

cells. Using this technology, they quickly generated chimeric antigen
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receptor (CAR)-T cells at clinical scale. A clinical trial has been recently set

up for the latter example (Bozza et al. 2021).

More work is being done, especially regarding the development of
minicircles, which are plasmids devoid of bacterial backbones, or with a
minimally sized one. Not only it decreases plasmid size, but it also reduces
innate immune response due CpG islands contained in bacterial
backbones. Such minicircles were produced in collaboration with Richard
Harbottle’s lab and Nature Technology company for CMV-REP1-S/MAR an

CAG-REP1-S/MAR (Bozza et al. 2021).

More recently in the ophthalmic field, Sun and colleagues generated
stable PEG-ECO/pGRK1-ABCA4-S/MAR nanoparticles producing specific
and prolonged expression of ABCA4 in the photoreceptors of Abca4
mice and significantly inhibit accumulation of toxic A2E in the eye. The
11.6 kb-long plasmid showed very encouraging results supporting the

development of non-viral retinal gene therapies.

Overall, this work has allowed the production of a valuable DNA vector
toolbox for Choroideremia and USHZ2A-related retinopathies, which will be

further assessed in cell and animal models.
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Chapter 4. S/MAR vectors in cell models of

Choroideremia

4.1 Introduction and aims.

The generated and validated REP1-S/MAR vectors in the previous chapter
do not exceed 9.6kb. CHM cDNA is relatively short, 1.9kb in length and so
can be accommodated by AAV vectors. However, among several clinical
trials for CHM AAV therapy, a phase I/l trial (NCT02341807) did not report
differences in visual acuity between injected and un-injected eyes at 2
years post-surgery, and a phase Il multicentre study (NCT03496012)
failed to meet the primary endpoints and key secondary endpoints after 12
months post-treatment (Sarkar et Moosajee 2022). Furthermore,
intraocular inflammation was reported in two CHM patients (Dimopoulos
et al. 2015; Xue et MacLaren 2018), which has also been noted in AAV
studies for other IRD genes, including RPE65 and CNGB3 (Ye et al.
2016). More recently, Voretigene neparvovec has reported to cause RPE
atrophy with consequent photoreceptor loss in and outside of the bleb
area, raising concern for viral-based retinal gene therapy (Reichel et al.
2022). Therefore, non-viral strategies are needed to pave the way to new

therapeutic avenues.

In this study, 3 cell models have been used. First, we used HEK293 cells

as they are easy to grow and to transfect with a DNA vectors, in order to
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confirm that REP1-S/MAR plasmids were efficiently driving REP1

expression.

The second cell is primary HDF from Choroideremia patients. WT and
CHM patient dermal fibroblasts harbouring the homozygous c.126C>G,
p.(Y42*) were used. HDF are a relevant CHM cell model as WT HDF
express REP1 protein, while CHM patient-derived HDF do not. Moreover,
a prenylation defect in CHM patient derived HDF have been well
documented in the literature and levels of unprenylated Rabs can be used

as a functional assay.

Finally, we moved to human induced pluripotent stem cells reprogrammed
from CHM patient fibroblasts. These hIPSC were then differentiated into
RPE to recapitulate a retinal context and to assess the REP1-S/MAR

vectors in a more relevant model (Figure 26).
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CELL MODELS FOR REP1-S/MAR vectors

CHM patient-derived CHM patient-derived
HEK293 cells fibroblasts retinal pigmented epithelium

%

Figure 25. Graphical abstract of cell models used to assess CHM-

S/MAR plasmids.
HEK293 cells, CHM patient-derived fibroblasts and RPE have been
cultured. Transfected cells expressing a GFP reporter are depicted in

green.
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4.2 HEK293 cells transfection with REP1-S/MAR

After cloning and validating by Sanger sequencing a REP1-SMAR plasmid
toolbox with several promoters (CMV, CAG, EF1a, hPGK and CHMp),
HEK293 cells were transfected with vectors to determine whether they
drove REP1 protein overexpression. Cells were transfected with 1ug of
either vector complexed with Lipofectamine 2000. After 48 hours, GFP
fluorescence and REP1 protein expression was analysed. Transfected
HEK cells displayed varying levels of GFP fluorescence, (Figure 27) at 48h

and later 7 days post transfection.

V51 (8607kb) VS2 (9625kb)
CMV-coGF

Vs4 (8661kb)
EF12-wGFP-P24 REP1-INFLSMAR

VS5 (7850kb)
‘CHMp-coGFP-| INFLS/MA

CAG-coGFP-P24-REP1-INFLSMAR

Figure 26. REP1-S/MAR-generated expression of human REP1 in
HEK293 cells.

REP1-S/MAR toolbox with ubiquitous promoters (CMV, CAG, hPGK and
EF1a) and specific promoter (CHMp). GFP fluorescence 48-hours post-
transfection in HEK293 cells. (Scale bar = 50um)
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Additionally, protein lysates of transfected HEK cells were collected 48
hours after transfection. Western blots demonstrated an important
overexpression of REP1 for V1 (CMV-REP1-S/MAR), V2 (CAG-REP1-
S/MAR), V3 (hPGK-REP1-S/MAR) and V4 (EF1a-REP1-S/MAR)
compared to non-transfected cells. Interestingly, use of the endogenous
CHM promoter did not drive REP1 overexpression, although sparse GFP
positive cells were observed for V5 (CHMp-REP1-S/MAR). The V5 vector
would be an interesting vector to study in the future as it should drive a
REP1 level similar to the endogenous one. Among the 5 vectors tested,
the ones with CMV and CAG promoters showed the highest level of REP1
expression (Figure 28). Therefore, V1 (CMV) and V2 (CAG) vectors were

taken forward for further study.
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Figure 27. Western blot analysis of REP1 protein expression in
HEK293 cells. (A) Western Blot analysis. Non-transfected (NT) HEK293
cells, and V1 (CMV), V2 (CAG), V3 (hPGK), V4 (EF1a) and V5 (CHMp)
transfected HEK293 cells. (B) Y-axis of the graph is the mean pixel
intensity percentage of REP1/B-actin, normalized to actin protein
expression. (N=1)
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4.3 CHM HDF cells electroporation with REP1-S/MAR

To determine whether REP1-S/MAR plasmid vectors restored a persistent
REP1 expression in HDF, western blots were undertaken on WT,
CHMY42Xy and (CAG-REP1-S/MAR) V2 electroporated CHM-HDF. First,
CHMY42Xy  HDF electroporation were optimized. For 1 million
electroporated HDF cells, the use of 6ug of V2 showed the best results in
terms of efficacy and toxicity. To produce enough cell material, 10 million
CHMY42Xy HDF were electroporated and 800,000 GFP-positive cells were
FACS sorted 7 days post-electroporation (Figure 29). Western blot after
one passage at day 11 and two passages at day 35 showed persisting

expression of REP1 (N=3).

A 24 hours 48 hours 96 hours

B -

Total Cells = 11.8 million
FP Cells = 808 000 cells

GFP
-

Day 8 Day 10 Day 12

Figure 28. CAG-REP1-S/MAR electroporated in CHM patient
fibroblasts. (A) GFP fluorescence of CAG-REP1-S/MAR electroporated
CHM patient fibroblasts 24h, 48h and 96h after electroporation. (B) GFP
positive cells were selected using FACS. (C) GFP fluorescence of CAG-
REP1-S/MAR FACS sorted cells at day 8, 10 and 12 after electroporation.
(Scale bar = 50um)
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CHM HDF expressed significantly less REP1 than the WT, with 28.65% of
WT REP1 expression (SD = 8.64%), as expected. However, this
significant difference of expression was rescued in V2 electroporated HDF
with 116.60% of WT (SD = 27.28%) at Day 11 post-FACS and 66.87% of
WT (SD = 25.22%) at Day 35 post-FACS. However, a 50% decrease in
REP1 expression was observed between day 11 post-FACS and day 35
post-FACS (Figure 30). This could be explained by either the silencing of
the transgene or a toxicity driven by its expression. Vector silencing is a

major challenge that needs to be addressed for gene therapy.
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Figure 29. Western blot of CHM HDF transfected with CAG-REP1-
S/MAR.

Western blot analysis of REP1 protein expression in WT and CHM
fibroblasts, and V2 electroporated CHM patient fibroblasts. (ns=non-

significant) (* p<0.05) (N=3).
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4.4 Prenylation function in REP1-S/MAR electroporated
CHM HDF

REP1 plays an essential role in lipid modification of Rab proteins and
facilitates their intracellular membrane transport trafficking by binding to
the hydrophobic prenylation motifs at the C termini; when REP1 is absent,
a population of unprenylated Rabs (especially Rab27A) builds up in the
cells. By rescuing REP1 expression in CHM fibroblasts, we would expect
the level of unprenylated Rabs to decrease if exogeneous REP1 is
functional. Therefore, prenylation function was investigated by measuring
the pool of unprenylated Rabs in transfected and non-transfected cells
using an in vitro assay. Briefly, Rabs proteins were collected from the
protein lysates. Then, an in vitro prenylation reaction was performed by
adding an exogeneous REP1 protein, the GGTase-ll enzyme, and
Biotinylated Geranyl pyrophosphate. The unprenylated Rabs fraction was
then prenylated with a Biotin function, allowing western blots analysis and

measurement of the initial unprenylated Rabs fraction (Figure 31).
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Figure 30. Outline of prenylation assays process.
3 main steps : (1) extract lysates, (2) In vitro prenylation reaction and (3)
western blot to quantify unprenylated Rab proteins.
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At 7 days post-electroporation, it was found that transfected CHM
fibroblasts showed a 75% (SD=11.7) (p < 0.05) decrease in unprenylated
Rabs compared to non-transfected CHM cells (Figure 32). Unprenylated
Rabs were not detected in the wild-type fibroblasts, as expected. This
rescue means that the REP1 proteins produced by CAG-REP1-S/MAR is
functional, and can efficiently add a prenyl group to the unprenylated

Rabs.
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Figure 31. Prenylation assays in CHM patient fibroblasts.

Prenylation assays in WT and CHMY42X% patient fibroblasts, and V2
electroporated CHM patient fibroblasts. (A) Western blot analysis with
Rabs proteins (25kDa) and b-Actin (42kDa). Student t-test was performed
to compare the groups (* p<0.05) (n=3).
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4.5 Retinal pigmented epithelium (RPE) differentiated from
hIPSC

4.5.1 Optimization of RPE differentiation protocol

After HDF reprogramming into hIPSC, hiPSC-derived RPE cell model was
cultured and characterized. First, hIPSC were differentiated into RPE
following the protocol optimized by Reichman and colleagues (Reichman
et al. 2017). As described in Figure 33, this differentiation protocol is
divided into 2 steps. hIPSC are cultured to reach 90% confluency. mTESR
hIPSC maintenance medium is replaced by E6 medium devoid of FGF2
and TGFb. Withdrawal of these factors stops the pluripotency machinery
and encourages the spontaneous differentiation of hIPSC. This step is
defined as Day 0 (D0O). At D2, the medium is changed to a pro-neural
medium containing E6 supplemented with N2, until D28. At D28, the
medium was changed to a RPE maturation medium until the end of the
differentiation. At D42, pigmented RPE patches were mechanically
dissected and further culture in 24-well Geltrex-coated plates. RPE were
then passaged at D56 (P1) and around D70. However, this undirected
protocol was not very efficient, and needed extensive work with the
mechanical isolation of RPE patches. Therefore, Regent and colleagues
protocol was used (Regent et al. 2019). This protocol starts with a 3-step
protocol. hIPSC are cultured to reach 90% confluency. Briefly, a sequential
use of nicotinamide (D0-D7), activin A (D7-D14) and Chir99021 (D14-D42)
are improving RPE differentiation. Further passaging, without mechanical

isolation of RPE patches results in mature RPE.
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PROTOCOL A (REICHMAN ET AL. 2017)

Confluent hiPSCs
-arare e
i
Day 2 Day 28 Day 42 Day 56 Day 70 Day 84 Day X

PROTOCOL REGENT ET AL. 2019
Confluent hiPSCs
- @ FGF2
- @ TEFb
Passage 1 Passage 2

Day 90
Day7 Day14 Day21 Day 42 Day 63

! | | 4

STEP 3

Nicotinamide Activin A

4% KOSR

Brightfield microscope images - RPE differentiation -
IPSC-WT

Figure 32. RPE differentiation protocol.

Two different protocols were used for RPE differentiation (A) from
Reichman et al., 2017 and (B) from Regent et al., 2019.
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As shown in Figure 34A, the tight junction marker Zonula-Occludens 1
(ZO-1) reveals a nice regular cobblestone organization of the differentiated
WT RPE after one passage. In addition, it displays a clear baso-lateral
polarisation with the tight junctions localizing at the apical part of the cells,
as shown with the RPE orthogonal view (Figure 34C). Melanocyte
inducing transcription factor (MITF) (Figure 34 in green), a RPE marker,
was well expressed colocalizing with the DAPI (Figure 34 in blue) in the
cell nuclei. In conclusion, the differentiation protocol worked efficiently to

yield differentiated RPE, with a typical cobblestone morphology.

WT RPE D65 P1

MITF

Figure 33. WT RPE characterisation and morphology using Regent
and colleagues protocol.

WT RPE at day 65 of differentiation was stained against ZO-1 (Zonula-
Occludens 1) in red, Melanocyte inducing transcription factor in green
(MITF), and nuclei were counterstained with DAPI in blue. An orthogonal
view of the RPE was captured allowing a better understanding of the
baso-apical distribution of ZO-1 and the nuclei. (Scale bars: A= 50um;
B=10um C=20um).
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4.5.2 WT vs CHM RPE characterisation

Differentiation protocol from hIPSC to RPE was applied to WT and CHM
hIPSC. Both CHM and WT control, produced RPE patches with typical
cobblestone morphology at the brightfield microscope. However, it was
noted that CHM RPE displayed a less pigmented phenotype than the WT
control. It could be noticed comparing the dishes but also when
centrifuged in 15mL plastic tube (Figure 35). That difference can be clone-
specific or related to CHM phenotype. More work needs to be undertaken

to explore this anomaly.

WT2-A002 WT2-A019 CHM-A1 RPE
D77 P1 D77 P1 D77 P1

WT RPE CHM RPE

Figure 34. CHM and WT hiRPE morphology. WT and CHM RPE pellets
in 15mL falcons. WT seems more pigmented than CHM. Brightfield images
of typical RPE cobblestone morphology (Scale bar = 100um).
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Protein lysates of WT and CHM hIPSC and RPE were collected. Western
blots were performed and showed loss of REP1 protein in CHM hIPSC

and RPE, which confirms absence of REP1 in the patient cells (Figure 36).
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Figure 35. Western blot analysis of CHM and WT IPSC and RPE cells.
(A) Western Blot analysis. WT hiPSC, CHM hiPSC, WT RPE and CHM
RPE cells. (B) Y-axis of the graph is the mean pixel intensity percentage of
REP1/B-actin, normalized to WT REP1/b-Actin (N=1).
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Expressions of RPE specific markers in WT and CHM RPE (D63) were

analyzed by RT-gPCR and normalized to mRNA expression at day O.

Expression of OCT4, a pluripotency gene, was downregulated in WT and

CHM RPE differentiated cells, with a 4.1-fold and 1.2-fold decrease,

respectively. MITF, BEST1, RPE65 and CRABLP, which are genes

specifically expressed in mature RPE were upregulated in both conditions

WT and CHM RPE. Upregulation of these markers in both lines supports

the idea of an efficient differentiation of WT and CHM hIPSC in mature

RPE cells (N=2) (Figure 37).
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Figure 36. qPCR of WT and CHM RPE.
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It displays expression of MITF, BEST1, RPE65 and CRABLP, which are
genes specifically expressed in mature RPE.
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Additional, immunostaining of ZO-1 an MITF in WT and CHM RPE at day
90 of differentiation, showed similar morhology (Figure 38). Both display a

nice cobblestone morphology, and strong specific MITF signal.

WT2-A019
D90 P2

CHM-A1 RPE
D90 P2

Figure 37. CHM and WT RPE characterisation.
Day 90 WT and CHM RPE immunostaining showing MITF expression (in
green) and cobblestone morphology of RPE cells. (Scale bar 10um).
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4.6 Discussion

With an estimated prevalence of between 1 in 50,000-100,0000 people
(MacDonald et al. 2015), CHM is the most common inherited X-linked
chorioretinal dystrophy. Caused by mutations within the CHM gene
encoding the Rab-escorted protein 1 (REP1), it is characterized by the
degeneration of choriocapillaris, RPE and the PR layer. It is generally
accepted that pathogenic CHM mutations are loss-of-function mutations,
which makes it an ideal candidate for gene augmentation therapy.
Additionally, no known dominant-negative effects have been reported and
CHM cDNA is small enough (1.9kB) to fit into an AAV vector. Thus,
expression of even a small amount of healthy functional protein is
predicted to be therapeutic. However, recent reports from Phase Il clinical
trials failed to meet primary and secondary endpoints. Furthermore,
intraretinal inflammation was triggered by AAV2-REP1 subretinal
injections,and resulted in permanent damage to the retinal structure (Zhai
et al. 2023). These concerning results, cast doubt on AAV-REP1 as an
efficient gene therapy strategy for CHM patients. Therefore, the

development of non-viral gene augmentation therapy strategies is needed.

In this chapter we have assessed S/MAR plasmid vectors carrying the
human CHM coding sequence to produce functional human REP1
expression in CHM patient-derived resulting in a significant functional
rescue of Rabs prenylation. Such results are very promising for the
therapeutic potential of S/IMAR vectors as non-viral alternatives for CHM
retinal gene therapy.
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The REP1-S/MAR toolbox containing CAG, CMV, EF1a and hPGK drove
high expression of REP1 protein in HEK293. CAG and CMV promoters
drove the highest expression, and showed similar results in CHM HDF.
However, CMV-REP1-S/MAR, although driving a higher expression in the
first 2 days, was more prone to silencing, while CAG-REP1-S/MAR drove
more sustainable expression in CHM HDF. Additionally, CAG promoter is
the one used in retinal gene therapy for Choroideremia using AAV2
(NCT01461213). CAG promoter has been shown to drive long-lasting
transgene expression in RPE, with voretigene neparvovec for RPEG65-
mediated LCA. Therefore, work has been carried out using the CAG

promoter.

CAG-REP1-S/MAR electroporated CHM HDF displayed sustained
expression after 3 passages, 35 days post-electroporation. Nonetheless,
the expression was not stable and decreased between Day 11 and Day
35. Electroporated cells could be silenced or dying. Investigating apoptotic
levels among the electroporated cells would be valuable. High sustained

expression of an exogenous REP1 and GFP, could be toxic to the cell.

That is why, alternative promoters such as the endogeneous CHM
promoter are relevant to drive suitable REP1 expression a cell. Besides
CHM promoter is shorter than the CAG promoter, which would save

1.775kb in the plasmid vector.

At 7 days post-electroporation, it was found that transfected CHM

fibroblasts showed a 75% (SD=11.7) (p < 0.05) decrease in unprenylated
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Rabs compared to non-transfected CHM cells. This result shows an in
vitro “proof-of-concept” on CHM patient-derived cells using non-viral
REP1-S/MAR plasmids. However, this functional rescue resulted from
CHM HDF electroporation, which is not translatable to in vivo model. One
of the major challenge for retinal gene therapy, is the DNA vehicle by

which, the transgene will reach the nucleus of the targeted cell.

CHM HDF were successfully reprogrammed and differentiated into RPE
cells derived from patient hiPSC. This technology remarkably improved the
availability of human RPE tissue, to recapitulate the “disease-in-a-dish” but
also, to test innovative drugs and gene therapy (reviewed in Rohowetz et
al.,, 2023). Here, WT and CHM RPE was produced and partially
characterized by immunostaining, qRT-PCR and Western blot. No major
differences were noticed so far, but more work should be undertaken.
Interestingly, CHM RPE cells seem overall less pigmented than WT RPE
cells. It could be a clone-dependent feature, but could also be caused by
diseases. As a matter of fact, REP1 is involved in the prenylation of Rab
proteins and is essential for intracellular trafficking of vesicles. Many
targets can be disrupted by hindered intracellular trafficking of vesicles,

such as melanosomes found in the RPE (Sarkar et Moosajee 2022).
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Chapter 5. S/MAR vectors in cell models of
USH2A

5.1 Introduction and aims.

The generated and validated USH2A-S/MAR vectors in chapter 3, are very
large, approaching 23kb. To our knowledge, these USHZ2A-S/MAR
plasmids are the first DNA vectors containing the full human USH2A
coding sequence. In this chapter, we aim to assess if these vectors can
drive USHZ2A expression and produce functional usherin protein. To do so,
three cell models have been used (i) HEK293 cells, (ii) patient dermal
fibroblasts, and (iii) human USH2A-iPSC and retinal organoids. HEK293
cells were primarily used as they are easy to grow and transfect with DNA
vectors. HEK293 cells are derived from human embryonic kidney cells.
This cell line displays a reliable growth and performs a high transfection
efficiency. In addition, they contain efficient protein production machinery,

more likely to handle the large usherin protein.

Primary HDFs were obtained from a patient with Usher syndrome type 2A.
It is a more relevant disease model, as it originates from an USH2A
patient. Targeted USHZ2A sequence analysis of the patient cells confirmed
compound heterozygosity for the c¢.2299del p.(Glu767Serfs*21) and

c.3187_3188del p.(GIn1063Serfs*15) variants. However, primary human
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dermal fibroblasts are difficult-to-transfect cells, and less resilient than

HEK293 cells.

Human induced pluripotent stem cells (hIPSC) were reprogrammed from
the USHZ2A patient fibroblasts. These hIPSC were then differentiated into
retinal organoids to recapitulate a retinal context and to assess the

USH2A-S/MAR vectors for potential future clinical translation (Figure 39).

CELL MODELS FOR USH2A-S/MAR vectors

USH2A patient-derived USH2A patient-derived
fibroblasts retinal organoids

HEK293 cells

Figure 39. Graphical abstract of cell models used to assess USH2A-
S/MAR plasmids.
HEK293 cells, USH2A patient derived fibroblasts and retinal organoids
have been cultured. Transfected cells expressing a GFP reporter are
depicted in green.
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5.2 Optimization of HEK293 cells transfection with USH2A-
S/MAR

5.2.1 Using Jet-Optimus Reagent

The USH2A-S/MAR vectors designed in this study are very large vectors
exceeding 20kb. To allow the uptake of large DNA vectors, transfection
optimizations were conducted. Chemical transfection was first performed
using JetOptimus reagent, which is a commercially available branched
PEl-based chemical reagent for highly efficient transfection in hard-to-
transfect cells. 100,000 HEK293 cells were seeded on 12-well plate and
transfected 24h later with the conditions described in Table 13. GFP
expression was monitored by fluorescent microscopy 48 hours post-
transfection to assess its efficacy. Three DNA plasmid quantities (500ng,

1000ng and 1500ng) were tested. Additionally, 2 different DNA/Jet-

Optimus reagent ratios of 1:1 to 1:1.5 were tested.

DNA/jetOPTIMUS® ratios
1:1 1:1.5
DNA quantities
500ng | 1000ng | 1500ng | 500ng 1000ng | 1500ng
CMV-USH2A-S/IMAR ) - - + +++ ++
CAG-USH2A-S/MAR ) } - + ++ ++

Table 13. HEK293 cell transfection optimization with JetOPTIMUS reagent
coupled with USH2A-S/MAR plasmids.
2 DNA/jetOPTIMUS® ratios, 3 DNA quantities and 2 different promoters were

assessed.
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Only the ratio 1:1.5 resulted in GFP expression. All conditions were
performed for both CMV-USH2A-S/MAR and CAG-USHZ2A-S/MAR. For
both CMV-USH2A-S/MAR and CAG-USH2A-S/MAR, 500ng and 1500ng
showed similar GFP expression but the higher dose was leading to
significant cell death. The most efficient condition was 1000ng of CMV-
USH2A-S/MAR with a DNA/Jet-Optimus ratios of 1:1.5. However, a lot of
cell death occurred 48h-post transfection. The combination of a very large
plasmid and a branched PEIl-based chemical reagents resulted in

significant cell toxicity (Figure 40).
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500ng 1000ng 1500ng

HEK-293
pS/MAR-CMV-USH2A

HEK-293
pS/MAR-CAG-USH2A

Figure 40. HEK293 cell transfection optimization with Jet-Optimus
reagent coupled with USH2A-S/MAR plasmids.

3 DNA quantities and 2 different promoters were assessed. (Scale =
100um).

5.2.2 Using Neon electroporation system

Next 100,000 HEK293 cells were collected, electroporated and seeded on
12-well plate with the conditions described in Table X. GFP expression
was monitored by fluorescent microscopy 48 hours later to assess

electroporation efficiency. Three DNA plasmid quantities (500ng, 1000ng
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and 1500ng) were tested. Additionally, 2 different NEON electroporation

programs were tested: 1450V - 10ms -1 pulse and 1450V - 20ms - 2

pulses. All conditions were performed for both CMV-USH2A-S/MAR and

CAG-USH2A-S/MAR. The most efficient condition was 1000ng of CMV-

USH2A-S/MAR using the 1400V - 20ms - 2 pulses program. Significant

cell death occurred, but after 1 week, GFP-positive cells recovered and

expanded (Table 14).

NEON ELECTROPORATION PROGRAM

1450V-10ms-1 pulse

1400V-20ms-2 pulses

DNA quantities
500ng | 1000ng | 1500ng | 500ng 1000ng | 1500ng
CMV-USHZ2A-S/MAR + ++ + + +++ ++
CAG-USH2A-S/IMAR + ++ + + ++ ++

Table 14. HEK293 cell electroporation optimization with USH2A-
S/MAR plasmids using Neon electroporation system.
2 neon electroporation programs, 3 DNA quantities and 2 different

promoters were assessed. (+ = level of GFP signal).
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500ng 1000ng 1500ng

HEK-293
pS/MAR-CMV-USH2A

HEK-293
pS/MAR-CAG-USH2A

Figure 381. HEK293 cell transfection optimization with NEON
electroporation system with USH2A-S/MAR plasmids.

3 DNA quantities and 2 different promoters were assessed. (Scale =
100um).
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Interestingly, HEK293 expressing USH2A-S/MAR plasmids displayed an
altered morphology with long and thin neurite-like processes. As showed
in Figure 47, some GFP-positive cells grew 2 to 3 neurite-like processes of
50-70um each. Such phenotype was not observed in HEK293 expressing
GFP only or REP1-S/MAR plasmids (Figure 41). These morphologic
changes could be caused by the stress induced by such a big transgene
transfection or could be driven by exogenous usherin overexpression.
Similar morphological changes in HEK cells, have been reported by Koch
and colleagues when transfecting HEK cells with a 7kb-long NRSE
dsRNA-expressing vectors. They observed an altered morphology leading
to the formation of comparable thin processes and induced the expression
of neurofilament-68. Also, they found that it was enhancing neurite
outgrowth in primary retinal ganglion cells, and it was caused by the
sequestration REST1 (Koch et al. 2011). Therefore, some mechanisms
can trigger neurite outgrowth in HEK cells. More work should be done to
investigate this effect by measuring the length of neurite-like processes
compared to a GFP plasmid control. It could provide more insights into the
role of usherin function in cells, and therefore a better understanding of

Usher syndrome type 2A pathomechanism.
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HEK-293
pS/MAR-CMV-USH2A

Figure 42. USH2A-S/MAR transfected HEK293 cells display neurite-
like processes.

HEK293 were transfected with CMV-USH2A-S/MAR. They displayed
neurite-like processes after 7-days post electroporation. White arrows
show examples of neurite-like processes. (Scale bar 50um).
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5.3 USH2A-S/MAR electroporated HEK293 cells

overexpress usherin

HEK293 cells were then electroporated with the most efficient condition
using the 1450V - 20ms - 2 pulses NEON program. However, to produce
enough cell material, the electroporation was scaled up. 1,000,000
HEK293 cells were electroporated with 10ug of CMV-USH2A-S/MAR or
CAG-USH2A-S/MAR in a cultured in 6-well plate. Once electroporated,
GFP expression was monitored by fluorescent microscopy 96-, 110- and
240-hours post-transfection. GFP-positive cells attached to the well, 24
hours post-electroporation. As shown in Figure 42, after 240 hours, cells
reached 90% confluency, with dense islands of GFP-positive cells. Two

wells of a 6 well-plate was then collected for Western blot.

145



96 hours 110 hours 240 hours

HEK-293
pS/MAR-CMV-USH2A

HEK-293
pS/MAR-CAG-USH2A

Figure 43. Transfection HEK293 cells with pS/IMAR-CAG-USH2A or
pS/MAR-CMV-USH2A vector.

Fluorescent microscope images showing GFP expression in HEK293 cells
electroporated with pS/MAR-CAG-USH2A vector or pS/MAR-CMV-USH2A
vector, at 96- 110- and 240- hours post-electroporation.
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Western blot of a 570-kda protein such as the usherin, is challenging and
has required a lot of optimisation. Gel electrophoresis was performed
using NUPAGE Tris-Acetate SDS Running Buffer gel, which provides a
better separation of large molecular weight. 40ug proteins was loaded on
each well. Wet transfer was used instead of semi-dry transfer, for 16 hours
at 25 V and 4°C. The quality of protein transfer was assessed with a Red

ponceau staining. In addition, different lysis buffers were tested:

- Lysis buffer 1. RIPA cell lysis buffer supplemented with 1X Protease
and Phosphatase Inhibitor Cocktail
- Lysis buffer 2. 50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5% Triton
X-100, 5 mM EDTA, 1 X Protease inhibitor, 1 mM DTT, 5% CHAPS
(Yu et al., 2020)
- Lysis buffer 3. 50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5% Triton
X-100, 5 mM EDTA, 1 X Protease inhibitor, 1 mM DTT, 1% NP-40
(Yu et al., 2020)
- Lysis buffer 4. 50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5% Triton
X-100, 5 mM EDTA, 1 X Protease inhibitor, 1 mM DTT, 1% Triton
X-10 (Yu et al., 2020)
All the lysis buffers displayed comparable efficiency, therefore the Lysis
buffer 1 was chosen. Finally, 4 different antibodies (from collaborators and
commercially available) directed against the usherin were assessed (Table

15)..
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Lowest

Antibody Providers dilution used Results
Anti-Usherin Origene 1/100 Non-specific
Anti-Usherin Wolfrum Lab 1/100 Non-specific
Anti-Usherin Van Wijk Lab 1/100 Non-specific
Anti-Usherin Amraoui Lab 1/100 Worked

Table 15. List of Usherin antibodies tested for stainings and Western

Blot analysis.
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Western blot of HEK-293 cells electroporated with CMV-USH2A-S/MAR
and CAG-USH2A-S/MAR detected expression of GFP, with an expected
band at 25 kDa, such as the GFP-positive control band. Similarly, usherin
isoform b (570kDa) was observed at the right size (See Figure 49).
Usherin expression was also detected in the non-transfected HEK-293
cells at lower levels, which was unexpected. CMV-USH2A-S/MAR
transfected HEK cells showed a significant increase of 47.0 % (SD =
3.8%), while CAG-USH2A-S/MAR transfected HEK cells displayed a non-
significant increase (p=0.18) of 31.9% (SD = 29.4%). To confirm these
results, we used two different positive controls reported to express the
usherin. CORL24, a small lung cancer cell line and NCI-H2106, a large
cell lung carcinoma

(https://depmap.org/portal/gene/USH2A?tab=characterization&characteriz

ation=expression). As shown on the blot membrane, both are expressing

usherin isoform b (Figure 44).
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Figure 394. Western blot of transfected HEK293 cells with pS/MAR-
CAG-USH2A or pS/IMAR-CMV-USH2A vector.

(A) Western blot analysis of non-transfected WT HEK cells, pS/MAR-CMV-
USH2A, pS/MAR-CAG-USH2A transfected HEK293 cells, COR-L24 and
NCI-H2106 two cancer cell lines reported to express usherin used as
positive controls. (B) Full membrane for usherin western blot, localizing
above th 460kDa marker of the HiMark Prestained Protein Standard (C)
Usherin/vinculin ratio normalized to non-transfected cells graph (** p<0.01)
(n=3).
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5.4 USH2A-S/MAR vectors drive usherin expression in

transfected human dermal fibroblasts (HDF)

5.4.1 Electroporation in HDF

Primary HDFs from patient with Usher type 2A were electroporated with
10ug of CAG-USH2A-S/MAR, using the NEON program 1650V - 10ms - 3
pulses. Significant cell death occurred at 24-hour post-electroporation as
showed in Figure 50, but some cells recovered 5 days later. CAG-USH2A-
S/MAR was used as this was found to generate more persistent GFP
expression, after 5 days. GFP expression was monitored using a
fluorescent microscope. GFP positive HDFs were collected 120-hour
post-electroporation. As protein lysates did not yield enough protein for
usherin western blot, qRT-PCR of USH2A was performed. It confirmed
significantly higher levels of USH2A expression in transfected HDF
compared to non-transfected cells, with a 13.5-fold increase in expression

(SD=1.196; p=0.0039) (Figure 45).
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24 hours 48 hours 120 hours

USH2A HDF
CAG-USH2A-SIMAR

Fold change expression
Normalized to WT HDF

NON CAG-USH2A
TRANSFECTED S/MAR

Figure 45. Transfection of USH2A HDF cells with CAG-USH2A-S/MAR.

Fluorescent microscope images showing GFP expression in USH2A
patient-derived human dermal fibroblasts electroporated with CAG-
USH2A-S/MAR vector. Fold change gene expression of USH2A in non-
transfected wild-type and USH2A patient fibroblasts, and CAG-USH2A-
S/MAR transfected USH2A fibroblasts. (n=3) (** p<0.01)
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5.4.2 Immunostaining of usherin in dermal fibroblasts transfected
with USH2A-S/MAR

Given that HDF cells are a valuable cell model for USHZ2A-related
disorders, usherin protein expression was investigated in HDF cells and
USH2A-S/MAR transfected HDF. Previous studies reported USHZ2A
expression at RNA and protein level in fibroblasts by western blot and
immunostaining (Samanta et al. 2019; Radulfus WN Slijkerman et al.
2016b). Additionally, Pendse and colleagues showed localisation of
usherin at the primary cilium base of OC-k1 cell line (Pendse et al. 2019)
while Samanta and colleagues observed the protein all over the cell
membrane. Therefore, we sought to investigate the localisation of the
usherin near the primary cilia of fibroblasts (Figure 46). However, no
convincing specific signal was observed for the usherin using the
antibodies kindly provided by Pr. Uwe Wolfrum’'s team or Pr. Aziz
Amraoui’s team (Figure 46). Also, we stained USH2A-S/MAR transfected
fibroblasts. Despite GFP expression, still no specific signal was observed

for the usherin (Figure 46).
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WT HDF
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Non-transfected

USH2A HDF

B ..h

Figure 46. Usherin expression in non-transfected WT and USH2A
human dermal fibroblasts.

WT and USH2A HDF were immunostained with an anti-usherin antibody
from Wolfrum’s team (in green). Cilia were stained using an acetylated

tubulin antibody (in red) and dapi nuclei stain (blue) was used. (Scale bars
=10 ym).
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(2)

(3)

Figure 47. Unsuccessful immunostaining of overexpressed usherin
in dermal fibroblasts transfected with CAG_USH2A-S/MAR.

USH2A patient-derived dermal fibroblasts, transfected with CAG-USH2A-
S/MAR, were immunostained with anti-usherin (red). GFP (green) was
also detected and dapi nuclei stain (blue) was used. (Scale bars = 10 uym).

CAG-USH2A-S/MAR transfected USH2A HDF
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An antigen retrieval step was then added to the immunostaining protocol.
The fixed cells were boiled in hot citrate buffer allowing the breakage of
PFA cross links during the fixation step. Following this new protocol,
immunostaining of WT and USH2A HDF was performed to detect usherin
expression (Figure 48). In HDF transfected with CAG-USH2A-S/MAR, a
specific and novel expression pattern of usherin could be observed
compared to background levels of the protein or non-specific staining
observed in the control fibroblasts. GFP-positive cells displayed an usherin
signal localising to the cell borders, resembling the site of focal adhesions
(Figure 48). Focal adhesions are clustered-integrin receptors interacting
with the extracellular matrix. They play a role in adhesion, migration and
mechano-sensing (Burridge, Chrzanowska-Wodnicka, et Zhong 1997).
Similarly, a recent study showed expression of ADGRV1, a protein part of
the Usher 2 complex, at the focal adhesions of several cell lines such as
hTERT-RPE1, mouse embryonic fibroblasts, and mouse astrocytes,
showing a similar pattern to the usherin overexpression (Kusuluri et al.

2021).
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Non-transfected
WT HDF

Non-transfected
USH2A HDF

Figure 48. Optimized immunostaining of overexpressed usherin in
dermal fibroblasts transfected with CAG-USH2A-S/MAR.

pS/MAR-CAG-USH2A
USH2A HDF

USH2A patient-derived dermal fibroblasts, non-transfected or transfected
with pS/MAR-CAG-USH2A, were immunostained with anti-usherin (red).
GFP (green) was also detected and DAPI nuclei stain (blue) was used.
(Scale bars = 10 pm).

In line with this finding, focal adhesion and usherin localization were
investigated, however, staining of F-actin (Figure 49) and Vinculin (not
shown) failed and need to be repeated. Similarly, immunostaining of

ADGRV1 and Whirlin, two usherin partners were performed but were

unsuccessful within the timeframe of this study (not shown). Hence, further
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work should be undertaken to study usherin partner and focal adhesion

proteins in USH2A-S/MAR transfected HDF.

(1)

(2)

(3)

CAG-USH2A-S/MAR HDF

(4)

Figure 49. Investigation of focal adhesions in in dermal fibroblasts
transfected with USH2A-S/MAR.

USH2A patient-derived dermal fibroblasts, non-transfected or transfected
with pS/MAR-CAG-USH2A, were immunostained with phalloidin targeting
F-actin (magenta) and anti-usherin (red). GFP (green) was also detected
and dapi nuclei stain (blue) was used. (Scale bars = 10 pym).

5.5 USH2A HDF display a cilium defect.

Several recent studies suggested that Usher Syndrome is a ciliopathy
(May-Simera, Nagel-Wolfrum, and Wolfrum 2017). Recent evidence
showed a significant decrease of 29% in the number of ciliated cells in

USH2A patient-derived fibroblasts compared to a healthy control
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(Samanta et al. 2019). Similarly, Pendse and colleagues showed that
ablation of Ush2a affects the ciliogenesis in OC-k1 cell line, with a
significant reduced cilia length. Using a similar protocol, WT and USH2A
HDF were serum-starved for 72 hours to initiate ciliogenesis of primary
cilia. Cilia were double stained against Arl13b and Acetylated tubulin,
colocalizing to the primary cilium (Figure 50). Three independent
experiments were performed. No significant differences were found when
comparing percentage of ciliated cells for WT (69%) and USH2A HDF
(64%). However, USH2A-derived fibroblasts displayed significantly
(p<0.001) shortened cilia (4.1um) compared to the control (6.2um); this
2.1 ym decrease in cilia length represents a 33% reduction compared to of
WT cells. Cilium length differences in this cell model could be used as a
reliable endpoint to assess the functional rescue efficacy driven by
USH2A-S/MAR vectors or other potential treatments. This finding has only
been determined in one USH2A patient cell line with ¢.2299del
p.(Glu767Serfs*21) and ¢.3187_3188del p.(GIn1063Serfs*15) variants.
This phenotype could be specific to these variants, hence investigating
cilia length in another patient line with different USH2A mutations would be

desirable.
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Figure 50. Ciliation assay in USH2A HDF.

Cilia were double stained against ARL13B (in green) and acetylated
tubulin (in red). Three independent experiments were performed, the
ciliated cell percentage were counted, and cilia length measured. ns=non-
significant ***=p<0.001. Scale bars: 50um (A and B) ; 5uym (A’ and B’).
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Following these results, cilia length rescue was going to be assessed in
transfected cells expressing the CAG-USH2A-S/MAR. However, the
combination of CAG-USH2A-S/MAR electroporation and 72-hour long
serum-starved medium lead to dramatic cell death and disrupted cilia
formation. Further time is required to optimise this protocol in order to use

cilia as an endpoint in transfected HDF (see Figure 51).

CAG-USH2A-S/MAR HDF

Figure 51. Ciliation assay in electroporated USH2A HDF with CAG-
USH2A-S/MAR.

Cilia were double stained against ARL13B (in n) and acetylated tubulin (in
red). Three independent experiments were performed, the ciliated cell
percentage were counted, and cilia length measured. Arrows showing
dying cells. ns=non-significant ***=p<0.001. Scale bars: 50um (A and B) ;
5um (A’ and B’).
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5.6 Human IPSC reprogramming

5.6.1 Reprogramming

Human Dermal Fibroblasts (HDFs) from the USH2A patient with ¢.2299del
p.(Glu767Serfs*21) and c¢.3187_3188del p.(GIn1063Serfs*15) variants,
were reprogrammed using integration-free  episomal vectors.
Reprogramming protocol was based on a previously described protocol
with minor modifications (Okita et al. 2011; N. Schwarz et al. 2015). Using
this reprogramming protocol, more than 40 clones were mechanically
isolated and the 5 best ones were expanded (See Figure 52). hIPSC
colonies should display a highly compact morphology with well-defined
edges. Cell morphology resembles that of ESCs with a high
nuclei/cytoplasm area ratio. The three clones displaying the best
morphology and growing rate were selected for future experiments: clone

USH2A-A4b, USH2A-A6b and USH2A-C2.

Day 25 Passage 3

Day 5

Figure 402. Reprogramming of USH2A patient derived human dermal
fibroblasts.

Several hIPSCs colonies emerged from the cell layer, the three clones
with the best morphology were selected for future characterisation and
experiments (A4b, A6b and C2).
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5.6.2 hIPSC Characterisation

As shown in Figure 53A, hIPSC colonies were compact, flat and with a
large nuclei/cytoplasmic ratio. An alkaline phosphatase staining was
performed to evaluate undifferentiated state of the cells. Colonies were
positive (Figure 53A), displaying an intense purple staining. Additionally,
colonies were expressing pluripotency markers: OCT4 (red in Figure 53A),
and SSEAS3 (green in Figure 53A). Upregulation of pluripotency genes in
hIPSC such as OCT4, SOX2, L-MYC and LIN28 compared to HDF
controls was observed by gRT-PCR (Figure 53B). Embryoid body
formation was used to investigate hIPSC ability to give rise to the 3 germ
layers. Immunostainings of random undirected hIPSC differentiation
showed presence of ectoderm marker PAX6, mesoderm marker Vimentin
(VIM) and endoderm marker AFP (Figure 53C). Low-pass whole genome
sequencing analysis of iPSCs displayed a normal female 46,XX karyotype
(see Figure 53D). This USH2A hIPSC line can act as a tool for disease
modelling of USH2A-related retinopathy through differentiation into retinal

organoids or other potential cell types of interest.
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A Morphology and Pluripotency markers
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Figure 53. USH2A hiPSC characterisation.

(A) Brightfield image of an USHZ2A hiPSC colony. hiPSC colony positive to
the alkaline phosphatase staining (purple). Immunostaining of hiPSC for
pluripotency markers such as OCT4 (Red) and SSEA3 (green). (B) RT-
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gPCR of pluripotency markers in hiPSC gene expression of pluripotency
markers compared to HDF : OCT4, SOX2, L-MYC and LIN28 (C)
Embryoid bodies (EB) formation to differentiate into the three germ layer :
ectoderm marker PAX6, mesoderm marker Vimentin (VIM) and endoderm
marker AFP. (D) Low pass whole genome sequencing revealed normal
chromosomal structure for USH2A hiPSC line (scale bar = 50pum).

5.6.3 Cilia in hIPSC

Similarly, to HDF, ciliogenesis function was investigated in USH2A hiPSC
vs WT hiPSC. However, no serum-starvation process was performed as
hIPSC need mTeSR supplement to survive and maintain their pluripotency
state. Cilia were stained against ARL13B, localizing to the primary cilium
(Figure 54). Two independent experiments were performed. Cilia were too
short to be reliably measured. As shown in Figure 54, 61% of WT hIPSC
were ciliated, compared to 25.3% for USH2A hiPSC (N=2). Further work
needs to be undertaken to check if this 35.6% decrease in ciliogenesis is

reproducible.
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Figure 414. Ciliation assay in WT and USH2A hiPSC. Cilia were double
stained against ARL13B (in green) and acetylated tubulin (in red). (n=1)
(scale bar = 50um)
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Cilia were stained against ARL13B (in red) and nuclei counterstained with
DAPI (in blue). Only two independent experiments were performed, the
ciliated cell percentage were counted.
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5.7 Retinal organoids model

5.7.1 Optimization of differentiation protocol

After cell line pluripotency validation, hiPSC-derived retinal organoids
models were cultured and characterized. First, hIPSC were differentiated
into retinal organoids following the protocol optimized by Gonzalez-
Cordero and colleagues (Gonzalez-Cordero et al. 2017). As described in
Figure 60, the differentiation protocol A is divided into 2 main steps. The
first step is in 2-dimensions (2D), while the second step is in 3-dimensions
(3D). hIPSC are cultured to reach 90% confluency. mTESR hIPSC
maintenance medium is replaced by E6 medium devoid of FGF2 and
TGFb. Withdrawal of these factors stops the pluripotency machinery and
encourages the spontaneous differentiation of hIPSC. This step is defined
as DO. At D2, the medium is changed to a pro-neural medium containing
E6 supplemented with N2. After 3 weeks, neuroepithelial structures arises
from the 2D layer. At D28, these structures are mechanically isolated and
further cultured in 3D. From D28 to D35, isolated 3D retinal structures are
further cultured in Advanced DMEM-F12 / B27 supplement / MEM NEAA/
Glutamax 2mM / 0.1% Penicillin/Streptomycin / FGF2 5uM. Then, from
D35 to D70, this medium was supplemented with 10%FBS / Taurine
100uM. From D70 to D84, 1uM retinoic acid was added for photoreceptor
maturation. From D84 to D250, retinoic acid was decreased to 0.5uM and

N2 supplement was added.
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However, USH2A hIPSC clones were not producing retinal organoids
using the first protocol. In parallel, the use of Regent et al. 2019 protocol
described in the previous chapter for RPE differentiation produced similar
neuroepithelial structures as the one expected with protocol A. Therefore,
a new optimized protocol was used, and resulted in more efficient retinal
organoids production for USH2A hIPSC clones. The first 2D step was
changed. From DO to D2, hIPSC were cultured in DMEM high glucose
supplemented with 20% KOSR, 10mM Nicotinamide, and 0.1% P/S. From
D2 to D28, N2 supplemented was added. KOSR was decreased to 15%
KOSR concentration (D5-D9) and 10% KOSR (D9-D28). Nicotinamide was

withdrawn at D7. The 3D step of protocol B is similar to protocol A.
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Figure 425. Retinal organoids differentiation protocol.

2 different protocols were used for retinal organoids differentiation (A) and
(B). Brightfield images of hIPSC, retinal neuro-epithelial structures, 3D
early retinal organoids, late retinal organoids (Scale bars = 100um).
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5.7.2 Cilia in day-35 retinal organoids

WT and USH2A retinal organoids were cultured until Day 35 of maturation.
Similarly to HDF and hIPSC, ciliogenesis and cilia length was measured.
At Day 35, cryosections of retinal organoids were stained against VSX2, a
retina-specific transcription factor to identify photoreceptor progenitor cells.
A VSX2-positive cell layer was well-defined to the retinal organoid border.
ARL13B was also stained to investigate cilia length. Interestingly, ARL13B
staining showed that VSX2-positive cell cilia at the outer part of the retinal
organoid, were polarized radially (Figure 56). These cilia may develop to

form nascent photoreceptor outer segments.

WT2-A035 DAY 35
Optic cup

USH2A-A4b DAY 35
Optic cup

Figure 56. USH2A retinal organoids at Day 35.

WT (A,B,C and D) and USH2A (A',B’,C’ and D’) retinal organoids at Day 35
stained VSX2 (green) and ARL13B (red). Cilia length of VSX2-positive
cells in USH2A organoids seemed to be shorter, however higher resolution
was required for precise measurement.
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As shown in Figure 57, the cilia density at the retinal organoid outer part
was preventing a reliable cilia length measurement. Therefore, higher
magnification confocal pictures were acquired using Airyscan module on
the Zeiss LSM 710S confocal microscope. Z-stacks were projected on the
same plan using a temporal-color code (Fire), allowing a better
differentiation of each cilium. Day-35 old WT organoids displayed an
average length of 1.59um compared to an average length of 0.95um for
Day-35 old USH2A organoids. This significant decrease of 0.64um (N=3,
p<0.001) accounts for 39% of WT cilium length. Similarly, to 5.4.1, this
finding has been performed with one USH2A patient cells with ¢.2299del
p.(Glu767Serfs*21) and c¢.3187_3188del p.(GIn1063Serfs*15) variants.

So, the phenotype could be specific to these variants.

WT2-035 DAY 35
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i
¥

WT USH2A
Optic cups at D35

USH2A-A4B DAY 35
Optic Cup

Figure 57. Higher resolution of USH2A retinal organoids at Day 35
displayed cilia formation defects.

WT (A) and USH2A (A)) retinal organoids at Day 35 stained VSX2 (green)
and ARL13B (red). WT (B,C) and USH2A (B’,C’) Z-stack projection of
ARL13B. Measurement of cilia length of VSX2-positive cells in WT and
USH2A retinal organoids (D) (n<3, mean + SEM). ****p<0.001.
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5.7.3 Retinal organoids at week 11

USH2A retinal organoids were then further cultured to later timepoints of
differentiation. However, an important amount of retinal organoids has lost
its laminated organisation, forming rosette-like structures. Eleven-week-old
retinal organoids were stained against Cone-Rod Homeobox (CRX) and
Recoverin (RCVN), which are expressed later in the developmental timing
of the retina. Both were well expressed as shown in Figure 58. However,
CRX and RCVN were expressed in rosette structures. RCVN-positive cells
being expressed at the internal part of the rosettes while CRX-positive
nuclei were localized at its external border, and at the retinal organoid
edges. These immunostainings confirmed the retinal nature of these

organoids, expressing retinal-specific markers such CRX, OTX2 or RCVN.
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Figure 58. Rosette formation in 11-week-old USH2A retinal organoids.

USH2A retinal organoids at Week 11 stained against CRX (Cone-Rod
Homeobox) in green and recoverin (RCVN) in red. Some of the retinal
organoids in culture lost their lamination and formed rosette-like
structures. Scale bar: 50pum.

11-week old USH2A retinal organoids
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More immunostainings were performed on other retinal organoids, some
of them displayed a preserved laminated structure, as shown in Figure 64.
These 11-week-old retinal organoids were stained for similar markers:
CRX, OTX2 and RVCN. These data are preliminary, and more work should
be undertaken, to study mature retinal organoids compared to WT,
especially to investigate usherin expression, localisation and known

partners, which has never been reported in the literature so far.
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11-week old USH2A retinal organoids

Figure 59. 11-week-old USH2A retinal organoids with preserved
lamination.

USH2A retinal organoids at Week 11 stained against CRX (Cone-Rod
Homeobox) in green, recoverin (RCVN) or Orthodenticle Homeobox 2
(OTX2) in red. Some of the retinal organoids in culture lost their
lamination and formed rosette-like structures. Scale bar: 50um
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5.7.4 Usherin in mature WT organoids

Cowan et al. single-cell transcriptomic data of retinal organoids, suggests
that usherin and whirlin is well expressed after 24 weeks of differentiation.
Therefore, we performed an immunostaining on cryosections of a 42
week-old retinal organoids to test the specificity of the usherin antibody
used in this study. Following the protocol B of differentiation, 42 week-old
retinal were produced. These organoids were fixed, frozen and
cryosectioned as described in the methods. They were used as positive
control for usherin and whirlin expression. As showed in Fig 60,
Rhodopsin staining in red displayed a shaped at the nascent outer
segment of developing rod photoreceptors cells. These retinal organoids
preserved a nice laminated organization. Whirlin, one of usherin partner in
the Usher 2 complex, in green displays a diffuse localisation in the
photoreceptor cells, in the body cell part, whereas usherin in magenta
showed a dotty pattern at the base of the nascent outer segments.
Usherin localisation is in line with his expected localisation in mature
photoreceptors at the periciliary membrane complex. Additionally, a control
staining without the primary antibodies have been performed. This finding
supports the idea of specific targeting of usherin antibody used in our

study.
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Figure 60. 42-week-old WT retinal organoids with preserved
lamination.

WT retinal organoids at Week 42 stained against Usherin (in magenta) in
green, whirlin (in green) or Rhodopsin (in red) in red. Arrows points to
dotty signal of usherin staining in the photoreceptor cells. (Scale bars:
A,B,D,E=50um C,F=10um).
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5.8 Discussion

Bilallelic variants in the USH2A gene can cause a significant proportion of
Usher syndrome type 2A and non-syndromic retinitis pigmentosa (RP). In
both disorders, the retinal phenotype involves progressive rod
photoreceptor loss resulting in nyctalopia and a constricted visual field,
followed by cone degeneration. This leads to the loss of central vision and

severe visual impairment.

The USHZ2A gene raises many challenges for researchers and clinicians
due to a broad spectrum of mutations, a large gene size hampering gene
therapy development and limited knowledge on its pathogenicity. Patients
with Usher type 2 may benefit from hearing aids or cochlear implants to
correct their hearing defects, but there are currently no approved
treatments available for the retinopathy. Viral gene therapies for IRDs in
recent years have reached clinical trials and been approved for clinical use
in patients (such as voretigene neparvovec for biallelic RPE65 variants).
However, drawbacks of viral strategies still need to be addressed, for
example, limits on gene size carrying capacity and reports of inflammatory
responses in treated patients suggest the need for alternative gene

augmentation strategies.

In this work, the USH2A coding sequence (15.6kb) has successfully been

cloned into non-viral S/MAR plasmid vectors. It is the first time reported
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that the full human USHZ2A coding sequence has been cloned into a
vector. Only Yu and colleagues have cloned a plasmid vector with the full-
length mouse usherin with its own signal peptide and examined its
expression in FreeStyle™ 293-F, Expi293F™, and COS-7 cells. They
detected usherin expression by western blots, but at very Ilow
concentrations not useful for functional rescue. However, they did transfect
COS-7 and with an extracellular portion of usherin (F19-F32), which
localized at the plasma membrane, with no usherin aggregates observed

in the cytoplasm.

In this chapter, USH2A-S/MAR vectors were introduced into HEK-293 cells
using electroporation. Persistent GFP expression was detected more than
10 days after electroporation, and usherin protein (570kDa) was detected
by western blot analysis. This successful overexpression of the human
usherin protein in vitro is novel, but still needs further optimization to

decrease cell toxicity.

Interestingly, as reported in Figure 42, HEK293 expressing USH2A-S/MAR
plasmids showed an altered morphology with neurite-like processes. GFP-
positive cells grew 2 to 3 neurite-like processes of 50-70um each. Such
phenotypes were not observed in HEK293 expressing GFP only or REP1-
S/MAR plasmids. These morphologic changes could be caused by the

stress induced by such a big transgene transfection or be driven by
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exogenous usherin overexpression. Similar morphological changes in
HEK cells, have been reported by Koch and colleagues when transfecting
HEK cells with a 7kb-long NRSE dsRNA-expressing vectors. They
observed an altered morphology leading to the formation of comparable
thin processes and induced the expression of neurofilament-68. Also, they
found that it was enhancing neurite outgrowth in primary retinal ganglion
cells, and it was caused by the sequestration of REST1 (Koch et al. 2011).
Therefore, some mechanisms can trigger neurite outgrowth in HEK293
cells. This mechanism would need to be explored. These modifications in
HEK293 morphology could provide new insights into usherin long-isoform
functions such as cell migration and neurite outgrowth, which requires a
complex interplay with the extracellular matrix. As a matter of fact, usherin
long-isoform contains a very long extracellular domain with several motifs
associated with extracellular matrix proteins such as laminin and
fibronectin repeats. It has been reported that Usherin LE domain
interacted with type IV collagen 7S domain and fibronectin. However, few
studies have been investigating the relationship of usherin extracellular

domains and the surrounding extracellular matrix.

USHZ2A-S/MAR vectors were also introduced in primary HDF from patient
with Usher type 2A using electroporation. Primary HDF are hard-to-
transfect cells. The use of commercially available branched PEl-based
chemical reagent did not lead to reproducible GFP expression. Therefore,

NEON electroporation system was used. gRT-PCR of USH2A was
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performed and confirmed significantly higher levels of USH2A expression

in transfected HDF compared to non-transfected USHZ2A HDF cells.

The lack of cell material to confirm usherin presence by western blot could
be addressed by electroporating a higher number of cells, which would be
FACS sorted. Then, a stable-expressing USH2A-S/MAR HDF cell line
would allow to collect enough cell material for western blot analysis

functional assays (Roig-Merino et al., 2022).

To confirm usherin protein production, immunostainings were performed.
Exogenous usherin produced by CAG-USH2A-S/MAR in HDF appears to
localize to a specific part of the cell, which has been hypothesised as the
focal adhesions. Focal adhesions are clustered-integrin receptors
interacting with the extracellular matrix. They play a role in adhesion,
migration and mechano-sensing (Burridge, Chrzanowska-Wodnicka, et
Zhong 1997). This is the first time such localisation of usherin is reported.
Similarly, a recent study reported expression of ADGRV1, a protein part of
the Usher 2 complex, at the focal adhesions of several cell lines such as
hTERT-RPE1, mouse embryonic fibroblasts, and mouse astrocytes,
showing a similar pattern to the usherin overexpression (Schwaller et al.
2021) (Kusuluri et al., 2022; Guler et al 2023). They showed that ADGRV1

(also known as VLGRA1) is a vital component of focal adhesions serving as
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a metabotropic mechanoreceptor controling cell spreading, migration and

focal adhesions assembly and turnover.

In line with this finding, this novel localisation of Usherin at focal adhesions
provide valuable information to a better understanding of usherin role in
photoreceptor cells. This idea is also consistent with the altered
morphology of USH2A-S/MAR electroporated HEK cells. However, more
work should be undertaken to confirm this hypothesis. For instance,
colocalization of overexpressed usherin with focal adhesions proteins such
as F-actin, Vinculin or Paxillin in the USH2A-S/MAR electroporated HDF

would be needed to support this hypothesis.

Usherin and its Usher 2 complex partners (Whirlin and ADGRV1) roles are
still poorly understood. However, several recent studies suggest a role in
mechanotransduction. Schwaller and colleagues reported that absence of
usherin in mice and humans is associated with deficit in vibration
perception. They reported that usherin is present in adult skin sensory
end-organs, where it plays a role in vibration sensing, precisely in mouse
hair follicles and Meissner corpuscles. Loss of usherin may lead to
changes in the stiffness of elements within Meissner’s corpuscle, which
could be due to changes in cellular stiffness or the stiffness of physical
connections between the sensory ending and Schwann cells within the

end-organ (Schwaller et al., 2021). This idea of stiffness of physical
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connections is reminiscent of usherin role in the ankle links of the
developing cochlear hair cells. It could be an unexplored role of Usher 2

complex in photoreceptor cells.

Accordingly, in photoreceptor cells, Verschueren and colleagues used
super-high resolution expansion microscopy to study the cytoskeleton and
Usher proteins architecture in the primate photoreceptors. They described
the link between inner segment an outer segment as formed by the Usher
2 complex proteins at the very base of the cilium and then above by Usher
1 complex proteins. Therefore, they sought that outer segment/inner
segment continuity is probably reinforced by Usher 2 proteins and

suggests a functional mechanical role (Verschueren et al. 2022).

Besides, Usherin and partners are thought to play a role in docking and
fusion of transport vesicles through the connecting cilium to the outer
segment (Toms et al., 2020). Absence of usherin in ush2a™c’ zebrafish
model leads to an increased number of autophagosomes in the inner
segment of ush2a™¢’ photoreceptor cells and elevated autophagy markers
by qRT-PCR. Similarly, examination of the retinal ultrastructure of the
ush2av%9” revealed presence lysosomal-like structures around the
photoreceptor inner and outer segment boundary and at the synaptic
termini (Toms et al., 2020). Similarly, Linnert and colleagues performed

whole transcriptome sequencing of the retinae of the Vigr1/del7TM mouse
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model revealed altered expression profiles of gene-related autophagy.
Moreover, they reported increased autophagy in VLGR1-deficient hTERT-
RPE1 cells and USH2C patient-derived fibroblasts (Linnert et al. 2023).
Altogether, these results suggest that Usher 2 complex disruption leads to
an activation of autophagy. Therefore, autophagy markers should be

examined in Usher 2 models.

Several studies suggested that Usher Syndrome is a ciliopathy (May-
Simera, Nagel-Wolfrum, and Wolfrum 2017). Recent evidence showed a
significant decrease of 29% in the number of ciliated cells in USH2A
patient-derived fibroblasts compared to a healthy control (Samanta et al.
2019). Similarly, Pendse and colleagues showed that ablation of Ush2a
affects the ciliogenesis in OC-k1 cell line, with a significant reduced cilia
length. Interestingly, fibroblasts from USH1C pigs or USH1C patients
showed a significantly elongated primary cilia, supporting the idea that

usher syndrome is a ciliopathy.

In this work, ciliogenesis and cilia length were investigated. In HDF, no
significant differences were found when comparing percentage of ciliated
cells for WT (69%) and USH2A HDF (64%), unlike Samanta and
colleagues study. However, similarly to Pendse and colleagues work in
OC-k1 cell line, USH2A-derived fibroblasts displayed significantly

(p<0.001) shortened cilia (4.1um) compared to the control (6.2um); this
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2.1 ym decrease in cilia length represents a 33% reduction compared to of
WT cells. Cilium length differences in this cell model could be used as a
reliable endpoint to assess the functional rescue efficacy driven by
USH2A-S/MAR vectors or other potential treatments. This finding has only
been determined in one USH2A patient cell line with ¢.2299del
p.(Glu767Serfs*21) and c.3187_3188del p.(GIn1063Serfs*15) variants.
This phenotype could be specific to these variants, hence investigating
cilia length in another patient line with different USH2A mutations would be

desirable.

USH2A HDF were reprogrammed in hIPSC, allowing their differentiation
into retinal organoids. This model has allowed us to access to a human
retinal-like tissue and therefore to a more relevant disease cell model.
Retinal organoids were grown to day 35 of differentiation, and showed
early defect in cilia length. It is the first time reported, that early USH2A
retinal organoids display such defects. This finding has been performed
with only one USHZ2A patient cells with ¢.2299del p.(Glu767Serfs*21) and
c.3187_3188del p.(GIn1063Serfs*15) variants. So, the phenotype could be
specific to these variants. However, our study lacks investigation of
usherin and its partners level of expression in early retinal organoids. qRT-
PCR, immunostainings, and western blots would be needed. Additionally,
more mature organoids have to be characterised at week 24 and later, as
available transcriptomic data suggests strongest expression at these
timepoints in WT retinal organoids (Cowan et al. 2019). So far, only two

publications have reported generation of USH2A-retinal cells derived from
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hiPSCs. The first study conducted by Tucker et al used a 3D/2D protocol
to produce eye-cup-like structures from a patient carrying the deep-intronic
€.7595-2144A>G mutation (rs786200928) in intron 40 of USH2A and the
c.12575G>A mutation (rs199605265) in trans. While there were no
obvious differences indicative of early developmental abnormalities in
USHZ2A-derived retinal cells compared to control, they displayed an
increased GRP78 and GRP94 expression protein levels, suggesting that
ER stress could be involved in USH2A pathogenicity in photoreceptors
(Tucker et al. 2013). The second report from Guo et al derived retinal
organoids from reprogrammed urine cells of a patient with nsRP carrying
the ¢.9127-9129delTCC and c¢.8559-2A > G (rs397518039) mutations in
USHZ2A. In contrast to the previous study, the investigators found reduced
laminin expression, defective retinal progenitor cell differentiation and
disorganized neural retina, higher expression of pro-apoptotic and
decreased expression of cilium associated genes in patient-derived retinal
organoids compared to wild-type controls (Guo et al. 2019). However,
these findings were produced from 12-week-old retinal organoids, and
usherin expression has not been demonstrated at this time point. In
addition, no evidence of interaction between the usherin and its partners
such as whirlin or ADGRV1 has been provided. More mature retinal
organoids would have been more relevant as supported by single-cell
transcriptomic data analysis of retinal organoids exhibiting a high USHZ2A

gene expression in 24-week -old retinal organoids.
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Retinal organoids are a valuable tool to assess retinal gene therapies. For
example, it has allowed to test several AAV capsids for gene therapy and
different promoters to tailor cell-specific and efficient transgene expression
(Gonzalez-Cordero et al., 2018; Garita-Hernandez et al. 2018; Tornabene
et al., 2019; Garita-Hernandez et al. 2020; Achberger et al. 2021; Volkner
et al., 2021). Similar experiments could be performed for non-viral retinal
gene therapies, such the USH2A-S/MAR DNA vectors. However, retinal
organoids models have limitations. First, the differentiation process is
variable, batch, clone and protocol-dependent. In addition, the
photoreceptor cells generated in a dish, do not display fully functional
outer segments. Also, to reduce inter-individual variation, isogenic line
generated by CRISPR/Cas9 are desirable, which has not been undertaken

for this study as yet.

To assess USHZ2A-S/IMAR expression in vivo, the previously
CRISPR/Cas9-generated ush2av5%7 zebrafish was used, which shows loss
of usherin protein and retinal defects including reduced ERG responses
and progressive rod cell degeneration (Toms et al., 2020). Dr Maria Toms
undertook this work in Prof Mariya Moosajee’s lab (one-cell stage micro-
injections, zebrafish maintenance, breeding and tissue processing and
imaging. USH2A-S/IMAR was injected at the one-cell stage. GFP was
detected in the developing embryos, including the retinal photoreceptor
cells. Photoreceptor expression of GFP was detected up to 12 mpf,

although fluorescent photoreceptors became sparser with age due to the
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continued growth of the zebrafish retina from the ciliary marginal zone.
There was a mosaic expression pattern of GFP throughout the zebrafish
larval body, which showed preferential expression in certain cell types and
was likely silenced by certain lineages during the development. Assessing
different promoters may improve the range of expression or using a
mammalian animal model may be more suitable. In addition, direct
injection of the S/MAR DNA into the zebrafish eye may improve

expression.

The step further for the development of USH2A-S/MAR is to move to other
animal models. Several USH2A mouse models have been reported, but
the most recent one, a knock-in mouse model for one of the most common
mutations in USH2A (c.2299delG), exhibited a retinal phenotype
comparable to USH2A patients with the ¢.2299delG mutation (Tebbe et al.
2023). It could be a valuable model to assess functional rescue with
USH2A-S/MAR. Additionally, an USH2A knock-out rabbit model has been
reported and characterized (Nguyen et al,. 2023). At 4 months of age,
USHZ2A mutant rabbits exhibit hyper-autofluorescent signals on fundus
autofluorescence and hyper-reflective signals on optical coherence
tomography images, which indicate retinal pigment epithelium damage. At
7 months to 22 months of age, electroretinography signals of rod and cone
function were decreased in the USH2A mutant rabbits, indicating

progressive photoreceptor degeneration. USH2A mutant rabbits would be
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a very valuable model for gene therapy assessment, before translating to

non-human primate and patients.

190



Chapter 6. Final discussion and future work

Five years ago, voretigene neparvovec was approved by the Food and
Drug Administration for gene replacement therapy for Leber congenital
amaurosis (LCA) type 2, caused by biallelic mutations in RPE65 gene.
This first gene therapy of this kind was available for patients. Since then,
no further retinal gene therapies have reached the market. In contrast,
many retinal gene therapy trials failed to meet their primary endpoints
such as for choroideremia (Zhai et al. 2023), X-linked RP (NCT03116113)

and X-linked retinoschisis (NCT02416622).

AAV vectors remain the vector of choice in terms of retinal cell
transduction capabilities. However, safety concerns have been
overlooked, especially ocular inflammation triggered by AAV vectors. Real-
world experience of voretigene neparvovec has revealed drug-induced
chorioretinal atrophy at the site of the treatment from 2 weeks post-surgery
(Gange et al. 2022; Felix Friedrich Reichel et al. 2022) (1,2). These factors
call for safer and more applicable strategies for gene replacement.
Moreover, AAV have a limited carrying capacity, that cannot accommodate
large genes such as USH2A, ABCA4 or CEP290. Here a non-viral
alternative is proposed, using S/MAR DNA plasmids, allowing episomal
maintenance, long-lasting expression and virtually unlimited cloning
capacity. REP1-S/IMAR and USH2A-S/MAR have been successfully

clones and showed promising proof-of-concept in patient-cell derived and
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zebrafish models. These tailored DNA vectors will be valuable to develop

alternative strategy.

However, they can still be improved. For example, the development of
minicircles, which are plasmids devoid of bacterial backbones, or with a
minimally sized one. Not only it decreases plasmid size, but it also reduces
innate immune response due CpG islands contained in bacterial
backbones. Additionally, cis-regulatory elements must be carefully
evaluated: several S/IMAR sequences, promoters and reporters can be

tested.

To address innate immune response to foreign DNA or a viral vehicle,
gene therapy could be combined with immunomodulatory ligands. Chan
and colleagues demonstrated that linking specific immunomodulatory non-
coding sequences could reduce innate immune and T cell responses and
enhanced gene expression when using AAV in mouse and pig model in
different tissue such as the retina. In their study, they antagonize TLR9
activation directly into the vector genome (Chan et al. 2021). Such

approaches could translate to non-viral strategies as well.

Still, the major bottleneck of non-viral gene therapy and especially for

large DNA vectors, is the vehicle that will allow the DNA uptake, to
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ultimately reach the nucleus. To date, there are a limited number of

studies using non-viral vectors for the therapeutic delivery of large genes.

The efficiency of naked DNA transfection is very low and therefore, several
synthetic carriers have been developed to use in combination with nucleic
acids to assist cell entry (Figure 2). Nanoparticles are cationic structures
capable of forming a complex with polyanionic nucleic acids. This complex
facilitates cell uptake from the endosomal cellular system to the nucleus
and protects the transgene from endonucleases. Several synthetic vectors
have been developed based on liposomes, polymers, solid lipids, and

niosomes.

Liposomes are nanoparticles made of a phospholipid bilayer allowing
molecule encapsulation. For transfection of the retina, Rajala and
colleagues developed an innovative lipo-some-based protamine complex
with improved efficiency and long-term expression. Their next-generation
lipoplex contained (1) a liposome consisting of a cationic lipid DOTAP (1,
2-dioleoyl-3- trimethylammonium-propane), a neutral lipid DOPE (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine), and  cholesterol, (2)
protamine to compact the DNA and protect it from endonucleases, and (3)
cell penetrating transactivator of transcription (TAT) and nuclear
localization signalling (NLS) peptides to promote plasmid entry in the
nucleus and its expression. Subretinal injection of this liposome-based

nanocarrier, coupled with an Rpe65 DNA plasmid, successfully resulted in
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the efficient transfection of photoreceptor and RPE cells of a Rpe657
mouse, partially rescuing the disease phenotype. GFP expression was
reported at 3 months post-injection (Rajala et al. 2014). Following this
work, Wang and colleagues performed liposome-based retinal
transfections using cell-specific promoters; they achieved specific gene
expression in the RPE with the VMD2 promoter, ganglion cells with the
thymocyte antigen promoter, and finally rod and cone photoreceptors with
the mouse rhodopsin and red opsin promoters respectively (Rajala et al.
2014). Overall, these liposome-based complexes provide a promising
alternative to viral vectors for retinal gene therapy, but assessment in

larger animal models is necessary.

Among the polymer nanoparticle formulations investigated for retinal gene
therapy, poly-L-lysin peptides have shown convincing results. Naash’s
group have used compacted rod-shaped DNA nanoparticles formulated
with 30-mer poly-L-lysin peptides conjugated to polyethylene glycol
10000K (CK30PEG) in a number of investigations; they have successfully
shown efficient transfection of photoreceptors and RPE cells, which
improved the phenotype of several retinal mouse disease models such as
retinitis pigmentosa (Cai et al. 2010) and Leber congenital amaurosis,
with up to 2 years of persistent transgene expression (Koirala, Conley, et
al. 2013b). In another study, CK30PEG nanoparticles were enhanced with
a cell penetrating TAT peptide sequence and demonstrated partial
improvement of visual function in the Rho”23H/P23H knock-in mouse model

of retinitis pigmentosa (Rajendra Narayan Mitra et al. 2018a).
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Furthermore, CK30PEG containing the large ABCA4 cDNA cassette (6.8
kb) was able to drive sustained expression for up to 8 months after
injection and to improve the phenotype of an Abca4-deficient Stargardt
disease mouse model when delivered subretinally (Z. Han et al. 2012).
Plasmids as large as 20 kb have been effectively transfected using
CK30PEG for in vivo mice lung gene transfer (Fink et al. 2006), which is
promising for large transgene delivery in the eye. Encouragingly,
translation in a non-human primate eye showed safe and efficient
transfection of CK30PEG when injected subretinally and intravitreally
(Kelley et al. 2018). In addition, anionic span-based poly-L-arginine
nanoparticles have been used to deliver a PRFP31 plasmid and partially
rescue the retinal phenotype in Prpf314276F* mouse model of retinitis

pigmentosa (Pensado et al. 2016).

More recently, a combined strategy using a lipo-peptide nanoparticle
showed efficient plasmid DNA delivery into retinal cells. These so-called
ECO nanoparticles consist of a protonable ethylenediamine (E) head
group, two cysteine (C) functional linkers and two oleoyl (O) lipophilic tails
(Malamas et al. 2013). In the eye, these nanoparticles, self-assembled by
the multifunctional pH-sensitive amino lipid ECO and a therapeutic bovine
rhodopsin promoter-driven ABCA4 plasmid, delayed the phenotype of a
Abca4- Stargardt mouse model for at least 6 months (Sun et al. 2019).
The 16 kb plasmid is the largest reported for non-viral gene therapy in the
eye. Prolonged ABCA4 expression for at least 8 months was observed in

the photoreceptor outer segments of subretinally injected mice. ECO-
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based nanoparticles can also be chemically modified with targeting
ligands; the addition of a retinylamide or its analogue ACU4429 produced
increased RPE expression in Rpe657 LCA model mice and Abca4” mice
respectively (Sun et al. 2017; 2020). More recently, Sun and colleagues
generated stable PEG-ECO/pGRK71-ABCA4-S/MAR  nanoparticles
producing specific and prolonged expression of ABCA4 in the
photoreceptors of Abca4 - mice and significantly inhibit accumulation of
toxic A2E in the eye. They also performed repeated administrations

without major side effects (Sun et al. 2022).

Alternative biopolymers such as chitosan have shown valuable properties
as nanoparticle building blocks. Chitosan is a biodegradable non-toxic
cationic polysaccharide. It is produced by alkaline deacetylation of chitin,
which is a component commonly found in the cell walls of fungi and
crustacean shells. Chitosans are composed of N-acetyl-D-glucosamine
and D-glucosamine units and vary in molecular weight (50 to 2000 kDa)
and in the degree of deacetylation (40 - 99%). The cationic nature of
chitosan derivatives is an exception among the usual polysaccharides,
which makes it an invaluable polymer as a non-viral gene vector
component. Regarding ocular gene therapy applications, Puras and
colleagues assessed the efficiency of highly deacetylated (99%) low
molecular weight (5.7 kDa) oligochitosan-DNA nanoparticles in the rat
retina. Subretinal injection led to GFP expression in the RPE cells, while
intravitreal injection induced GFP expression in the retinal ganglion cells

(Puras et al. 2013). Similarly, Mitra and colleagues designed a chitosan-
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based nanoparticle (250 kDa, 82% of deacetylation degree) with glycol
moieties to improve its solubility. Subretinal injections of 5.7 kb-long GFP
plasmid DNA glycol chitosan nanoparticles in albino wild-type mice
resulted in GFP expression in the RPE cells, without any safety concerns
(Rajendra N. Mitra et al. 2014). The safe profile of chitosan-derived
nanoparticles makes them a strategy of interest for retinal gene therapy,
however modification and optimization still needs to be explored to
improve the low efficiency (A. V. V. Oliveira, Silva, et Chung 2015; A.

V. Oliveira et al. 2016).

Similarly, solid lipid nanoparticles (SLNs) have displayed promising results
as vectors for gene delivery. SLNs are 10 - 1000 nm-diameter
nanocarriers with a rigid core lipid matrix (lafisco et al. 2020). They offer
many advantages compared to liposomes and polymeric nanoparticles
such as (1) their biodegradability (2) their stability and large-scale
production feasibility and (3) the possibility of ligand additions (Y. Duan et
al. 2020). Apaolaza and colleagues designed a solid lipid-based
formulation consisting of DOTAP, protamine and a polysaccharidic ligand
such as hyaluronic acid or dextran. The protamine is a cationic peptide
with nuclear localization signals enhancing DNA condensation (Brewer,
Corzett, et Balhorn 1999), while hyaluronic acid contributes to better
plasmid DNA cell delivery and the final structure of the SLNs (Paola
Stephanie Apaolaza et al. 2014). SLNs coupled with an RS1 plasmid
driven by the murine opsin promoter (mOPS) successfully induced long-

lasting photoreceptor-specific expression of RS1 (3 months) in a X-linked
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juvenile retinoschisis mouse model when injected intravitreally, resulting in
an improved phenotype (P. S. Apaolaza et al. 2015; 2016). The SLNs
capability to reach the photoreceptors and RPE when injected intravitreally
makes these nanoparticles a very promising feature for retinal gene

therapy.

Niosome-based nanoparticles are similar to liposomes, except the
phospholipid is replaced by non-ionic surfactants (reviewed in (Grijalvo et
al. 2019)). Niosomes are usually composed of 3 key elements: a non-ionic
surfactant as its main component, a cationic lipid interacting with the
plasmid DNA, and a neutral lipid helper. In the eye, several studies have
been conducted using various niosome-based plasmid DNA carriers;
initially, a cationic niosome formulation with 2,3-di(tetradecyloxy)propan-1-
amine cationic lipid, combined with 2% of squalene and 0.5% of
polysorbate 80, was optimized for compact delivery of a 5 kb-long pCMS-
eGFP DNA plasmid (Puras et al. 2014). Following subretinal injection in
rats, RPE cells were modestly transfected while intravitreal injection led to
GFP expression in the inner retinal layers. The addition of protamine to the
formulation improved nucleus targeting and allowed transfection of a small
proportion of photoreceptor cells following subretinal injection, although
the transfection efficiency remained very modest. Several combinations
have been assessed by changing the non-ionic surfactant, the lipid helper

or the cationic lipid.
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Figure 61. Key nanoparticles of interest for retinal non-viral gene

therapy.

Several chemical vehicles have been developed as plasmid DNA carriers,
such as nanoparticles based on liposomes, solid lipids, niosomes,

polymers and lipopeptide.
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To facilitate cell entry of non-viral gene therapies, several physical
methods have been developed to allow plasmids to efficiently cross cell
barriers and be expressed. Among those reported to increase transfection
in retinal cells are iontophoresis, electrotransfection, ultrasound-targeted

microbubble destruction (UTMD) and optoporation.

lontophoresis is a non-invasive drug delivery technology enhancing the
permeation of ionized molecules across biological barriers using a
continuous low-level electrical field (Souied et al. 2008). This strategy has
been proved useful for transdermal drug delivery to facilitate percutaneous
penetration (Hasan et al. 2020; Ita 2016) and became an attractive option
for drug and gene delivery in the eye (Jung et al. 2018). Several studies
have assessed transcorneal and transscleral iontophoresis-assisted
plasmid DNA transfer for non-viral ocular gene therapy; however, limited
expression was produced, especially in the photoreceptor cells (Souied et
al. 2008; Asahara, T, Shinomiya, Kayo; Naito, Takeshi; Siota 2001).
Asahara and colleagues applied iontophoresis to transfect a 4.7 kb-long
CMV-GFP plasmid in rabbit eyes and showed expression in the cornea,
the anterior chamber angle and the ciliary subepithelial tissues, but not in
the retina. In contrast, Souied and colleagues demonstrated that
transscleral iontophoresis of B-pde6b cDNA plasmid driven by human
PDE6B promoter in rd1 mice could penetrate photoreceptor cells and
consequently showed partial rescue of photoreceptor morphology and
ERG measurements (Souied et al. 2008). For both studies, the positive

electrode was placed at the back of the animal while the negative
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electrode was inserted into an applicator containing the plasmid solution
bathing the cornea, the limbus and the adjacent sclera. Overall, the safety
profile and non-invasive aspects of iontophoresis are ideal for non-viral
retinal gene delivery strategies and would allow safe repetitive
applications, such as those performed in rd1 mice by Souied et al.
However, no novel studies using this technique have been reported in the
last decade and it would still require extensive optimization regarding its
low plasmid transfection in retinal cells. This technology appears to be
most suitable for small molecules and short nucleic acids (Bordet et

Behar-Cohen 2019).

Electrotransfection, also known as electroporation, is an additional method
exploiting electric fields that has been explored for non-viral gene delivery.
Unlike iontophoresis, electrotransfection relies on a high voltage pulsed
electric field applied to the surrounding cells, which transiently
permeabilizes their cell membranes, allowing plasmid DNA entry. In the
retina, successful plasmid electrotransfection following a subretinal
injection has been performed in newborn mouse and rat (PO) retinal cells
(Matsuda et Cepko 2004; 2007; de Melo et Blackshaw 2011; 2018) and in
adult mouse RPE cells (Nickerson et al. 2012; Johnson et al. 2008).
Alternative routes of delivery, such as injection of plasmid DNA solution
into the suprachoroidal space followed by electrotransfection, displayed
transfection of choroid, RPE and a proportion of photoreceptor cells in the
adult rat (Touchard et al. 2012). Altogether, these studies demonstrate the

valuable features of electrotransfection such as (1) its efficiency of
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transfection (2) the possibility for repetitive administrations and (3) its cost
effectiveness compared to viral vectors. However, the therapeutic use of
electrotransfection would require invasive surgical procedures and
extensive optimization to ensure safety in patients. In addition, the
application of a safe and adapted electric field to the large 1094 mm2
human retinal surface is a challenge that will need to be addressed. To
date, no proof-of-concept investigations in large animal eyes have been
reported. Retinal electrotransfection would benefit from alternative
approaches using innovative electrotransfection tools to address these

issues (D. Schwarz et Schaefer 2020).

Other physical methods under investigation include ultrasound-targeted
microbubble destruction (UTMD). This involves loading plasmid DNA into
microbubbles, which are small gas-filled spherical voids stabilized with
phospholipids or synthetic polymers. Gene-carrier microbubbles are
injected and subjected to ultrasounds; the microbubbles act as cavitation
nuclei by focusing ultrasound energy, causing cell membrane
permeabilization and plasmid uptake (Wan, Li, et Li 2015). UTMD is non-
invasive, allows repetitive administrations and displays low toxicity, but
with limited transfection in RPE and photoreceptor cells (Sonoda et al.

2012; Zhou et al. 2009).

More recently, optoporation has been investigated as a method of gene
transfer in the retina. Laser-induced optoporation allows the introduction of
small molecules or plasmid DNA by transiently permeabilizing cell

membranes using continuous or pulsed laser waves (Schneckenburger
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2019). Batabyal and colleagues have successfully used this strategy to
efficiently deliver a 7.9 kb-long plasmid in rd10 mouse retinal ganglion
cells. They designed a two-step strategy: the first step is an intravitreal
injection of the plasmid of interest and gold nanorods conjugated with
concanavalin A to the target cell membrane; the following step is a 800-
1064 nm laser irradiation, allowing site-specific cell permeabilization
(Batabyal et al. 2020; 2019). Additionally, no evidence of a harmful
immune response or other safety issues were apparent, making

optoporation-based gene delivery a promising tool for retinal gene therapy.

Overall, a number of physical methods have shown great potential as
delivery strategies for non-viral gene therapy but improving their
transfection efficiency and translation to larger animal models is essential.
Several of these techniques can also be used as an adjuvant method to
increase viral vectors penetrance or transduction efficiency. For instance,
intravitreal injection of AAV vectors combined with iontophoresis
significantly improved penetration of the internal limiting membrane and
increased transduction of cells in the outer retina (Song et al. 2019; 2020).
Similarly, several studies showed that UTMD-mediated delivery of AAV
improved their transduction in rodent retinas in vivo (Zhou et al. 2009; Xie

et al. 2010).

The main limitation of non-viral strategies for gene augmentation therapy
is their lack of transfection efficiency in targeting the photoreceptor cells

and RPE. So far, non-viral strategies still do not outperform the AAV
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transduction rates. Han and colleagues performed a comparative analysis
of CK30PEG, AAV2 and AAV5 efficacies with subretinal injections in mice
(Z. Han et al. 2012). They showed that the AAV vectors (10° vg) were more
efficient per vector genome than CK30PEG (6.9"" vg), but CK30PEG still
drove a comparable level and longevity of gene expression. However, AAV
capsids have been subsequently improved, such as the engineered
AAV2.7m8 capsid (Dalkara et al. 2013), allowing highly efficient

transduction after both subretinal and intravitreal injection.

Although non-viral methods are less likely to trigger significant
inflammatory responses because they lack the viral capsid, the potential
responses still require investigation. For instance, double-stranded DNA
can trigger an innate immune response mediated by the Toll-like receptor
pathway or cGAS pathway (Shirley, De Jong, et al. 2020). Furthermore,
physical methods of transfection can lead to inflammation through
damage-associated molecular patterns (DAMPSs), by releasing intracellular
proteins, extracellular matrix or non-protein molecules like ATP (Bucher et
al. 2020). Altogether, these safety issues need to be assessed in a
relevant retinal context. Similar to AAV therapy, steroid administration may
be necessary alongside the non-viral gene therapy to reduce potential

inflammatory responses.
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Investigation into non-viral methods for retinal gene therapy should be
intensified to overcome its current limitations and reach the clinical stage.
To date, only one study assessed DNA nanoparticles in non-human
primate eyes (Kelley et al. 2018). No adverse events were reported in the
injected baboons, with no systemic or inflammatory reaction subsequent to
the injections. However, the efficiency was not as high as current AAV
capsids used in clinical trials. Similarly, none of the non-viral physical
transfection methods have reached the clinical stage for IRDs. However,
the Evesensys electroporation system is currently being trialled for
electroporating the eye ciliary muscle in patients with uveitis, allowing
transfected cells to produce and secrete therapeutic proteins of interest
(NCT03308045). The company is aiming to use the same technology to

treat patients with degenerative retinal diseases.

The development of gene augmentation therapy has created a highly
promising avenue for treating a range of IRDs, which will greatly impact
the quality of life of affected patients. With the first approved ocular gene
therapy and a number of ongoing clinical trials, the development of
enhanced strategies is of interest more than ever. Non-viral vectors offer a
relatively cost-effective and safe alternative option, with greater packaging
capacities compared to viral vectors. Currently, the common limitation for
non-viral IRD treatment is the low transfection efficiency in the key retinal
cells of interest, the photoreceptors. There are various aspects of the non-

viral therapeutic strategy that can be targeted for optimisation, including
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DNA plasmid design, chemical delivery vehicles and injection techniques.
Innovative improvements, and assessing different gene transfer methods
in combination, will be necessary to ensure a sufficient transfection
efficiency in the retina, with safe long-term expression. Further non-viral

therapeutic studies in larger animal models will also aid clinical translation.
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Figure 62. Retinal non-viral gene therapy.

Plasmid DNA vectors are designed to ensure cell-specific, long-lasting,
and safe expression of the transgene of interest. (B) Different physical or
chemical strategies can be applied to aid DNA transfection in the
necessary cells (C) Different routes of administration can be used
depending on the gene delivery strategy and the targeted cells. CDS,
coding sequence; GCL. ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer.; SLNs, solid-lipid nanoparticles; UTMD, ultrasound-
targeted microbubble destruction.
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To our knowledge the largest plasmid vector delivered in vivo was 20.2 kb;
this luciferase plasmid with CMV promoter was transfected into the mouse
liver using polyethylene glycol-substituted lysine 30-mers (CK30PEG)
(Fink et al. 2006). For retinal work, vectors of either approximately 12 kb,
14 kb or 16 kb (Sun et al. 2019) in size containing the ABCA4 coding
sequence have been used successfully to transfect the Abca4”- mouse
retina, producing months of protein expression and improvements in the
disease phenotype compared to untreated mice. All studies packaged the
plasmids into nanoparticles, CK30PEG (Rajendra Narayan Mitra et al.
2018b) or multifunctional pH-sensitive amino lipid ECO nanoparticles (Sun
et al. 2019), to increase the transfection rate. Some nanoparticles,
including ECO (Sun et al. 2020; 2017), can be modified with ligands to aid
in cell targeting, making them an attractive option. That is why,
collaborations with Pr. Zheng-Rong Lu (Case Western Reserve University,
Cleveland, Ohio) and Pr. Stephen Hart (UCL, London) developing ECO
nanoparticles and liposomes respectively, have been instigated, to

incorporate REP1- and USH2A-S/MAR plasmids with these carriers.

Another approach to optimising targeted cell entry of the S/MAR vectors is
utilising the unique glycome signature of retinal cells. Dr. Ceécile

Méjécase.
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In our team has been characterising the glycan-binding protein patterns in
human photoreceptor cells, in order to modify nanoparticles for targeting
the photoreceptor cell inner segment. As shown in Figure 70, human
retinal sections were stained with peanut agglutinin (PNA), a lectin bound
to the glycans that localised to the inner and outer segment of cone
photoreceptors. Ganglioside GD3, did not display specific staining in the

human retinal sections.
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Human retinal cryosection (1)

Figure 63. Glycan-binding proteins pattern in human adult retina.

PNA (in red) is located at inner segment and outer segment of cone
photoreceptors, GNAT1 (in green) is expressed in rod photoreceptors.
(Scale bar = 10um) 210
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Figure 43. Developing glycan-functionalized nanoparticles to target human
photoreceptor cells.

(1) Using lectins binding to specific glycans on human retinal sections. Peanut-agglutinin
(PNAin red), GD3 (in green) and DAPI (in blue). (2) Vector toolbox to form DNA plasmids —
glycan-functionalized nanoparticles. (4) Glycan-functionalized nanoparticles to target the
photoreceptor inner segments.
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In conclusion, the full USH2A coding was successfully cloned into a non-
viral episomal S/MAR vectors and demonstrated the potential of these
vectors in replacing large protein expression in different in vivo and in vitro
disease models. Although further optimisations to improve efficiency in the
larger animal models and mammalian retina is needed. It is a major step
for the development a safe and effective non-viral large gene therapy will
be hugely beneficial to a significant proportion of retinal disease patients

requiring functional genes that exceed the AAV limit.
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