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Chapter 1

1.1 Research Models and Gene Augmentation Therapy
for CRB1 Retinal Dystrophies
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Chapter 1

Abstract

Retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) are inherited
degenerative retinal dystrophies with vision loss that ultimately lead to blindness.
Several genes have been shown to be involved in early onset retinal dystrophies,
including CRBI and RPEG65. Gene therapy recently became available for young RP
patients with variations in the RPE65 gene. Current research programs test adeno-
associated viral gene augmentation or editing therapy vectors on various disease models
mimicking the disease in patients. These include several animal and emerging human-
derived models, such as human induced pluripotent stem cell (hiPSC) derived retinal
organoids or hiPSC-derived retinal pigment epithelium, and human donor retinal
explants. Variations in the CRB/ gene are a major cause for early onset autosomal
recessive RP with patients suffering from visual impairment before their adolescence
and for LCA with newborns experiencing severe visual impairment within the first
months of life. These patients cannot benefit yet from an available gene therapy
treatment. In this review, we will discuss the recent advances, advantages and
disadvantages of different CRBI human and animal retinal degeneration models. In
addition, we will describe novel therapeutic tools that have been developed, which
could potentially be used for retinal gene augmentation therapy for RP patients with

variations in the CRB/ gene.

CRB family members

Crumbs (crb) is a large transmembrane protein initially discovered at the apical
membrane of Drosophila epithelial cells [1]. Several years later, it was found that
mutations in a human homologue of the Drosophila melanogaster protein crumbs,
denoted as CRB1 (crumbs homologue 1), was involved in retinal dystrophies in humans
[2]. The human CRBI gene is mapped to chromosome 1q31.3, and contains 12 exons,
has 12 identified transcript variants so far, 3 CRB family members, and over 210 kb
genomic DNA (Den Hollander et al., 1999);

http://grch37.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG0000013
4376:r=1:197170592-197447585). Canonical CRB1 is, like its Drosophila homologue,
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a large transmembrane protein consisting of multiple epidermal growth factor (EGF)
and laminin-globular like domains in its extracellular N-terminus (Figure 1A). The
intracellular C-terminal domain contains a FERM and a conserved glutamic acid-
arginine-leucine-isoleucine (ERLI) PDZ binding motives. An alternative transcript of
CRBI1, CRBI-B, is recently described and suggested to have significant extracellular
domain overlap with canonical CRB1 while bearing unique 5’ and 3’ domains [3]. In
mammals, CRB1 is a member of the Crumbs family together with CRB2 and CRB3
(Figure 1A). CRB2 display almost the same protein structure as CRBI, except a
depletion of four EGF domains. CRB3A lacks the entire typical extracellular domain
but contains the transmembrane domain juxtaposed to the intracellular part with the
FERM-binding motif and a the ERLI PDZ sequence. A second protein (isoform
CRB3B) arises from the same CRB3 gene due to alternate splicing of the last exon,
resulting in a different C-terminus with a cysteine-leucine-proline-isoleucine (CLPT)
amino acid sequence, and thus lacks the PDZ domain [4, 5]. Interestingly, the CRB3B
isoform is found in mammals, but not in zebrafish or Drosophila [4]. Further details

about CRB isoform details can be found in Quinn et al. 2017 [6].
CRB localization in the retina

In mammalian tissue CRB1 and CRB2 are predominantly expressed in the retina,
however CRB2 expression is also found in other tissues such as in kidney podocytes,
in the subventricular zone of the brain, and in the spinal cord [7-10]. Within the retina,
CRB proteins are localized at the subapical region (SAR) above the adherens junctions
between photoreceptor and Miiller glial cells, multiple photoreceptor cells , or between
multiple Miiller glial cells (MGC) [11, 12]. In addition, unlike CRB1, CRB2 is also
localized in the retinal pigment epithelium (RPE). Defining the subcellular localization
is essential to understand the function of CRB proteins (Figure 1B). Mouse studies have
shown that full length Crbl protein is exclusively present in MGC at the SAR while
Crb2 and Crb3 are present in both photoreceptor cells and MGC [13]. Serial tangential
cryosectioning of the retina followed with western blotting displays Crb1-B transcript
expression in outer segments of photoreceptor cells in mice [3]. The first ultrastructural

data in postmortem human retina revealed a different localization, where CRB2 is
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located in MGC at the SAR and at vesicles in photoreceptor inner segments, whereas
CRBI is located in both MGC and photoreceptor cells at the SAR [14, 15]. CRB3A
was found in microvilli of MGC at the SAR and in inner segments of photoreceptor
cells [14, 15]. However, recently, it was shown that CRB1 and CRB2 are located in
MGC and photoreceptor cells at the SAR in the second trimester of human fetal retina
and in human iPSC-derived retinal organoids, whereas in the first trimester only CRB2
was detected [16]. Single-cell RNA sequencing data of human fetal retina and RPE
confirms that CRBI is present in retinal progenitor cells and MGC but not in RPE,
which is in accordance with mouse versus primate localization studies [17]. In addition,
similar localization for CRB1, CRB2 and CRB3A were detected in rhesus and
cynomolgus macaques [18]. CRB3A was also detected in the inner retina and RPE of
both rhesus and cynomolgus macaques [18]. These recent data suggest that, in humans,
CRB2 might also be present at the SAR membranes in photoreceptor cells rather than
only in vesicles of photoreceptor inner segments. The discrepancies in CRB2 pattern at
the SAR observed in postmortem human retinas versus monkeys, fetal and retinal
organoids could be explained by the age of the donors studied, the quality of the
samples (processed within 48h after death), or by technical issues. We could speculate
that either CRB2 may have a different location in human aged retinas, CRB2 at the
SAR might have not been detected, or CRB2 might have been endocytosed from the
photoreceptor cells plasma membrane following donor death. Additional experiments
with fresh human retina defining the subcellular localization of CRB1 and CRB2 could
potentially resolve these differences. In summary, according to all these evidences, we
hypothesize that in primates, including humans, CRB1 and CRB2 are located in both
cell types at the SAR. Therefore, both MGC and photoreceptor cells should be targeted

to prevent retinal degeneration in RP patients.

Recently, Crb trafficking to the correct apical location in Drosophila epithelium has
been further investigated (Figure 1C) [19-22]. Crb is correctly localized by Rabl1-
containing endosomes using motor-driven transport along polarized microtubules and
F-actin filaments. Interestingly, upon loss of microtubule minus-end director protein
dynein, Rab11 endosomes containing Crb are transported basally rather than apically

[19]. Once Crb is successfully addressed to the apical membrane, it is delivered at the
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correct localization on the plasma membrane using exocyst-mediated delivery. Mutant
clones for secl5 or secS5, subunits of the exocyst, strongly disrupts the apical
localization of Crb, confirming the essential requirement of the exocyst in delivery of
Crb to the apical membrane [19]. In cultured mammalian cells, the exocyst associates
with adherens junctions and PAR3 [23, 24]. Because of the known interaction between
CRB, PARG6, and PAR3 in mammals, mentioned below, this trafficking model might
be conserved among species. Further investigations are required to test whether the

mechanisms of epithelial polarization are conserved in humans.
CRB protein function in mammalian tissues

Various research studies have shown that CRB1 and CRB2 are apical polarity factors,
and apical-basal cell polarity is essential for the formation and function of epithelial
tissues [25]. More research is required to define the function of the recently described
CRB1-B isoform because of its distinct 5’ and 3’domain. Below, we will describe the
canonical function of CRB in maintaining cell adhesion and morphogenesis, and its

role in cell division and development.

Maintaining cell adhesion and morphogenesis

The prototypic ERLI sequence of CRB proteins is important for interaction with key
adaptor proteins. The core CRB complex is formed by interaction of CRB and protein
associated with Lin Seven 1 (PALS1), also known as membrane-associated guanylate
kinase p55 subfamily member 5 (MPP5), where PALS1 binds to the conserved C-
terminal PDZ domain of CRB [5, 11, 26]. Ablation of Mpp5 in mouse retinal pigment
epithelium causes early-onset retinal degeneration, whereas ablation of Mpp5 in the
neural retina does not, suggesting an essential role of PALSI at the tight junctions of
RPE but not in the neural retina [27]. The core CRB complex is evolutionary conserved
and regulates apical-basal polarity and maintains cell adhesion [28]. PALS1 can interact
with MPP3 and MPP4 at the subapical region in the mouse retina (Figure 2A) [29-31].
Mpp3 conditional knockout (cKO) mice with MPP3 specifically ablated in the retina
showed disrupted localization and reduced levels of PALS], indicating that MPP3 is

11
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essential to maintain levels of PALS1 at the subapical region near the outer limiting

membrane [31].

Additionally, binding of PALS1 and CRB can lead to the recruitment of PATJ or
multiple PDZ domain protein 1 (MUPP1) to the apical membrane (Figure 2B) [26].
PATIJ connects and stabilizes apical and lateral components of tight junctions in human
intestinal cells [32]. In some cells, both MUPP1 and PATJ complexes co-exist, and
MUPPI1 regulates the cellular levels of the PALS1/PATIJ polarity complex [33]. Co-
immunoprecipitation studies showed that MUPP1 interacts in the retina with CRB1 and
PALSI, but not or less with PATJ [11]. PATJ preferentially binds with PALS1 and
partitioning defective-6 homolog (PAR6) (Figure 2B) [33, 34]. PARG is a key adaptor
protein that interact with the ERLI PDZ domain of CRB in mammalian cells [35, 36].
PARG leads to recruitment of PAR3, atypical protein kinase C (aPKC) and cell division
control 42 (CDC42), known as the PAR complex [36-42]. This PAR6-CDC42 complex
is required for the apical-basal polarity and cell adhesion [42].

Alternatively, the importance of a CRB-PALS1-EPB4.1L5 complex in mammals has
been described [43-45]. Co-expression and co-localization studies suggested that in
several epithelial derived tissues Epb4.115 interact with at least one Crumbs homologue
and with PALS1 (Figure 2C). In addition, in the adult retina, Epb4.115 showed
substantial overlap at the OLM with CRB1 and PALSI [43]. Overexpression of
Epb4.115 in polarized MDCK cells affects tightness of cell junctions and results in
disorganization of the tight junction markers ZO-1 and PATJ [43]. However another
group discovered, unlike in the zebrafish and Drosophila orthologues, that mouse
Crumbs proteins are localized normally in absence of Epb4.115 [46]. Additional
research should be performed to define its precise molecular mechanism in mammalian

cells.
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Figure 1. Schematic representation of CRB subcellular localization and proposed
trafficking mechanism (A) Schematic overview of full length CRB1 (CRB1-A), CRBI-B,
CRB2, CRB3A and CRB3B proteins. (B) Subcellular localization of CRB1, CRB2, and CRB3A
in the retina of mouse, post mortem human donor, macaque, hiPSC, and human fetal retina. (C)
Trafficking mechanism in Drosophila suggested to be conserved among species, adapted from
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(Aguilar-Aragon et al., 2020). Note: INL = inner nuclear layer; IS = inner segments; MGC =
Miiller glial cell; ONL = outer nuclear layer; OS = outer segments; SAR = subapical region.

The alternative isoform CRB3B contains a distinct carboxy terminal motif namely the
CLPI motif, suggesting different binding partners in epithelial cells. CRB3 is widely
expressed in epithelial cells. A Crb3 KO mouse demonstrates extensive defects in
epithelial morphogenesis, the mice die shortly after birth with cystic kidneys and lung
proteinaceous debris throughout the lungs [47]. Interestingly, these defects are also seen
in Ezrin knockout mice, which is in line with the detected interaction between CRB3B
and Ezrin in mice and mammalian cells (Figure 2D) [47, 48]. This indicates that
CRB3B is also crucial for epithelial morphogenesis and plays a role in linking the apical
membrane to the underlying cytoskeleton [47-49]. Therefore, the roles of the two CRB3

variants in the mouse lungs remains to be determined.

Drosophila Crb has also been found to inhibit the positive-feedback loop of
phosphoinositide 3-kinase (PI-3K) and Racl, thereby repressing the activation of Racl
as well as PI-3K and maintaining proper apical domain and epithelial tissue integrity
(Figure 2E) [50]. This process could potentially be conserved in different species,

however, more research in mammalian cells is required to support this hypothesis.
CRB function in cell proliferation

In Miiller glial cells of Drosophila and Xenopus, YAP plays an important role in
damaged retina [51-53]. YAP is a core member of the Hippo pathway, which regulates
several biological processes including cell proliferation, and survival [54]. The
intracellular domain of Drosophila Crb interacts with Expanded and thereby regulates
the activity of Hippo pathway kinases [54, 55]. In mammalian lung epithelial and breast
cancer cells, CRB3 expression also correlates with the Hippo pathway [56, 57]. More
specifically, CRB3 affects the Hippo pathway by interacting with Kibra and/or FRMD6
(FRMD6 is the homologue of Drosophila Expanded; Figure 2 F). With low CRB3
expression levels, the Hippo-pathway is inactivated, YAP is not phosphorylated and
can move to the nucleus where YAP target genes are expressed leading to increased
cell proliferation and decreased apoptosis [56]. Also in Crb1™® versus wild-type mouse

retina several Hippo signaling related genes were differentially expressed [51]. In
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addition, CRB1 and CRB2 deletion also lead to YAP signaling dysregulation in
developing murine retinas [58]. These data suggest an essential role of the Hippo

pathway in the control of cell proliferation.
CRBI1 and CRB?2 in retinal diseases

Mutations in the CRBI gene are associated with a wide spectrum of retinal dystrophies,
such as retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA). RP is a
clinically and genetically heterogeneous disease affecting more than 1.5 million people
worldwide, where patients typically experience night blindness followed by
progressive visual field loss ultimately leading to complete loss of vision in early or
middle-life [59, 60]. The age at symptom onset for RP patients ranged from 0 to 47
years, with a median onset of 4 years [59]. Approximately 3 to 9% of non-syndromic
cases of autosomal recessive RP are caused by a mutation in the CRB/ gene [61-63].
LCA is a more severe retinal dystrophy, causing serious visual impairment or blindness
in newborns [64]. Mutations in the CRBI gene account for approximately 7 to 17% of
all LCA cases [61-64]. There are more than 200 different mutations described along the
CRBI gene resulting in retinal dystrophies without a clear genotype-phenotype
correlation with RP or LCA, CRBI patients may display unique clinical features such
as pigmented paravenous chorioretinal atrophy, macular atrophy alone, retinal
degeneration associated with Coats-like exudative vasculopathy, para-arteriolar
preservation of the retinal pigment epithelium, or nanophthalmia [61, 62, 65]. The
clinical variability of disease onset and severity, even within a patient cohort with the
same homozygous mutations, supports the hypothesis that the phenotype of patients
with CRB1 mutations is modulated by other factors [66]. So far, no treatment options
exist for patients with mutations in the CRBI gene. To study CRBI-related retinal
dystrophies for treatment options, several models have been used. Below, CRB-related

human- and animal-derived retinal models are described.

Until recently, no RP patients were described with mutations in the CRB2 gene.
However, Chen et al discovered, using whole exome sequencing (WES), a homozygous
CRB2 p.R1249G mutation in a consanguineous Chinese family presenting RP. This
mutation disturbs the stability of CRB2 protein and thereby induces RPE degeneration,
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impairs RPE phagocytosis, and accelerates RPE apoptosis [67]. However, only a
limited number of patients with this mutation are described, identification of CRB2

mutations in more RP patients is warranted to better support its pathogenicity.

Human-derived retinal models

The use of human-induced pluripotent stem cell (hiPSC) models for research is an
emerging strategy to explore patient phenotypes in vitro. These techniques allow access
to previously limited or inaccessible material and have been explored in many
ophthalmic laboratories worldwide. A commonly used method is the differentiation of
hiPSC into retinal organoids. Since the first one, numerous groups have adapted or
created their own method to more efficiently generate well laminated retinal organoids
[68-72]. Nevertheless, a wide variability in differentiation efficiency across hiPSC lines
is often reported [73-76]. Chichagova et al. have shown that the ability of three different
hiPSC lines to differentiate into retinal organoids in response to IGF1 or BMP4
activation was line- and method-dependent [75]. Hallam et al. differentiated five hiPSC
lines with a variability in efficiency, but by 5 months of differentiation all the retinal
organoids were able to generate light responses and contained a well-formed ONL with
photoreceptor cells containing inner segments, cilia, and outer-like segments [77].
Attempts have been made to decrease this wide variability, Luo et a/ described that the
use of a Wnt signalling pathway antagonist, Dickkopf-related protein 1 (DKK-1),
efficiently generated retinal organoids in all six hiPSC lines [72]. Bulk RNA-
sequencing profiling of retinal organoids demonstrated that the retinal differentiation
in vitro recapitulated the in vivo retinogenesis in temporal expression of cell
differentiation markers, retinal disease genes, and mRNA alternative splicing [78].
These results make the retinal organoids, despite their high variability, of great interest
in a wide range of applications including drug discovery, investigating the mechanism

of retinal degeneration, developing cell-based therapeutic strategies and many more.
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Figure 2. Schematic representation of CRB interaction partners. (A-D) Proposed interaction
partners and formed CRB complexes in mammals involved in cell adhesion and morphogenesis.
(E) Proposed interaction partner in Drosophila suggested to be conserved among species. (F)
Proposed interaction partners involved in cell proliferation.

Defining the localization and onset of expression of the CRB complex members has
been achieved in healthy hiPSC-derived retinal organoids. Several members of the CRB

complex, CRB2, PALSI1, PATJ, and MUPPI, were detected at the outer limiting

membrane as early as differentiation day 28 (DD28), typical and clear puncta-like
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staining patterns for CRB1 were found only after DD120. All CRB complex members
together with adherens junction markers, p120-catenin and N-cadherin, were still
detectable in DD180 retinal organoids [16]. The onset of CRBI and CRB2 protein
expression recapitulates those observed in the human fetal retina, with a clear onset of

CRB2 expression before CRB1 expression [16].

Three CRBI patient hiPSC lines containing a homozygous missense mutation
(c.3122T>C), or heterozygous missense mutations (¢.2983G>T and c¢.1892A>G, or
¢.2843G>A and ¢.3122T>C) were successfully differentiated into retinal organoids and
analyzed at differentiation day 180. Here, all three retinal layers were developed: retinal
ganglion cell layer marked by Tujl positive dendrites, neuroblast layer marked by
SOXO9 positive retinal progenitor cells, and an outer nuclear layer marked by recoverin
positive photoreceptor cells. However, frequently, there were ectopic recoverin positive
cells found above the outer limiting membrane and all missense CRBI organoid lines
developed small but frequent disruptions of localization of CRB complex members at
the OLM that were not found in control lines [16]. Data from these CRBI patient hiPSC
retinal organoids suggest a retinal degeneration phenotype similar to that previously
found in mice lacking CRB1, mice expressing the C249W CRBI variant, or mouse
retina lacking CRB2 [11, 79, 80]. Another study shortly describes the successful
differentiation of hiPSC carrying a compound heterozygous mutation in the CRB/ gene
(c.1892A>G and ¢.2548G>A) to retinal organoids. All three germ layers and expressed
markers of retinal progenitor cells, including N-cadherin, rhodopsin, and PAX6, after
35 days of differentiation were present, but no phenotype was described in this paper
[81]. To our knowledge, only these two papers have reported the generation of CRB!
patient hiPSC-derived retinal organoids. The reproducible phenotype observed in these
three CRBI patient lines [16] provides a good model for assessing potential gene

therapy approaches.

Another frequently used method in the ophthalmic field is the differentiation of hiPSC
into retinal pigment epithelium (RPE) monolayers. Efficient protocols for
differentiating hiPSC into RPE monolayers using a mixture of growth factors have been

established [82-84]. However, attempts are currently made to use nonbiological
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products, such as small molecules, that would limit the risks of infection or immune
rejection when transplanted. Maruotti et al. developed a protocol which uses chemotin
(CTM) in combination with a previously known neural inducer nicotinamide (NIC) to
efficiently differentiate hiPSC into RPE monolayers [85]. In three independent hiPSC
lines, RPE differentiation was efficient, and key RPE markers such as microphthalmia-
associated transcription factor (MITF), PMEL17, and tight junction protein zonula
occludens 1 (ZO-1) were strongly expressed. When left longer in culture to mature,
bestrophin 1 (BEST1) and retinal pigment epithelium-specific protein of 65kDa
(RPE65) were also strongly expressed [85]. Using a slightly adapted protocol, Smith et
al. differentiated six more hiPSC lines into hiPSC-RPE monolayers, all six also
expressed the key RPE markers ZO-1, BEST-1, and MITF. Another study revealed by
RNA sequencing data that hiPSC-RPE grouped with fetal RPE samples, indicating that
their gene expression was highly correlated and similar [86]. In addition, Zahabi et al.
provided proof-of-concept that multiple retinal-disease specific hiPSC lines, including
two RP lines, can be differentiated into RPE monolayers [84]. Altogether, this data
illustrates the potential of hiPSC-RPE as a model system for retinal diseases with
mutations in the RPE. Related to CRB, recent studies have shown that CRB2 but not
CRBI1 is expressed in the human RPE during the differentiation into retinal organoids
[16]. In addition, there are RP patients described with specific CRB2 variations
expressed in RPE cells [67]. Therefore, the method of generating hiPSC-RPE could be

used to explore treatment possibilities for patients with specific variations in CRB2.
CRBI-related animal retinal degeneration models

Numerous research groups focus on animal models to gain, understand, and develop
gene therapy strategies that potentially can be used to treat retinal degeneration of RP
and LCA patients. Over the years there are multiple animal models developed
mimicking the CRB1-related phenotype in patients. These models vary from mild to
more severe, early- to late-onset, and Miiller glial cell or photoreceptor specific
phenotypes. Double retinal knock-outs of CRBI and CRB2, have helped to understand
the contribution of the two CRB proteins to the retinal disease etiology, and explain the

relatively mild phenotype observed in Crb1 variant mouse models [11, 79, 87, 88].
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LCA-like mouse models

Four mouse models showing a CRBI LCA-like phenotype have been reported:
Crb1X°Crb24#C where both Crb1 and Crb2 are ablated in retinal progenitor cells [58],
secondly the Crb1X9Crb24mPRC where Crb]1 is ablated in MGC and Crb2 is ablated in
immature photoreceptor cells with remaining Crb2 levels in MGC and progenitor cells
[89], thirdly the CrbI¥WTCrb24RPC mouse model with reduced levels of Crb1 in MGC
and ablation of Crb2 in retinal progenitor cells [58], and finally CrbIX9Crb24M5C in
which both Crb1 and Crb2 are ablated in MGC [18]. All four models exhibit vision loss
indicated by a reduced ERG response. In addition, retinal degeneration was observed
by outer limiting membrane disruptions, abnormal retinal lamination, intermingling of
nuclei of the ONL and INL, and ectopic localization of retinal cells. These mouse
models show an early onset phenotype with distinct severity indicated by the order
mentioned above. In short, in the most severe mouse model, CrbI15X°Crb27RFC the
phenotype onset was found as early as embryonal day 13 (E13) which was observed
throughout the retina [58]. Retinal degeneration in CrbIX°Crb24mPRC was detected at
E15 in the whole retina, but in adult mice the superior retina was more affected than
the inferior retina [89]. Also in CrbIX¥WTCrb22RPC mice retinal degeneration was
detected at E15, but was mostly affecting the peripheral retina [58]. Finally, the
CrbI1%0Crb2M5C mice showed the first signs of degeneration at E17, where mostly the
peripheral retina was affected. More subtle differences between these models are
described and summarized before [18]. These data show that all four Crb/ mouse
models mimic the LCA phenotype in patients and could therefore be used for future

therapy development.
RP-like mouse models

Twelve CRBI RP-like mouse models have been described so far, including (1)
CrbIK0/C2#W \yith a missense variation in the CrbI gene [79], (2) Crb2M9C where only
Crb2 is ablated in MGC [90], (3) the Crb1"* mice with a naturally occurring nonsense
mutation in the Crb1 gene [87], (4) the CrbIX° where the full length Crbl protein is

ablated from retinal radial glial progenitor cells, Miiller glial cells, and the rest of the
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body [11], (5) the Crb1%"# were Crbl-B is abolished from photoreceptor and Miiller
glial cells [3], (6) the CrbI"™" where a deletion of alternate exon 5a up to intron 7
disrupts all Crb1 isoforms [3],(7) Crb247°% where Crb2 is ablated only in developed rod
photoreceptor cells [91], (8) CrbIX°Crb247°% where Crbl is ablated in MGC and Crb2
in rod photoreceptor cells [91], (9) CrbIXOCrb2"-mPRC with absence of Crbl and
reduced levels of Crb2 in immature photoreceptors [89], (10) Crb1XOCrb24o"-RPC with
absence of Crbl and reduced levels of Crb2 in retinal progenitor cells [14], (11)
Crb2RPC where Crb2 is ablated in retinal progenitor cells [80], and finally, (12)
Crb24mPRC with Crb2 ablation in immature photoreceptor cells [90]. The different Cre
mouse models show variations in mosaicism (mutant adjacent to wildtype cells), but
eleven out of twelve Crb models show disruptions at the outer limiting membrane with
rows or single photoreceptor nuclei protruding into the subretinal space or ingressing

into the outer plexiform layer leading to a degenerative retinal phenotype (table 1).

The Crb 1" mice have a naturally occurring single base deletion in exon 9 of the Crb1
gene causing a frame shift and premature stop codon, thereby truncating the
transmembrane and cytoplasmic domain of CRBI. This results in a photoreceptor
degeneration mainly observed in the inferior nasal quadrant of the eye, caused by retinal
folds and pseudorosettes [87]. In the CrbIX° mouse model the retinal lamination is
predominantly maintained, and degeneration is found in the inferior temporal quadrant
of the retina. Degeneration is indicated by single or groups of photoreceptor cells
protruding into the subretinal space, rosette formation, and neovascularization. In 18M-
old mice there was no loss of overall retinal function measured by electroretinography,
suggesting that a major part of the retina was not affected by loss of Crbl [11, 88].
Light exposure experiments reveal that light exposure doesn’t initiate but rather
enhances the retinal degeneration [88]. The mild phenotype observed in these Crb!/

mouse models suggest that Crb2 protein may compensate the effect of CRB1 deletion.

In the Crb1%"B the alternative CrbI-B isoform is abolished from photoreceptor cells,
while the Crb ™! disrupts all potential Crb1 isoforms [3]. The Crb1%E mouse do not
show significant disruptions in the OLM, while the disruptions in the Crb /™" mice were

comparable with Crb1™® [3]. Although not mentioned by Ray ef al., also the Crb1¥°
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mice shows significant OLM disruptions strongly depending on genetic background as
well as exposure to light [11, 88]. As the IrCaptureSeq suggested that Crb-B is the
most abundant transcript in mouse and human retina, a cross-breeding of CrbI™" with
Crb1%"B mice was performed to define the relevance of Crb1-B in the retina. This
heterozygous Crb™Vdel-B

CrbI™" mouse [3]. Similar OLM disruptions were thus found in CrbI™®, CrbI™",

showed similar OLM disruptions with the homozygous

Crb™WVdelB and Crb1¥° mice. It is essential to perform retinal function measurements
on the mouse models affecting Crb/-B to understand its function and to compare it with
previously described Crb/ mouse models. In addition, the most severe retinal
phenotype so far derives from Crb/ mice with concomitant loss of Crb2.Both Crh24RPC
and Crb24mPRC show an early onset retinal degeneration at embryonic day 18.5 (E18.5)
and E15.5 respectively, the difference is caused by the distinct expression pattern and
timing of the Cre recombinase and morphological phenotypes result in differences in
the scotopic and photopic ERG conditions already at 1M of age [80, 90]. Interestingly,
in contrast to Crb24RPC mice, the lamination of Miiller glial, ganglion and amacrine
cells were also misplaced in Crb24™PRC mice. These lamination defects were also

observed in CrbIXKO"TCrph24RPC mice [58].

Another mouse model, Crb247°%, show a mild and late onset phenotype limited to the
superior retina [91]. In some 3M and all 6M old Crb247°% mouse, disruptions of the
outer limiting membrane, a thinned photoreceptor layer at the peripheral superior retina,
and photoreceptor cells protruding into the subretinal space were observed. A reduction
in ERG scotopic a-wave was observed in 9M old mice, while no difference in
optokinetic head tracking response (OKT) spatial frequency or contrast sensitivity was
observed. Interestingly, while most photoreceptor cells were affected, all the remaining
photoreceptor cells showed mature inner- and outer-segments. Remaining rods were
functional and the cones showed normal morphology. This phenotype is enhanced by
a concomitant loss of Crbl in Miiller glial cells [91]. These mice, CrbIXOCrb2470%,
show a similar but enhanced phenotype in comparison to Crb24°% mice. Here, a
reduction in ERG scotopic a-wave was observed at 3M and became more apparent at
6M onwards. In addition, a significant decrease in OKT contrast sensitivity was found

from 3M of age onwards [91]. The difference in phenotype onset between all these
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mouse models might be explained by the onset of Cre expression during retinogenesis
and by cell-type specific ablation; ablation of Crb2 from a later time point resulted in a

milder phenotype. Interestingly, when Crb2 is ablated in MGCs, Crb24M0¢

, avery mild
morphological phenotype with no functional consequences measured using ERG was
observed [90], but ablation of both CRB1 and CRB2 from Miiller glial cells caused a
severe LCA phenotype [18]. This data suggests that CRB2 has a redundant function in
Miiller glial cells, while in photoreceptor cells it is essential for proper retinal

lamination and function.

Interestingly, the Crb 1% phenotype is located at the inferior temporal quadrant whereas
the Crb247% phenotype is mainly observed at the peripheral and central superior retina.
These differences might be related to higher levels of CRB2 in the inferior retina while
CRBI is expressed at higher levels in the superior retina [14]. In addition, there might
be modifying factors present which are enriched in either the superior or inferior retina

causing the different phenotypes.

In addition to these mouse models, a rat with a spontaneous mutation in Crb/ exon 6
was discovered mimicking human macular telangiectasia type 2 [92]. The autosomal
recessive indel mutation causes an early-onset phenotype with a strongly reduced ERG
response in three-week old rats. These rats showed a focal loss of retinal lamination,
OLM disruptions, and photoreceptor cells, MGC and RPE alterations [92]. Differences
between this and the Crb/ mouse models could result from different types of mutations

or from different genetic setups displayed by these different animal species
Gene augmentation strategies for CRB1 retinal dystrophies

There is an emerging interest in gene augmentation strategies for retinal dystrophies.
Recently, gene therapy became available for young RP and LCA patients with biallelic
mutations in the RPE6S5 gene. Voretigene neparvovec-rzyl, or its commercial name:
LUXTURNA™, uses the adeno-associated viral vector serotype 2 (AAV2) to deliver
by subretinal injection a functional copy of the RPE6S5 gene into the RPE cells. RPE6S
transgene expression results in the production and correct localization of RPE65 protein

in RPE cells, thereby compensating for the loss of the protein and restoring the visual
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cycle in these patients [93]. Nowadays, there are numerous clinical studies ongoing
which explore the use of AAV as a therapeutic vector for retinal diseases such as
retinitis pigmentosa (RP), wet age-related macular dystrophy (AMD), Leber congenital
amaurosis (LCA) and many more [94]. However, so far, no treatment options are
available for RP and LCA patients with mutations in the CRBI gene. Below, we will
describe novel therapeutic tools which could be promising for CRBI retinal gene

augmentation therapy in RP patients.

Currently, AAVs are the leading platform for gene delivery in the treatment of retinal
dystrophies. AAVs are mainly investigated because of their low toxicity, their
capability to transduce both dividing and non-dividing cells, they do not integrate into
the host genome, and AAV capsid variants display distinct cell tropisms. A complete
overview of basic AAV biology, AAV vectorology, and current therapeutic strategies
and clinical progress was recently reviewed by Wang et a/ [94]. The major disadvantage
of AAVs is their limited package capacity, bigger gene expression cassettes than 4.5 kb
are not able to fit within a single AAV. Because of this, the development of AAV-
mediated CRBI gene therapy is also challenging. Full-length cytomegalovirus (CMV)
ubiquitous promoter and CRBI cDNA exceeds the AAV package limitation. However,
using an engineered minimal CMV promoter and codon optimized CRBI! cDNA
allowed sufficient expression levels of full-length CRB1 protein in Miiller glial cells in
mice [95]. Pre-clinical studies in mouse using this AAV.CMVmin.2CRBI have shown
that expression of CRBI was deleterious in CRBI mouse models but not in wild-type
mice [15]. In addition, there are more potential CRB/ transcript variants which could
be targeted [6]. Interestingly, alternative strategies using the codon-optimized structural
and functional family member CRB2 to rescue CRBI-related retinopathies restored
retinal function and structure in Crb! mouse models [15]. In that study, improved
photoreceptor layer morphology and ERG response was detected after CRB2 delivery.
The combination of AAV9 with a full-length CMV promoter was used to target both
photoreceptor and Miiller glial cells, whereas no rescue was observed when either
photoreceptor or Miiller glial cells were targeted with CRB2 [15]. In addition, several
groups explored the possibility to overcome the limiting AAV package capacity by dual
or triple-AAV approaches [96-98] or by increasing the package capacity [99]. Yet, the
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studies performed so far have shown that the dual AAV approaches have lower

expression levels compared to a single AAV vector [96, 97].

Several research groups focus on AAV-mediated gene delivery to define the tropism in
hiPSC-derived retinal organoids and/or RPE. Out of four different AAV capsids
packaged with the CAG promoter and GFP (AAV2, AAV2-7Tm§, AAVS, AAV9),
Garita-Hernandez et al showed with AAV2-7m8 infection at day 44 the most efficient
transduction of the hiPSC-derived retinal and RPE organoids. Limited transduction of
AAV9 was found [100]. Another study showed, using AAV-CMV-GFP constructs, a
more efficient retinal organoid transduction at DD220 especially in MGC with AAVS
or Shh10Y445F capsids in comparison with AAV9 [16]. Recently, Lane et al
demonstrate efficient photoreceptor cell transduction in DD 150 retinal organoids using
an AAVS packaged with the CAG protomer [101]. Moreover, AAV5-mediated gene
augmentation with human RP2 was able to rescue the degeneration found in RP2 KO
retinal organoids by preventing ONL thinning and restoring rhodopsin expression
[101].Therefore, testing CRB1- or CRB2-expressing vectors in retinal organoids will
aid in the discovery of CRB gene therapy treatment for CRB-related retinal dystrophies
in patients. In addition, there are different non-viral mediated approaches for gene
therapy. An example is the use of nanoparticles. Three representative nanoparticles,
namely metal-based, polymer-based, and lipid-based nanoparticles, were recently
reviewed describing their characteristics and recent application in ocular therapy [102].
Shortly, the most extensive characterized nanoparticle is the polymer-based CK30-PEG
nanoparticle, which contains plasmid DNA compacted with polyethylene glycol-
substituted lysine 30-mers [103, 104].Theoretically, these approaches have an
unlimited gene packaging capacity, which display a big advantage for large genes such
as CRBI. These nanoparticles are also able to infect RPE and photoreceptor cells, and
can drive gene expression on a comparable scale and longevity than AAVs in mice
[104, 105]. CK30-PEG nanoparticles have a tolerable safety profile and is nontoxic in
mouse and non-human primate eyes [106, 107]. To our knowledge, there is no
successful clinical study described using these nanoparticles so far. More research is
required to define the clinical relevance of these nanoparticles in retinal gene therapy.

Further pre-clinical research and clinical trials will aid in the discovery of new gene

26



Research Models and Gene Augmentation Therapy for CRB1 Retinal Dystrophies

therapy approaches for Crbl-related retinal dystrophies in patients. A retrospective
CRBI natural history study (NHS) has been published [59], and their prospective NHS
with strategies for evaluation of the efficacy of novel clinical therapeutic interventions
in the treatment of CRBI-retinal dystrophies will be reported in the end of 2020.
Recently, a French biotech company called HORAMA signed an exclusive license
agreement with Leiden University Medical center targeting CRB! gene mutations to
treat inherited retinal dystrophies. Based on current timelines, HORAMA expects

initiating a Phase I/II clinical study with the drug candidate in 2023 [108].
Conclusion

In this review we have discussed (1) CRB protein function in mammalian cells, (2)
recent advances and potential tools for CRB/ human and animal retinal degeneration
models, and (3) described therapeutic tools which potentially could be used for retinal

gene augmentation therapy for RP and LCA patients with mutations in the CRB! gene.
1.2 Aims and outline of this thesis

The general aim of the research described in this thesis was describing multiple model
systems for CRB] related retinal dystrophies, where Chapter 2 describes the use of a
mouse model, Chapter 3 describes a rat model, and Chapter 4 and 5 describe human-
derived models. In addition, AAV-mediated CRB gene augmentation therapy on rats

and retinal organoids was explored in Chapter 3, 4, and 5.

Chapter 1 serves as an introduction for this thesis, where I review (1) CRB1 and CRB2
function and localization in the retina, (2) the current status of human-derived retinal
models, (3) the different generated Crbl-related animal retinal degeneration models,
and finally (4) describe the current gene augmentation strategies and possibilities for

CRBI retinal dystrophies.

In Chapter 2 we describe the effect of CRB2 in rod photoreceptor cells and whether
ablation of CRB2 in rods enhance the observed phenotype in Crb/%° mouse models.
For this, we assessed the morphological, retinal, and visual functional consequences of

loss of CRB2 from rods with or without concomitant loss of CRBI1.
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Chapter 3 describes the phenotype of Crb/ mutant rats in more detail using
electroretinography (ERG), spectral domain optical coherence tomography (SD-OCT),
and morphological analysis. The subcellular localization of CRB1 and CRB2 in Crb/
mutant and control rats was explored. In addition, the tropism of three distinct viral
vectors administrated in two different injection ways were analysed in Crb/ mutant and
control rats. Finally, AAV-mediated gene augmentation therapy was explored in new-

born Crbl mutant rats.

Chapter 2 and Chapter 3 discussed our findings on CrbI*%° mouse and CrbI mutant
rat models, but in Chapter 4 and Chapter 5 we switch the focus to using human
induced pluripotent stem cells (hiPSC) to differentiate into CRBI human derived

models (retinal organoids).

Chapter 4 describes the use of hiPSCs from three different CRBI RP patients and
isogenic controls. These CRBI patient derived retinal organoids were analysed for a
morphological phenotype at differentiation day 210 (DD210). In addition, single cell
RNA-sequencing data analysis was performed and shows disruptions in the endosomal
system in Miiller glial cells and rods of CRBI-patient derived retinal organoids. Then,
AAV-mediated gene augmentation therapy was explored in these retinal organoids.
AAV.hCRBI or AAV.hCRB?2 treatment partially improved the phenotype of CRBI
patient derived retinal organoids, providing essential information for future gene

therapy approaches for patients with mutations in the CRB/ gene.

In Chapter 5 retinal organoids derived from CRBIX® and CRBI*°CRB2"" iPSC show
a significantly decreased number of photoreceptor nuclei in a row and a significantly
increased number of photoreceptor nuclei protruding above the OLM at DD180 and
DD210. AAV-mediated gene augmentation therapy showed that AAV.hCRB2 could
partially restore the phenotype observed in CRBI*° retinal organoids.

Chapter 6 consist of the general discussion and provides future perspectives of the
above mentioned chapters in this thesis, and Chapter 7 includes the summary, the
“Nederlandse samenvatting” and abbreviations, and a list of publications, curriculum

vitae, and acknowledgements of the author of this thesis.
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aPKC Atypical protein kinase C
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CMV Cytomegalovirus

CRBI Crumbs homologue 1

CT™M Chemotin

DD Differentiation day

DKK-1 Dickkopf-related protein 1

E13 Embryonal day 13

EGF Epidermal growth factor

ERG Electroretinography
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ERLI Glutamic acid-arginine-leucine-isoleucine
hiPSC Human-induced pluripotent stem cell

LCA Leber Congenital Amaurosis

MGC Miiller glial cells

MITF Microphthalmia-associated transcription factor
MPP5 Guanylate kinase P55 subfamily member 5
MUPP1 Multiple PDZ domain protein 1

NIC Nicotinamide

OKT Optokinetic head tracking response

OLM Outer limiting membrane

PALSI1 Protein associated with Lin Seven 1

PARG6 Partitioning defective-6 homolog

PI-3K Phosphoinositide 3-kinase

RP Retinitis pigmentosa

RPE Retinal pigment epithelium

RPEG65 RPE-specific protein of 65kDa

SAR Subapical region

WES Whole exome sequencing

YAP Yes-associated protein 1

701 Zonula occludens-1
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Abstract

Variations in the Crumbs homolog-1 (CRBI) gene are associated with a wide variety
of autosomal recessive retinal dystrophies including early onset retinitis pigmentosa
(RP) and Leber congenital amaurosis (LCA). CRB1 belongs to the Crumbs family that
in mammals includes CRB2 and CRB3. Here, we studied the specific roles of CRB2 in
rod photoreceptor cells and if ablation of CRB2 in rods exacerbate the Crb/-disease.
Therefore, we assessed the morphological, retinal and visual functional consequences
of specific ablation of CRB2 from rods with or without concomitant loss of CRB1. Our
data demonstrated that loss of CRB2 in mature rods resulted in RP. The retina showed
gliosis and disruption of the subapical region and adherens junctions at the outer
limiting membrane. Rods were lost at the peripheral and central superior retina, while
gross retinal lamination was preserved. Rod function as measured by
electroretinography was impaired in adult mice. Additional loss of CRB1 exacerbated
the retinal phenotype leading to an early reduction of the dark-adapted rod
photoreceptor a-wave and reduced contrast sensitivity from 3-months-of-age as
measured by optokinetic head tracking response behaviour testing. The data suggest
that CRB2 present in rods is required to prevent photoreceptor degeneration and vision

loss.
Introduction

The Crumbs protein complex is essential for polarity establishment and adhesion of the
retinal neural epithelium. In mammals, the Crumbs family is composed of Crumbs
homolog-1 (CRB1), CRB2, and CRB3. CRB1 and CRB2 have a large extracellular
domain with epidermal growth-factor-like and laminin-A globular domains, a single
transmembrane domain, and an intracellular C-terminal domain of 37 amino acids;
CRB3 lacks the extracellular domain [1]. The intracellular domain has a single C-
terminal PDZ protein-binding motif and a single FERM-protein-binding motif
juxtaposing the transmembrane domain [1]. The Crumbs proteins associate with the
adaptor protein PALS1 and one of the multiple PDZ-proteins PATJ or MUPPI1 to form

the core of the Crumbs complex [2,3]. In the developing mouse retina, the Crumbs
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proteins localize at the subapical region adjacent to the adherens junctions between
retinal progenitor cells [4]. In the mature retina, the Crumbs proteins are present in
photoreceptors and Miiller glial cells (MGCs) [5,6]. CRB2 protein is present in
photoreceptors and MGCs, whereas CRB1 protein is present only in MGCs [7,8].

Variations in the CRBI gene are associated with a wide variety of autosomal recessive
retinal dystrophies, including retinitis pigmentosa (RP), Leber congenital amaurosis
(LCA), cone-rod dystrophy, isolated macular dystrophy, and foveal retinoschisis
[9,10]. So far, 310 pathogenic variations in the CRBI gene were identified
(http://www.LOVD.nl/CRB1). Missense mutations in the human CRB2 gene have been
recently associated with RP [11], as well as with syndromic kidney and brain diseases

[12-14].

Loss or reduced levels of the CRB1 or CRB2 proteins in retinal progenitors, immature
photoreceptors, or MGCs leads to different retinal phenotypes in mice that mimic the
wide spectrum of clinical features described in CRBI-patients, including early and late
onset RP and LCA [2]. Loss of either CRB1 or CRB2 in MGCs results in mild retinal
dystrophy, without impairing retinal function [6,15—-17]. Ablation of Crb2 in retinal
progenitor cells, or in immature rod and cone photoreceptor cells, results in progressive
thinning and degeneration of the photoreceptor layer, abnormal lamination of immature
rods, and loss of retinal function [4,16,18]. Moreover, CRB2 has roles in restricting the
proliferation of retinal progenitor cells and the number of rod photoreceptors and MGCs
[4]. Mouse CRB2 acts as the modifying factor of CRBI-related retinal dystrophies,
since reduction or full ablation of CRB2 in combination with loss of CRBI1 results in
an exacerbation of the retinal phenotype observed in Crbl knockout retinas [19-22].
The specific roles of CRB2 in rod photoreceptor cells still need to be elucidated. We
hypothesize that CRB2 in rods is required to maintain proper retinal structure and

function.

In fetal human retinas, human iPSC-derived retinal organoids, and adult non-human-
primate retinas, CRB1 as well as CRB2 proteins localize at the subapical region in both
photoreceptors and MGCs [22,23]. We previously showed proof-of-concept for AAV9-
CMV-CRB2, reintroduction of CRB2 into photoreceptors and MGCs rescued the
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phenotype of Crb28¥xChx10Cre and Crbl1Crb2"*Chx10Cre mouse retinas [24].
Although AAV9 efficiently transduces both mouse photoreceptors and MGCs [25],
AAVS5 outperforms AAV9 in transducing both human photoreceptors and MGCs in
cultured adult human retinal explants and human iPSC-derived retinal organoids [23];
as such, AAVS the most suitable serotype to be used in the clinics. In mice, AAVS only
infects retinal pigment epithelium and photoreceptors; a new animal model lacking
CRB2 specifically in photoreceptor cells that allows us to test the efficacy of the AAVS5-
CMV-CRB2 vector is required. Therefore, to validate our hypothesis and for the ability
of testing the AAV5-CMV-CRB2 vector in the future, we generated mice lacking CRB2
specifically in adult rod photoreceptors (with remaining levels of CRB2 in MGCs and
cone photoreceptors), and mice lacking CRB2 specifically in rod photoreceptors and

CRBI specifically in MGCs.

Here, we studied the effects on retinal morphology and function of loss of CRB2
specifically in rod photoreceptors with or without concomitant loss of CRB1. Our data
shows that specific ablation of CRB2 in mouse rods leads to RP. The phenotype
observed in these retinas was characterized by loss of photoreceptor cells and gliosis in
the peripheral and central retina. The retinal degeneration was more severe in the
superior than in the inferior retina. Retinal function, measured by ERG, was impaired
in 9-month-old animals. Concomitant loss of CRB1 exacerbates the retinal phenotype
leading to decreased retinal and visual function from 3-months-of-age. The data suggest
that CRB2 in rods is required to maintain cellular adhesion between rods and prevent

photoreceptor degeneration and vision loss.
Results
Rho-iCre mediates recombination specifically in rod photoreceptors

To study the specific cellular and physiological functions of CRB2 in rod photoreceptor
cells, we crossed the Crb2 floxed homozygous (Crb2M1°¥f%) mice [4,18] and
CrbIXOCrb2Mo¥lx 119] with the Rho-iCre transgenic mouse line [26] to obtain
Crb2™Rods  (Crb2"oV1RhoiCre™™) and  CrbIKOCrb2MRo%  (Crbl™Crb21ovox

/RhoiCre") animals. The Rho-iCre transgenic mice express CRE recombinase in rod
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photoreceptors from postnatal day 7, resulting in efficient recombination at postnatal
day 18 [26]. To confirm the mosaicism and specificity of the Rho-iCre transgenic

mouse line, we crossed the Crb22Rods

mice with a R26-stop-EYFP reporter mouse line
[27] that expresses enhanced yellow fluorescent protein (EYFP) upon CRE-mediated
recombination. While in Crp2fiovflox.. pyppflloxsopflost 5 EYFP signal could be
detected in the retina (Supplemental Figure 1A), in Crb2*R°%::EYFP mice, EYFP
fluorescence was observed in the outer nuclear layer the inner-segment layer of
postnatal day 20 retinas (Supplemental Figure 1D). We checked for absence of CRE-
mediated recombination in cone photoreceptors by performing co-localization studies
using a cone photoreceptor marker (cone arrestin) and EYFP (Supplemental Figure 1B,
C, E, F). Cone photoreceptors’ cell soma and inner-segments were EYFP-negative
(Supplemental Figure 1D, F; arrows), suggesting that recombination mediated by Rho-
iCre was efficient and limited to rod photoreceptors. CRB2 was detected at the
subapical region at the outer limiting membrane in postnatal day 20 control
(Supplemental Figure 1G) and Crb22R°% (Supplemental Figure 1H) retinas, likely due
to maintained expression of CRB2 in the adjacent subapical region of wild-type MGCs

and cone photoreceptors.

Ablation of CRB2 in rods with concomitant loss of CRBI leads to retinal

dysfunction and vision impairment

To study if the specific loss of CRB2 from rod photoreceptors with and without
concomitant loss of CRB1 affected retinal function, we performed electroretinography
(ERG) in 1-, 3-, 6-, 9-, and 12-month-old Crbp22Rods CrbI*OCrh22Ro%  and the
respective age-matched controls (Crb21¥1o% and Crb 1XOCrh21¥1X) - One-month-old
Crb2R%°% and Crb1%0Crb2*R°% mice showed similar scotopic and photopic responses
to the ones observed in the age-matched controls (Figure 1C, Supplemental Figure 2
and 3). In contrast, 3-month-old CrbI¥CCrb2*R°% but not Crb2°R°% mice, showed
slightly reduced amplitudes of a-wave scotopic electroretinography responses,
indicating alterations of rod photoreceptor function (Figure 1A, arrow; Figure 1C).
Moreover, 3-month-old CrbI*CCrb2*R°% also showed reduced b-wave photopic

electroretinography (Supplemental Figure 3). The reduction of the scotopic a-wave
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amplitudes in CrbI¥OCrb2*R°% mice became more evident at 9- and 12-months-of-age
(Figure 1B-D). At these time points, a reduced a-wave was also observed in Crh24Rods
mice (Figure 1B-D; arrows). Twelve-month-old mutants also showed a reduced b-

wave (Figure 1C).

Three-month-old CrbIX°Crh2*R°% mice showed reduced scotopic a-wave responses,
making these mice an interesting and potential suitable CRB1-disease model for future
gene therapy rescue experiments. Therefore, we decided to determine whether the
visual function was also affected in these mice. To do so, we used an optomotor
response test (optokinetic head tracking response (OKT)) to measure the spatial
frequency threshold and contrast sensitivity [28, 29]. Spatial frequency was measured
by systematically increasing the spatial frequency of the grating at 100% contrast until
animals no longer tracked (spatial frequency threshold). A contrast sensitivity threshold
was generated by identifying the minimum contrast that generated tracking, over a
range of spatial frequencies. Spatial frequency threshold and contrast sensitivity of
CrbI%OCrb2"R°% mice were analysed at different time points, at 1-, 3-, 7-, and 9-
month(s)-of-age. At 1- and 3-months-of-age, no differences were observed in spatial
acuity between littermate controls (CrbIXCCrb2M10¥10%) and CrbIXOCrb2*R°% mice
(Figure 2A). However, at 7- and 9-months-of-age the Crb1%0Crb2*R°% showed a small
but statistically significant decrease in spatial frequency thresholds, also described

frequently in literature as visual acuity.

The retinas of one-month-old CrbI¥CCrb22R°% showed similar contrast sensitivity
compared to CrbI®OCrb21¥fx mice at all frequencies measured (Figure 2C,
Supplemental Figure 4A). However, 3-, 7-, and 9-month-old Crb1XCCrh2R0ds
exhibited reduced contrast sensitivities compared to the littermate age-matched controls
(CrbI®OCrb21¥1Xy - Once CrbIXOCrb2*R°% showed impaired visual function, we
wanted to evaluate if deletion of only CRB2 from rods was sufficient to induce such a
deficit. Therefore, the spatial frequency threshold and contrast sensitivity of Crh2f1x/flox

were compared to age-matched Crb22Rods

. No differences were observed in spatial
frequency threshold nor in contrast sensitivity at 3- and 5-months-of-age (Figure 2B

and Supplemental Figure 4B). The data suggest that the visual function impairment
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Figure 1: Progressive loss of retinal function in Crb2°R°% and CrbI¥CCrb2°R°% mice.
Electroretinographic analysis of retinal function in Crb271°¥flox (control, gray), Crb 1% Crb2flox/flox
(control, black), Crb22R°% (blue), and CrbI¥°Crb2*R°d(red). Scotopic single-flash intensity
series from representative animals at 3-months-of-age (A) and 9-months-of-age (B). The control
scotopic a-wave is indicated by the open arrow and the black arrow points to the attenuated a-
wave of the CrbI¥0Crb2°R°% at 3-months-of-age and of the CrbI¥OCrb22Ro% and Crbh22Rod% at
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9-months-of-age (A,B; arrows). Time course single-flash ERG data from 1-, 3-, 6-, 9-, and 12-
month-old Crb2%¥flex (control), Crb22R04 and Crb1¥CCrb22Ro% mice (C). Scotopic (SC) a-wave
and b-wave amplitude are presented as a function of the logarithm of the flash intensity.
Superposition of scotopic single-flash electroretinography responses (1.5 log cd*s/m2) where the
black arrow points to the attenuated a-wave of the affected mice (D) (left), and the quantitative
evaluation as well as the corresponding b-wave/a-wave amplitude ratio (b/a ratio) (D) (right).
Boxes indicate the 25% and 75% quantile range and whiskers indicate the 5% and 95% quantiles,
and the intersection of line and error bars indicates the median of the data (box-and-whisker plot).
*p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Figure 2: Visual acuity and contrast sensitivity are impaired in CrbIX0Crb22R°% mice.
Spatial frequency thresholds (A,B) in cycles per decree (c/d) and contrast sensitivity (C) at
different time points (1-month of age (1M), 3M, 5M, 7M, and 9M). Spatial frequency thresholds
were reduced om 7- and 9-month-old Crb I¥CCrb22Ro% mice compared to the littermates and age-
matched controls (CrbIXCCrb21o¥lox) at p = 0.0274 and p < 0.001, respectively (A). No
differences were observed between Crb210¥f1x and Crb22Ro% mice at SM (B). Crb1XO0Crb22R0ds
mice showed reduced contrast sensitivity compared to the littermates, and age matched controls
(CrbI®OCrp2io¥/loxy gt 3- 7-, and 9-months-of-age (C). Contrast sensitivity at: 3M (spatial
frequencies: 0.031, p = 0.7959 (statistically non-significant); 0.064, p < 0.0001; 0.092, p <
0.0001; 0.103, p <0.0001; 0.192, p <0.0001; 0.272, p = 0.0006); 7M (spatial frequencies: 0.031,
p=0.0121; 0.064, p = 0.0003; 0.092, p < 0.0001; 0.103, p = 0.004; 0.192, p = 0.0006; 0.272, p
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=0.0448); and 9M (spatial frequencies: 0.031, p <0.0001; 0.064, p <0.0001; 0.092, p = 0.0002;
0.103, p <0.0001; 0.192, p <0.0001; 0.272, p < 0.0001). Error bars indicate = SEM, * p <0.05,
*HAE p <0.0001.

observed in the CrbI¥OCrb2*R°% is due to cumulative loss of CRB1 and CRB2 and not

to single loss of CRB2 or due to toxicity of iCre expression in rod photoreceptors.
Pupil light reflex is not impaired in CrbI1%°Crb2**°% mice

To assess if pupil light reflex was affected in Crb1¥0Crb22%°% mice, we characterized
the pupil response to blue and red light stimuli in dark-adapted, light-anesthetized 3-
and 9-month-old CrbI¥OCrb22R°% and in control mice. Pupil response curves,
contraction, and dilation after each stimulus were identical in all the experimental
groups (Figure 3A, C). No differences in the maximal pupil contraction were observed
between mutant and control(s) mice at any condition analysed (Figure 3B, D). These

results suggest that pupil light reflex was not affected in the CrbIX°Crb22R°% mice.

Loss of CRB2 in rods results in slow loss of photoreceptor cells, mainly in the

superior retina

To study if CRB2 specific ablation in rod photoreceptors results in a morphological
phenotype, histological analysis of retina sections was performed. All retinal layers
were present and displayed normal organization in the Crb2°%°% and Crb %0 Crp22R0ds
mice at 1-month-of-age, suggesting that removal of CRB2 from rod photoreceptors did
not affect retinal development and lamination. No morphological abnormalities were
observed in the control mice (Crb21°¥1°%) (Figure 4A, A’) and in the Crb2*R°% (Figure
4B, B’), while in the CrbIXOCrb2*R°% (Figure 4C, C’; arrows), small disruptions of the
outer limiting membrane were observed throughout the entire retina. Three-month-of-
age retinas from control mice (Crb21¥1%) (Figure 4D, D’) and in the Crb2*R°% (Figure
4E, E’) showed normal morphology. Ingression of photoreceptor nuclei into the inner
retinal layer was frequently detected in the inferior central retina of CrbIXOCrh22R0%s,
as also observed in the control littermate Crb1XCOCrh210¥10X retinas [6,15,19] (data not
shown). In CrbI¥OCrbh2*R°% disruptions at the outer limiting membrane of the central

superior retina were also observed (Figure 4F, F’; arrow). In some 3-month-old and in
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all 6-month-old Crb2*R°% (Figure 4H, H’; arrows) and Crb1%0Crb2°R°% (Figure 4F, F’;
arrows) retinas, the photoreceptor layer was severely thinned at the peripheral superior
area. In 9- and 12-month-old Crb22R°% and CrbI¥OCrbh22Ro% further thinning of the

outer nuclear layer was observed in the peripheral as well as central superior retina

(Figure 5B, B’, C, C’, E, B>, E”, F, F*, F).
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Figure 3: Pupil light reflex is not impaired in CrbI¥CCrb2R*% mice. Pupil responses of 3-
month-old Crb1¥CCrb2o¥/fox (blue line) and CrbIXOCrb22Ro% (red line) (A,B) and 9-month-old
Crb2M1o9flox (green line), CrbI¥OCrb2M0¥flox (blue line), and CrbIX¥CCrb22R°% (red line) mice
(C.D) to chromatic light stimulation (500 ms red or blue light) of varying intensity: low red, 1.2
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log*lux; low blue, 0.6 log*lux; high red, 4.5 log*lux; high blue, 2.0 log*lux. X-axis: time in
seconds; Y-axis: average of pupil diameter (in %) relative to baseline diameter determined from
500 ms before each stimulus (A,C). Maximal pupil contraction (B,D), boxes indicate the 25 and
75% quantile range and whiskers indicate the 5% and 95% quantiles, and the intersection of line
and error bars indicates the median of the data (box-and-whisker plot).

To assess and better visualize the photoreceptor cell loss over time, the number of
nuclei in rows of photoreceptors was quantified. The number of photoreceptor nuclei
in a row was reduced in the entire superior retina and the inferior retina near to the optic
nerve head in 6-month-old CrbI¥CCrb22R°% compared to the Crb271¥fox control
(Figure 5G). At 9-months-of-age, the number of photoreceptors in a row were further
decreased in almost the entire superior retina and in most of the inferior retina of
CrbIXOCrb2"R°% (Figure 5H). Also at this time point, the superior retina (Figure 5H)

28Rods myjce became thinner. Twelve-month-

and some areas of the inferior retina of Crb
old retinas showed almost no photoreceptor nuclei in the far peripheral superior and
nearly half in the central superior retina of Crb2R°% and Crb1XOCrb2*R°%, At this time
also, the inferior retina of Crb2°R°% and CrbIXOCrb2*R°% mice became thinner

compared to the Crb2Mflx control (Figure 51).

Removal of CRB2 in rods results in loss of rods mainly at the periphery of the

superior retina

The morphological phenotype observed in the Crb22R°% and Crb IXOCrb22R°% retinas
mainly affected the photoreceptor cells. In the far peripheral superior retinas of 9
month-old Crb2710¥ox control mice, the photoreceptor cells stained positive for
recoverin (Figure 6A). In the far periphery of the superior retinas of Crb22R°% (Figure
6B) and CrbI%OCrb2*R°% (Figure 6C), no photoreceptors were found. Towards the
central superior retina, reduced numbers of recoverin-positive cells were detected,
depicting thinning of the outer nuclear layer. Although the number of photoreceptors
was reduced, the remaining photoreceptors showed matured inner- and outer-segments.
Rhodopsin is normally located in the outer-segments of mature rod photoreceptor cells

(Figure 6D). In areas that showed reduced numbers of photoreceptors in Crb22R°% and
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CONTROL Crb24Rods Crb1KOCrp24Rods
- B r Superior

Figure 4: Loss of Crb2 from rod photoreceptors leads to loss of photoreceptor cells, mainly
in the peripheral and central superior retina. Toluidine-stained light microscopy showing
retinal stitches from control (Crb2Mo¥fox) (A D,G), Crb22Reds (B,E,H) and CrbIXOCrh22Rods
(C,F,I), and insets from control (Crb2Moxflox)y (A°D’.G’), Crb2*Reds (B’,E’,H’), and
CrbI¥0Crb22Reds (C° F°,I’) at different ages: (A—C) 1M; (D-F) 3M; (G-I) 6M. No abnormalities
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were observed in the control retina. In the Crb22Reds and Crb [XOCrb22Rd mice, all the retinal
layers were formed and properly laminated. At 3-months-of-age, sporadic disruptions of the outer
limiting membrane were found in the CrbIXOCrb22Ro% in the superior retina (F,F’; arrow). The
characteristic CrbI¥° phenotype, with photoreceptor dysplasia specifically in the inferior
temporal retina, was also frequently observed in the inferior retina (I; arrowhead). At 6M, loss of
photoreceptor cells was observed at the superior peripheral retina in both Crb22R°% (H,H’;
arrows) and CrbIXCCrb22R°% (11°; arrows) mice. Note: GCL = ganglion cell layer; INL = inner
nuclear layer; ONL = outer nuclear layer; RPE = retina pigment epithelium. Scale bars: 500 um;
insets: 50 pm.

CrbI1%0Crb2°Ro% retina, rhodopsin was localized in the outer segments, suggesting that
the remaining rods were functional (Figure 6E, F). Cone photoreceptors can be labelled
using an antibody against cone arrestin (CAR) (Figure 6D). In both knockout lines,
cone photoreceptors showed normal morphology (Figure 6E, F). In the control retinas,
peanut-agglutinin (PNA) stained the cone photoreceptor outer-segments and pedicles
at the photoreceptor synapses (Figure 6G). PNA staining was similar in 9-month-old
Crb2*%°% (Figure 6H) and CrbIXOCrb2*R°% retinas (Figure 6I). The M-cone

photoreceptor outer-segments were stained appropriately with M-opsin antibodies in

the control retinas (Figure 6G) and in both mutant retinas (Figure 6H, I).

Photoreceptor cell synapses can be stained with MPP4. In the control retinas, MPP4
signal was detected in the photoreceptor synapses at the outer plexiform layer (Figure
6J, ). In Crb22Ro% and CrbI%CCrb2*R°% retinas, MPP4 staining was disrupted and
decreased; some ectopic anti-MPP4 labelling was also detected in the outer nuclear
layer (Figure 6K, K’, L, L’). Protein kinase (PKC)a is abundant in retinal bipolar cells.
In the control retinas, bipolar cells located at the inner nuclear layer and presented
normal dendritic arborization in the outer plexiform layer (Figure 6J, J’). In the
knockout retinas, bipolar cells were localized at the correct layer, but their dendritic

arborization was affected (Figure 6K, K’, L, L’; arrowheads).
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Figure 5: Aged Crb2*R°% and CrbI¥OCrb2*R°% show loss of photoreceptors in the entire
retina. Toluidine-stained light microscopy showing retinal stitches from control (Crb2f1o¥/flox)
(A,D), Crb22Rods (B E) and Crb1XCCrb22Ro%s (C,F) at different ages: (A-C) 9M; (D-F) 12M. The
peripheral superior retina is depicted (D’,E’,F’); the central superior retina is depicted

(D”,E”,F”). No abnormalities were observed in the control retina. At 9- and 12-months-of-age,

loss of photoreceptor cells was observed, mainly in the superior peripheral retina of both
Crb22R°% and Crb1%OCrb2*R°% mice (B,C,E,F). The characteristic CrbI¥° phenotype, with
photoreceptor dysplasia specifically in the inferior temporal retina, was also frequently observed
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in the inferior retina of CrbIXOCrb2R°% (C,F; arrowheads). Spidergram depicting the
quantification of number of photoreceptor cell nuclei in a row in Crp21o¥fox (grey),
Crb IXOCrb2110¥/M0x (black), Crb22R°% (blue), and CrbI1XCCrb22Ro% (red) at 6M (G), 9M (H), and
12M (I). A reduction in the number of photoreceptor nuclei in CrbI¥0Crb22R retinas were
observed from 6M in the superior peripheral retina (G). At 9M and 12M, the photoreceptor
number further decreases in the superior central retina in both knockout lines (H,I). At 12M, the
inferior retina also had a reduced number of photoreceptors (I). Data are presented as mean +
SEM; n = 3—4 mice, per genotype/time point. Note: GCL = ganglion cell layer; INL = inner
nuclear layer; ONL = outer nuclear layer; RPE = retina pigment epithelium. Scale bars: 500 pm;
insets: 50 pm. * p <0.05, ** p <0.01, *** p <0.001.

CONTROL Crb2>Reds Crb1%°Crb2-Rods

4= periphery 44— periphery

Figure 6: Crb22R°% and CrbI¥OCrb2*R°% mice show loss of rod photoreceptor cells.
Immunohistochemistry pictures from control (A,D,G,J), Crb2*Rd (B,E,H,K), and
CrbIXOCrb22Rods (C,F,1,L) 9 month-old retinal sections stained for: recoverin (A—C), rhodopsin
and cone arrestin (CAR) (D-F), peanut agglutinin (PNA) and M-opsin (G-I), MPP4 and PKCa
(J-L, J’-L’). At 9-months-of-age, the number of photoreceptor cells marked by recoverin was

55




Chapter 2

reduced in the Crb22R°% (C) and Crb1¥OCrb22R°% (D) compared to the control (A). Although
the number of photoreceptors was reduced, in both mutant lines, rhodopsin was properly located
in the outer-segments from rod photoreceptors (E,F). Cone photoreceptors stained with cone
arresting (CAR), and with peanut agglutinin (PNA, outer segments and pedicles) and M-opsin
were present in the mutant retinas and showed normal morphology (E,F,H,I; respectively).
Photoreceptor synapses stained with MPP4 were lost and ectopically located in Crb22Reds (K’;
arrows) and CrbIXOCrb22Rods (L°; arrows); dendritic arborization of PKCa-positive cells was
also affected in the mutant retinas (K,L; arrowheads). Note: INL = inner nuclear layer; ONL =
outer nuclear layer; OPL = outer plexiform layer. Scale bars: (A—C) 50 pm; (D-L) 25 pm.

Loss of CRB2 in rods leads to disruption of the apical protein complexes

We previously reported that ablation of CRB2 from both immature cone and rod
photoreceptor cells resulted in disruption of the apical protein complexes at the outer
limiting membrane [16]. Here, we studied if removal of CRB2 specifically in rod
photoreceptors is enough to lead to destabilization of the subapical region and adherens
junction protein complexes at the outer limiting membrane using transmission electron

microscopy and immunohistochemistry.

Using transmission electron microscopy, we showed that the structures of adherens
junctions at the outer limiting membrane adjacent to photoreceptor cell nuclei were
normal in retinas of 8§ month-old control mice (Figure 7A, arrows; Figure 7A”), while
the adherens junctions in the CrbI®OCrb2*R°% mice were moderately disrupted
throughout the retina (Figure 7B; arrows). Photoreceptor cell nuclei protruding the
inner-/outer-segment layer were observed at sites of adherens junction disruption
(Figure 7B’; blue line). In the central retina, there were more MGC apical villi visible
in the CrbIXOCrb2R°% retina compared to the control retina (Figure 7C,D; asterisk).
At the peripheral control retina, the MGC apical villi extend among the photoreceptor
inner segments (Figure 7E; asterisk), whereas in the peripheral Crb %0 Crb24R°% retina,
at regions with a diminished number of inner and outer segments, the MGC apical villi

collapsed due to lack of support (Figure 7F; asterisk).
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CONTROL

Crb1¥°Crb2"Rods

Figure 7: CrbI®CCrb2R% retinas present disruptions in adherens junctions and MGC
apical villi. Transmission electron microscopy pictures from control (Crb2%10¥flox (A C,E) and
Crb1¥0Crb2%% (B,D,F)) in 8-month-old retinal sections. The adherens junctions were present
at the outer limiting membrane in the control (A,A’; arrows, red line), but they were disorganized
in the Crb1XCCrb257% retina (B,B’; arrows, red line). Photoreceptor cell nuclei protruding from
the inner-/outer-segment layers (B’; blue line). In the central retina, an increased number of
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visible MGC apical villi were detected in CrbI¥°Crb2%7% compared to control retina (C,D;
asterisk). In the peripheral retina, MGC apical villi were normally organized in the control retina
(E; asterisk), while in CrbI1%0Crb247%, the MGC apical villi were collapsed (F; asterisk). Note:
Al = adherens junctions; CR = ciliary rootlets; IS = inner segments; N = nuclei; M =
mitochondria; MGC = Miiller glial cell. Scale bars: (A-F) 1 pm.
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Figure 8: Specific ablation of Crb2 from rod photoreceptors to disruptions at the subapical

region and at the adherens junctions. Immunohistochemistry pictures from control
(Crp2io¥floxy (A D,G,J,M,P,S), Crb2%  (B,E,HK,N,Q,T), and  CrbI®OCrh2arods
(C,F,LLL,O,R,U) at different time points: 3-months-of-age (A-L) and 9-months-of-age (M—U).
Retinal sections were stained for: CRB1 (A-C), CRB2 (D-F), PALS1 and MUPP1 (G-I), -
catenin (J-L), CRB2 and -catenin (M—O), PALS1 and MUPP1 (P-R), and PAR3 and P120-
catenin (J-L). At 3-months-of-age, CRB1 protein was present at the subapical region above the
adherens junctions in control (A) and Crb22°% (B), however was absent in Crb1¥CCrh2r% (C).
CRB2 is still detected at the subapical region of Crb227% (E) and Crb1¥CCrb227% (F), due to
the presence of CRB2 protein in MGCs and cone photoreceptor cells. However, disruptions of
the subapical region were detected (E,F; arrows), mainly in the superior central retina. PALSI
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and MUPPI1 (H,I; arrows) were also lost at sites of disruption. Staining using the adherens
junctions marker -catenin showed disruption of the adherens junctions (K,L; arrows). Nine-
month-old knockout retinas showed disruption of subapical region marker and of the adherens
junctions at the superior peripheral retina (N,N’,0,0,Q,Q’,R,R’) and superior central retina
(T,U). Note: OLM = outer limiting membrane; INL = inner nuclear layer; ONL = outer nuclear
layer. Scale bars: (A-C, M—O, P-R) 50 um; (D-L, M’-O’, P’-R’, S-U) 25 pm.

At 3-months-of-age, CRB1 protein was present at the subapical region above the
adherens junctions in the control (Figure 8A; arrows) and Crb2R°% (Figure 8B; arrows)
in the superior peripheral retina. In CrbI1X°Crb22R°%, the CRB1 protein was absent, as
previously found in Crb1%° (Figure 8C). CRB2 localized at the subapical region in the
control retinas (Figure 8D) and in the central superior retina of Crb2*R°% (Figure 8E)
and CrbI1XCCrb2°R°% (Figure 8F). Other subapical region markers and members of the
Crumbs complex, such as PALS1 and MUPP1, were correctly located at the subapical
region in the control retina (Figure 8G). However, mutant retinas showed disruptions
of the subapical region, labelled by CRB2, PALSI1, and MUPP1 (Figure 8E, F, H, I;
arrows). In the control retinas, B-catenin showed correct localization of the adherens
junction (Figure 8J), while in both mutant retinas, disruptions of the adherens junctions
in the central superior retina were observed (Figure 8K, L). Photoreceptor cell nuclei
protruding from the inner-/outer-segment layer were observed at the site of disruption
(Figure 8 arrows). In the 9-month-old control retina, CRB2 correctly localized at the
subapical region just above the adherens junction marker, -catenin (Figure 8M, M”).
Also, PALS1 and MUPP1 were correctly located at the subapical region in the control
retina (Figure 8P, P’). However, at the peripheral superior retina of Crb2*R°% and
CrbIXOCrb2"R°% mice, partial disruptions of the subapical region were observed
(Figure 8N, N°, O, O’, Q, Q’, R, R’), whereas adherens junctions were mainly lost in
areas with loss of all photoreceptors (Figure 8N, N’, O, O”). PAR3, a member of the
PAR complex, and p120-catenin, an adherens junction protein, were lost at sites of
disruption of the outer limiting membrane in the central superior retina (Figure 8T, U;

arrows).
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Removal of CRB2 from rods results in gliosis in miiller glial cells

Miiller glial cells extend throughout the entire retina and function to maintain retinal
homeostasis and integrity [30]. To study the effect of CRB2 removal from rod
photoreceptor cells on the morphology of MGCs, we labelled these cells with glutamine
synthetase (GS), SOX9, CD44, and glial fibrillary acidic protein expression (GFAP)
antibodies. In 9 month-old control retinas, MGCs stained with glutamine synthetase
displayed radial alignment, with well-established apical ends (Figure 9A, A’) and
nuclei (SOX9-positive) located in the inner nuclear layer (Figure 9A, A’). In Crh2ARods
and CrbIXOCrb2°R°% retinas, the radial alignment of MGCs was disturbed and SOX9-
positive nuclei were located most apically (Figure 9B, B’, C, C’; arrows). CD44 is
highly expressed in MGC apical villi (Figure 9D, D’). In the peripheral superior
knockout retinas, the radial structure of MGC apical villi was lost (Figure 9E, E’, F,
F’). GFAP is a marker for intermediate filaments in MGCs (Figure 9G,J,M), and an
increase in GFAP occurs in gliosis. Knockout retinas showed an upregulation of GFAP
in MGCs (Figure 9H, I, K, L, N, O). Increased GFAP levels were more pronounced in
the peripheral (Figure 9H, 1) and central (Figure 9K, L) superior retina. A moderate
increase in GFAP levels was also observed in the inferior retina of Crb24%°% and

CrbI%OCrb2°R%% (Figure 9N, O).
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D’ 4= periphery E’ 4= periphery F’ 4= periphery

] Inferior center,

Figure 9: Loss of Crb2 from rod photoreceptors leads to gliosis mainly in the peripheral
superior retina. Immunohistochemistry pictures from 9-month-old control (Crb2flox/flox)
(A,D,G,J M), Crb2%ds (B.E,H,K,N), and CrbIXOCrb2%7% (C,F,I,L,0) retina. Retinal sections
were stained with antibodies against: SOX9 and glutamine synthetase (GS) (A-C), CD44 (D-F),
and glial fibrillary acidic protein (GFAP) (G-O).Miiller glial cells stained with GS showed the
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expected radial alignment (A,A’).Miiller glial cell morphology was affected mainly in the
superior peripheral retina of the mutant retinas (B,B’,C,C’; arrows). CD44-positivemicrovilli of
Miiller glial cells were displaced in the Crb227°% and Crb1¥CCrb227% peripheral superior retinas
(E,E’,F,F), specifically where photoreceptors were lost. Crb2%7% and Crb1%C0Crb227% retinas
showed activated Miiller glial cells, detected by an increased level of GFAP, mainly in the
peripheral superior retina (H,I) and in the central superior retina (K,L), with a moderately
increased level of GFAP in the inferior central retina (N,O). Note: GCL = ganglion cell layer;
INL = inner nuclear layer; ONL = outer nuclear layer. Scale bars: (A-C, D-F, G-0) 50 m; (A’—
C’, D’-F) 25 um.

Discussion

Here, we studied the effect of CRB2 removal specifically from rod photoreceptors in
the mouse retina. Furthermore, we evaluated the consequences of concomitant loss of
CRBI. Our key findings are:(i) loss of CRB2 from rod photoreceptors results in retinitis
pigmentosa, mainly at the peripheral and central superior retina; (ii) CRB2 in rod
photoreceptor cells is required to maintain the rod photoreceptor layer and retinal
electrical responses; (iii) loss of CRB2 in rods and concomitant loss of CRBI1 leads to
an exacerbation of the retinitis pigmentosa phenotype; (iv) ablation of CRB2 from rods

with concomitant loss of CRBI1 results in visual function impairment.

During retinogenesis, mouse CRB2 is located in retinal radial progenitor cells [4]. In
the mature retina, the protein is found in rod and cone photoreceptors and in MGCs [7].
We previously demonstrated that retinal development and lamination is affected from
embryonic day 15.5, when CRB2 is removed from both immature rod and cone
photoreceptors. These Crb24mmPRC mouse retinas mimicked a very early-onset retinitis
pigmentosa (Supplemental Figure 5A) [16]. The Crb24™™PRC mouse retinas showed
progressive thinning of the photoreceptor layer and mislocalization of retinal cells,
which resulted in a severe retinal function impairment, as measured by
electroretinography. Moreover, concomitant loss of CRB1 in CrbIXCCrp2immPRC
retinas exacerbated the retinal phenotype and resulted in an LCA phenotype with
thickened superior retina due to abnormal lamination of photoreceptors, intermingled
photoreceptor and inner nuclear cell nuclei, and ectopic photoreceptor nuclei in the

ganglion cell layer [21].
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The CrbI®OCrb2*R°% retinas described here showed moderate decrease in retinal
function and a significant decrease in contrast sensitivity shortly after the onset of
morphological retinal degeneration at 3-months-of-age (Supplemental Figure 5A). In
these mice, specific ablation of CRB2 from rod photoreceptors was achieved by
crossing Crb2M1°¥fx mice with Rho-iCre transgenic mice that express iCre in rod
photoreceptors from postnatal day 7, achieving expression in nearly all rods at postnatal
day 20 [26]. The onset of CRE expression after retinogenesis might explain the
moderate retinal phenotype observed in the Crb2R°% and Crb 1¥°Crb22R°% mice when
compared to mice with Cre-mediated ablation in retinal progenitor cells (Crtb2ARPC)
or mice with Cre-mediated ablation in immature cone and rod photoreceptor cells
(Crb224mmPRCY Ve previously demonstrated that short-term depletion of CRB2 from
adult retinas using adeno-associated viral delivery of Cre or shRNA against Crb2 leads
to sporadic disruptions at foci of the outer limiting membrane, outer plexiform layer,
and disruption of adhesion between photoreceptor cells [16]. This, together with the
current data reported here, suggests that CRB2 has a function in the regulation of
cellular adhesion between rod photoreceptors. Several CRB1-disease mouse models
showed a gradient in phenotype severity. The entire retina is affected in Crb2*FC mice
lacking CRB2 from retinal progenitors, MGCs, and photoreceptor cells, or Crh24immPRC
mice lacking CRB2 from the immature rod and cone photoreceptors [4,16]. In Crb 1%
retinas lacking CRBI in retinal progenitors and MGCs, the phenotype is mainly located
in the inferior temporal quadrant [6,15]. CrbI¥XOCrbh24mmPRC retinas lacking CRB1 and
CRB2 from immature photoreceptors showed retinal dystrophy by fusion of the inner
and outer nuclear layer throughout the retina. However, larger regions of ectopic
photoreceptor cells were observed in the superior retina [21]. The Crb2°Ro% and
Crb1%0Crb2°Re% mice reported here presented a retinal phenotype mainly affecting the
peripheral and central superior retina. The differences observed in the different mouse
CRBI1-models might be related to the higher levels of CRB2 at the subapical region in
the inferior retina, whereas CRBI is expressed at higher levels in the superior retina
[20]. Several other genes were found to be enriched in the superior retina, amongst
these the photoreceptor gene endothelin 2 (Edn2) and the MGC genes ceruloplasmin
and glial fibrillary acidic protein (GFAP) [31]. In the Crb22R°% and Crb1¥CCrb22Rods
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mice, GFAP expression was upregulated in the superior retina, with structural changes
in the subapical villi of MGC, which suggests the contribution of MGCs to the
phenotype observed. Retinal function mediates visual perception, but also other vision-
linked reflexes, such as the pupillary light reflex [32-34]. Previously, Kostic et al.
demonstrated that low-intensity red or blue light stimulus was a good parameter to
discriminate rod photoreceptor contribution for the pupil response, while the recovery
time after high-intensity blue stimulus was a predictor cone contribution to the pupillary
light reflex [33]. Here, we used a vision-linked reflex, the pupillary light reflex, as a
retina/vision functional outcome. CrbIX°Crb2*°% mice showed a strong reduction in
contrast sensitivity from 3-months-of-age onwards, which was not observed in
Crb2*?°% mice, and a small decrease in spatial frequency from 7-months-of-age
onwards, while the control CrbI/XCCrb21¥ox mice did not show a reduction at 9-
months-of-age. To our knowledge, this is the first report of loss of visual function as
measured by OKT in a CRBI-retinal disease model. The data suggest that visual
contrast sensitivity might be a diagnostically accurate and practical test to detect early
visual deficit in CrbI¥OCrb22R°% mice. Moreover, contrast sensitivity tests might
potentially be suitable for clinical studies testing candidate medicines for patients with
mutations in the CRB1 gene. The correlation between photoreceptor degeneration and
OKT contrast sensitivity in different mouse models are poorly described in the
literature. However, some studies used different rhodopsin mutant rat strains and
demonstrated that OKT spatial frequency and contrast sensitivity did not decline until
very late in the photoreceptor degeneration [35,36]. Furthermore, studies performed in
mice carrying a missense point mutation in Pde6b (rd10), which are almost deprived of
photoreceptor cells at 1-month-of-age, still presented residual spatial frequency

responses at 2-months-of-age [37].

Here, we propose that loss of CRB2 leads to loss of rod-cone and rod-MGC adhesion;
as a result adherens junctions are disrupted and the cytoarchitecture of the outer nuclear
layer is compromised, giving rise to misplaced rod photoreceptor cells. We speculate
that misplaced or “loose” rods preferentially degenerate and die or are phagocyted by
activated microglial cells. Microglia cell activation will contribute to MGC reactive

gliosis, characterized by increased GFAP levels and hypertrophy, by secreting pro-
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inflammatory mediators. We further speculate that the reactive MGCs from
CrbI%OCrb2"Re% and Crb2*R°% mice present a proliferation of fibrous processes and
deposition of proteoglycans at the outer edge of the retina, inhibiting axonal
regeneration and exacerbating the loss of rods (Supplemental Figure 5) [38]. Moreover,
the clear deficit of contrast sensitivity may allow us to have a rigorous outcome
parameter to measure functional vision gain or maintenance after AAV treatment.
Therefore, Crb1%°Crb2*R°% mice might become important resources to test therapies

for retinopathies due to mutations in the CRBI gene.

In conclusion, we found that (i) loss of CRB2 from rod photoreceptors results in retinitis
pigmentosa, mainly at the peripheral and central superior retina; (ii) CRB2 in rod
photoreceptor cells is required to maintain the rod photoreceptor layer and retinal
electrical responses; (iii) loss of CRB2 in rods and concomitant loss of CRB1 leads to
an exacerbation of the retinitis pigmentosa phenotype; (iv) ablation of CRB2 from rods
with concomitant loss of CRBI1 results in visual function impairment. This clear deficit
of contrast sensitivity may allow us to have a rigorous outcome parameter to measure
functional vision gain or maintenance after AAV treatment. Therefore,
CrbI1%0Crb22%°% mice might become important resources to test therapies for

retinopathies due to mutations in the CRB/ gene.
Experimental procedures
Animals

All procedures concerning animals were carried out in accordance with the E.U.
Directive 2010/63/EU for animal experiments and with permission from the Dutch
Central Authority for Scientific Procedures on Animals (CCD), permit number
1160020172924. All mice used were maintained with a 99.9% C57BL/6J genetic
background. Animals were kept in a 12 hours day/night cycle and supplied with food

and water ad libitum. Mice did not have rd8 or pde6b mutations.

Crb2 conditional knockout (Crb2%10¥f1oX) mice [4,18] were crossed with the Rho-iCre
(B6;SJL-Pde6b+Tg(Rho-iCre)1Ck/Boc) [26] transgenic mouse line, obtained from
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Jackson laboratory (IMSR Cat# JAX:015850, RRID: IMSR JAX:015850), to
specifically remove Crb2 from rod photoreceptor cells (Crb21¥1x/Rho-iCre"",
mentioned as Crb22R°%) Crp22Rod were crossed with CrbI knockout (Crb1%0) mice
[6] to generate Crbl " Crb21¥1%/Rho-iCre"~ (CrbI1*OCrb2°Ro%). Littermate age-
matched Crb2M1¥Mox /flox or CrbI®OCrb2M1¥1x were used as control. R26R-EYFP
(B6.129X1-Gt(ROSA)26Sortm I (EYFP)Cos/J))  (IMSR  Caté  JAX:006148,
RRID:IMSR_JAX:006148) reporter mice [27] were crossed with Crb2ARods to
generate Crh22Rods Eyrphloxsstop-flox/t (Cyp 2RSS BYFP) mice.

Chromosomal DNA isolation and genotyping

Chromosomal DNA was isolated from ear biopsies. The biopsies were incubated in
lysis buffer (50 mM Tris pH 8.0, 100 mM NaCl, 1% SDS) with Proteinase K (0.5
mg/ml) at 55 °C for 16 h. Chromosomal DNA was precipitated with isopropanol,
washed with 80% ethanol, and rehydrated in TE buffer. Genotyping of the Crb1KO and
Crb2flox/flox transgenic animals were performed as previously described [4,6]. The
following primers were used to detect the transgenic iCre expression: FW 5°-
TCAGTGCCTGGAGTTGCGCTGTGG-3’ and RV 5°-
CTTAAAGGCCAGGGCCTGCTTGGC-3’ (product size 650 base-pairs). R26R-EYP
mice were genotyped used the following primers: wild-type allele FW 5°-
CTGGCTTCTGAGGACCG-3’ , RV 5’-CAGGACAACGCCCACACA-3’ (product
size 142 base-pairs), and mutant allele FW 5’-AGGGCGAGGAGCTGTTCA-3’ , RV
5’-TGAAGTCGATGCCCTTCAG-3’ (product size 384 base-pairs).

Electroretinography (ERG)

Dark- and light-adapted ERGs were performed under dim red light using an Espion E2
(Diagnosys, LLC, Lowell MA, USA). ERGs were performed on 1-month-old (1M),
3M, 6M, 9M, and 12M in Crb2*Ro%s  CrpIKOCrp2aReds,  Crp2flovfloex  and
CrbIXOCrb2M1o¥flx mice. Mice were anesthetized using 100 mg/kg ketamine and 10
mg/kg xylazine administrated intraperitoneally, and the pupils were dilated using
tropicamide drops (5 mg/mL). Mice were placed on a temperature regulated heating

pad and reference and ground platinum electrodes were placed subcutaneously in the
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scalp and the base of the tail, respectively. ERGs were recorded from both eyes using
gold wire electrodes. Hypromellose eye drops (3 mg/mL, Teva,. The Netherlands) were
given between recordings to prevent eyes from drying. Single (Scotopic and Photopic
ERG) white (6500 k)-flashes were used. Band-pass filter frequencies were 0.3 and 300
Hz. Scotopic recordings were obtained from dark-adapted animals at the following light
intensities: —4, =3, =2, —1, 0, 1, 1.5, 1.9 log cd-s/m? . Photopic recordings were
performed following 10 minutes light adaptation on a background light intensity of 30
cd'm2 and the light intensity series used was: =2, —1, 0, 1, 1.5, 1.9 log cd-s/m? [39].
The following numbers of mice were used per time point: 1-month-old (1M):
(Crp2flox/fiox y = 4 - Crp]XOCpp2flo¥flox yy = 5 Cpp22R04s y = 5 and Crb X0 Crh22R0ds

n=4); 3M: (Crp2fioxflox =5 CrpIXOCrp2iloxfiox =6 Crp2*Rod =5 and
CrbIROCrb25Ro% = 5); 6M: (Crb21oV1ox yy = 6, CrhROCyp2M¥x 3 = 5 Cpp2AR0ds
n="17, and CrbI®OCrb2*R°% 5 =7); OM: (Crb2M1o¥/ox y =5 CrhIKOCyp2foxlox 3 = 4,
Crb22R°% = 5 and CrbIXOCrb2R°% j = 6); 12M: (Crb21¥ox j = 6, Crh22R0%s = 6,
CrbI%OCrp2M1o¥flox = 6 and CrbIXOCrb2*R°% p = 4). Statistical analysis of the ERG
data was performed using a t-test [22]. Responses of the Crb IXOCrb22R% and Crh22Rods

were compared to the Crb2M°¥1% control mice at each time point analyzed.
Pupillary light reflex (PLR)

The mice were dark-adapted for 16 hours prior to experiments. Pupillary light reflex
was measured under dim red light using an A2000 pupillometer (Neuroptics, Inc.,
Irvine, CA, USA). Pupillary light reflex was performed on 3-month-old (3M)
CrbIXOCyp2fo¥flox and  CrbIXOCrb2*R% mice and on 9-month-old Crp2flex/flox,
CrbI%OCrb2M1o¥f10x “and Crb1¥0Crb2*R°% mice. Mice were anesthetized with 50 mg/kg
ketamine and 5 mg/kg xylazine injected intraperitoneally. Mice were placed on the
platform, and pupil’s borders were placed in focus. The following light sequence was
used: red 1.2 log-lux (—1.2 log-W/m? , 0.065 W/m?), blue 0.6 log-lux (-1.1 log-W/m? ,
0.074 W/m?), red 4.5 log-lux (2.1log-W/m?, 129.018 W/m?), blue 2.0 log-lux (0.3 log
W/m?, 1.893 W/m?) [33]. Pupil diameter recording started 500 ms before the light
stimulus and continued for 29 seconds after the light stimulus. The pupil diameter was

determined automatically by software from Neuroptics, Inc. Pupil light reflex
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measurement amounted to 320 stimuli measurements (4 stimuli per pupil), of which 17
were removed after manual curation. The numbers of animals used were as follows:
3M CrbI80Crb2M1o¥ox (n = 56 stimuli, n = 8 mice), CrbIX°Crb22R% (n = 67 stimuli, n
= 9 mice) and 9M Crb21¥f10x (5 = 44 stimuli, n = 6 mice), CrbIX°Crb21¥10x (5 = 64
stimuli, n = 8 mice), and CrbI¥CCrb22R°% (n = 72 stimuli, n = 9 mice). All stimuli were
normalized in percentile by the maximum dilation during the first 500 ms prior to
stimulus and smoothed by running median (k = 5). The aggregated mean per group is
shown in Figure 4A, C, and the overall maximum pupil constriction over 303 stimuli

are shown in Figure 4B, D.
Optokinetic head tracking response (OKT)

Spatial frequency and contrast sensitivity thresholds were measured using an
OptoMotry system (Cerebral Mechanics, Lethbridge, AB, Canada). One-, 3-, 7-, and 9-
month-old CrbIXOCrb22Reds and Crb 1XCCrp2o¥/Mox mjce, and 9-month-old Crp2ex/flox
mice were placed on a small platform in the center of four computer monitors that
formed a virtual drum with a rotating vertical sine wave grating (12°/s (d/s)), as
described previously [29]. Reflexive head movements in the same direction as the
rotating gratings were considered positive responses. Spatial frequency thresholds were
determined with an increasing staircase paradigm starting at 0.042 cycles/deg (c/d) with
100% contrast. Contrast sensitivity thresholds were measured across six spatial
frequencies (0.031, 0.064, 0.092, 0.103, 0.192, and 0.272 c¢/d). The reciprocal of the
contrast sensitivity threshold was used as the contrast sensitivity value at each spatial

frequency.

The numbers of mice used for the OKT measurements per time point were as follows:
IM  (CrbI®OCrp2floxflox = 8 and CrbIXOCrb2**% pn = 4), 3M
(CrbI%OCrb210¥10x y = 10 and CrbIXOCrb2**°% n = 10), 5M (Crb20¥iex 5 = 10,
Crb22R% 5 = 8), TM (CrbIXOCrh21o¥1ox 3 = 8 and CrbI®OCrb2*R°% 5 = 9), 9IM
(Crp2flox/fiox yy = 77 Crp]¥OCyp2o¥flox 1y = 8 and CrbIXCCrb2*R% 5 = 9). Statistical

significance was calculated by using Mann-Whitney U test.
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Morphological and immunohistochemical analysis

Eyes from Crb2°Re% Crb[ROCrp22RoS | Crp IXOCrh210¥M0x " and Crb2M10¥1x mice were
collected at different time points: 1-month-old (1M), 3M, 6M, 9M, and 12M (n = 4-
6/age/group). For morphological analysis, the superior part of the eye was marked with
a yellow dye (Davidson Marking System®dyes, Bradley Products, Bloomington, MN,
USA). Thereafter, eyes were enucleated and fixed at room temperature with 4%
paraformaldehyde in phosphate buffered saline (PBS) for 20 min. After fixation, the
eyes were dehydrated for 30 min in 30%, 50%, 70%, 90%, and 96% ethanol, embedded
in Technovit 7100 (Kulzer, Wehrheim, Germany), and sectioned (3 pm), as previously
described [40]. Slides were dried, counterstained with 0.5% toluidine blue, and
mounted under coverslips using Entellan (Merk, Darmstadt, Germany). Eye sections
were scanned using a Pannoramic 250 digital slide scanner (3DHISTECH Ltd.,
Budapest, Hungary) and images were processed with CaseViewer 2.1 (3DHISTECH
Ltd., Budapest, Hungary).

For immunohistochemical analysis, eyes were enucleated and fixed for 20 min in 4%
paraformaldehyde in PBS. Subsequently, the tissues were cryo-protected with 15% and
30% sucrose in PBS, embedded in Tissue-Tek O.C.T Compound (Sakura, Finetek,
Alphen aan den Rijn, The Netherlands), and used for cryosectioning. Cryosections (8
pm) were rehydrated in PBS and blocked for 1 h using 10% goat serum, 0.4% Triton
X-100, and 1% bovine serum albumin (BSA) in PBS. The primary antibodies were
diluted in 0.3% goat serum, 0.4% Triton X-100, and 1% BSA in PBS, and incubated
for 16 hours at 4°C. Fluorescent-labelled secondary antibodies were goat anti-mouse,
goat anti-rabbit, goat anti-chicken, or goat anti-rat I[gGs conjugated to Alexa 488, Alexa
555 (1:1000; Abcam, Cambridge, UK), or Cy3 (1:500) were diluted in 0.1% goat serum
in PBS and incubated for 1 hour at room temperature. Nuclei were counterstained with
DAPI and mounted in Vectashield Hardset mounting medium (H1500, Vector
Laboratories, Burlingame, CA, USA). Sections were imaged on a Leica TCS SP8
confocal microscope. Confocal images were processed with Leica Application Suite X
(v3.3.0.16799) or Adobe Photoshop CC 2018 (Adobe Photoshop, RRID:
SCR _014199).
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Transmission electron microscopy (TEM)

Eyes from 8-month-old CrbI*OCrb2°R°% and respective control (Crb2M1¥1xX) were
fixed in 4% paraformaldehyde and 2% glutaraldehyde in phosphate buffer (PB) for 24
h (n = 2 per group). Eyes were cut in half along the mid-sagittal plane using a razor
knife, cutting through the optic nerve. The vitreous body was removed, and the two
halves were placed back in the fixative for 2 hours. After rinsing, eyes were post-fixed
in 1% OsO4/0.1M cacodylate buffer, rinsed again, and dehydrated with an ascending
series of ethanol, followed by mixtures of propylene oxide and EPON (LX112). After
the infiltration step with pure EPON, the halves of the eyes were positioned on the caps
of large BEEM capsules filled with EPON. Ultrathin sections of the eyes, 80 nm thick,
were made and stained with uranyl acetate and lead citrate and examined with a FEI
Tecnai electron microscope (FEI Tecnai T12 Twin Fei Company, Eindhoven, The
Netherlands; camera by OneView, Gatan) operating at 120 Kv. Overlapping images

were collected and stitched together into separate images, as previously described [41].
Primary antibodies

The following primary antibodies were used: B-catenin (1:250; BD Biosciences Cat#
610153, RRID:AB_397554), catenin p120 (1:250; BD Biosciences Cat# 610134,
RRID:AB 397537), CD44 (1:400; BD Biosciences Cat# 553132, RRID:AB_394647),
cone arrestin (1:500; Millipore Cat# AB15282, RRID:AB 1163387), CRB1 AK2
(1:200; homemade) [6], CRB2 SK11 (1:200; homemade), glial fibrillary acidic protein
(GFAP) (1:200; Dako Cat# Z0334, RRID:AB 10013382), GFP (Millipore Cat#
MAB3580, RRID:AB_94936), glutamine synthetase (GS) (1:250; BD Biosciences
Cat# 610518, RRID:AB_397880), MPP4 AK4 (1:300; homemade) [6], MPP5/PALSI1
SN47 (1:200; homemade), MUPP1 (1:200; BDBiosciences Cat# 611558,
RRID:AB _399004), M-Opsin (1:250; Millipore Cat# AB5405, RRID:AB_177456),
PAR3 (1:100; Millipore Cat# 07-330, RRID:AB 2101325), PKC (1:250; BD
Biosciences Cat# 610107, RRID:AB_397513), peanut agglutinin (PNA) (1:200; Vector
Laboratories Cat# RL-1072, RRID:AB_2336642), recoverin (1:500; Millipore Cat#
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ABS5585, RRID:AB 2253622), rhodopsin (1:500; Millipore Cat#¥MABS5356,
RRID:AB 2178961), SOX9 (1:250; Millipore Cat# AB5535, RRID: AB_2239761).

Quantification of the number of photoreceptor nuclei in a row

The number of photoreceptor cell nuclei in a row were measured every 250 pm from
the optic nerve head (ONH) in 1-month-old (1M), 3M, 6M, 9M, and 12M Crh2Rd%s,
CrbIXOCrb22Rods  Crb 1%OCrp2Mo¥/Mox and Crb2M10flox mice. Three sections in the optic
nerve area of 3 retinas from 3—4 independent mice per group were used for the
measurements. Retina sections were scanned using a Pannoramic 250 digital slide
scanner (3DHISTECH Ltd., Budapest, Hungary) and measurements were performed
with CaseViewer 2.1 (3DHISTECH Ltd., Budapest, Hungary). The values of different
sections of individual mice were averaged. The number of photoreceptor nuclei from

the Crb22R°% and Crb 1¥CCrb22R°% were compared to the Crb 219X control mice.
Statistical analysis

Normality of the distribution was tested by the Kolmogorov—Smirnov test. Statistical
significance was calculated by using an unpaired t-test or by using Mann-Whitney U
test if the data did not show a normal distribution. All statistical analyses were
performed wusing GraphPad Prism version 7.02 (GraphPad Prism, RRID:
SCR _002798). All values are expressed as mean £ SEM. Statistically significant
values: * p <0.05, ** p <0.01, *** p <0.001, **** p <(0.0001.

Article information

Patents: The Leiden University Medical Center (LUMC) is the holder of patent
application PCT/NL2014/050549, which describes the potential clinical use of CRB2.
J.W. is listed as inventor on this patent, and J.W. is an employee of the LUMC

Author contributions: Conceptualization, C.H.A. and J.W.; methodology, C.H.A., N.B.
and J.W.; validation, C.H.A., N.B., J.W., A.M., A.K. and C.J.; formal analysis, C.H.A.,
N.B. and J.W.; investigation, J.W., C.H.A. and N.B.; resources, J.W., A.K. and C.J;
data curation, C.H.A. and N.B.; writing—original draft preparation, C.H.A., N.B. and

71




Chapter 2

J.W.; writing—review and editing, C.H.A., N.B. and J.W.; visualization, C.H.A., N.B.
and A.T.; supervision, J.W.; project administration, J.W.; funding acquisition, J.W. and

CHA.

Funding: This work was funded by ZonMw (grant number 43200004 to J.W.), FFB
(grant number TA-GT-0715-0665-LUMC to J.W.), Leiden Regenerative Medicine
Platform (grant number 2018-Project-B to J.W.), Rotterdamse Stichting
Blindenbelangen, and Landelijke Stichting voor Blinden en Slechtzienden (grant

number Uitzicht-2018-6 to C.H.A. and J.W.).

Acknowledgements: We thank Macha Beijnes, Nynke van de Haar, Mees Kamps,
Nienke Koot, and Eline Nagel for technical assistance and Peter M. Quinn and Thilo
M. Buck for advice on the manuscript. We thank the Department of Biomedical Data

Sciences for biostatistical analysis.

Conflict of interest: The authors declare no conflict of interest. The funders had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the

writing of the manuscript, or in the decision to publish the results.

Abbreviations:

CAR Cone arrestin
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INL Inner nuclear layer

LCA Leber congenital amaurosis
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OKT Optokinetic head tracking response
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RP Retinitis pigmentosa

RPE Retinal pigment epithelium
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Supplemental information

Crb. 2ﬂnx/‘ﬂnx_- :E YFPﬂnx-s top-flox/+

Crb2*Rods;:EYFP

Supplemental Figure 1. Specific ablation of Crb2 from rod photoreceptors. Evaluation of the
recombination efficiency of a Rho-iCre mouse line (A-F). The R26-stop-EYFP mutant mice have
a loxP-flanked STOP sequence followed by the Enhanced Yellow Fluorescent Protein gene
(EYFP) inserted into the Gt(ROSA) 26Sor locus (EYFPIoxsiop-loty “When bred to mice
expressing Rho-iCre, the STOP sequence is deleted and EYFP expression is observed in the rod
photoreceptor cells of the double mutant offspring (Crb22R%:: EYFP). Confocal laser scanning
microscope pictures of (postnatal day 20 (P20)) retina sections from Crp2flox/flox. . pyfpflox-siop-
floxt (A-C), and Crb22R°%:: EYFP (D-F), stained with anti-GFP and anti-cone arrestin (CAR), and
sections from Crp2flovflox: . pyfplloxsop-flox= (G) - and Crh22R%::EYFP (H), stained with anti-
CRB2 antibodies. While in the Crp2M1o¥/flox. - pypflox-stop-flox' (A and C) no EYFP signal could be
detected, in Crb2°R%: :EYFP (F, arrows) retinas expression of EYFP was found only in the outer
nuclear and inner-segment layers. No co-localization of EYFP with cone arrestin positive cells
was observed (D, E, F, arrows), suggesting that recombination was restricted to rod photoreceptor
cells. CRB2 protein was detected at the subapical region in the control retina (G). Besides the
ablation of Crb2 from rods photoreceptors, the protein could still be detected at the subapical
region of mutant retinas once the protein is still expressed by wild-type Miiller glial cells and
cone photoreceptors (H). Note: CAR = cone arrestin; INL = inner nuclear layer; ONL = outer
nuclear layer; OLM = outer limiting membrane. Scale bar: (A-H): 25 um.
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Supplemental Figure 2. CrbI¥OCrb2Mo¥Mox and Crh21¥1x mice present similar scotopic
electroretinography responses. Electroretinographic analysis of retinal function in
CrbIXOCrp211o¥/flox (black) and Crb21°¥Mox (gray) at different time points, 1-, 3-, 6-, 9-, and 12-
months-of-age. Boxes indicate the 25 and 75% quantile range and whiskers indicate the 5 and
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95% quantiles, the intersection of line and error bar indicates the median of the data (box-and-

whisker plot).
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Supplemental Figure 3. Crb2*R°% and CrbI¥CCrb2*R°% mice present normal photopic
electroretinography responses. Electroretinographic analysis of retinal function in Crp2fox/flox
(control) (gray), Crb2*R°% (blue) and CrbIXCCrb2*R% (red) at different time points, 1-, 3-, 6-,
9- and 12-months-of-age. Boxes indicate the 25 and 75% quantile range and whiskers indicate

the 5 and 95% quantiles, and the intersection of line and error bar indicates the median of the

data (box-and-whisker plot).
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Supplemental Figure 4. Similar contrast sensitivity for CrbI1¥CCrb200¥f0x Cpp2flox/flox a¢ a]]
frequencies measured. (A) Contrast sensitivity in cycles per degree (c/d) from 1-month of age
(IM), 3M, 7M and 9M CrbI¥OCrh2f¥flox  No difference was detected between
Crb1¥0Crh2M1¥/lox mice at all frequencies and time points measured. (B) Contrast sensitivity and
(C) spatial frequency from 3-, and 5-month of age Crb21¥flex and Crh22Rods, No difference was
observed between Crb2fo¥flox and Crb22R°d mice. Error bars indicate = SEM.
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A

Healthy retina Crb24immPRe Severe retinal
degeneration
5M
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B
Healthy retina Crb1¥0Crb24Reds Mild retinal
Crb24Rods degeneration
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Supplemental Figure S. Schematic overview of retinal degeneration. (A) Loss of CRB2 from
immature rod and cone photoreceptors results at 5SM in severe disruption of adherens junctions
and nearly complete loss of photoreceptor cells throughout the entire retina (Alves et al., 2014).
(B) loss of CRB2 in mature rod photoreceptors results at 9M in milder disruption of adherens
junctions and photoreceptor loss especially at the far periphery especially of the superior retina
(current data). The loss of CRB2 in rod photoreceptors also results at 9M in gliosis (GFAP
upregulation) in the adjacent Miiller glial cells.
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Abstract

Mutations in the Crumbs homologue 1 (CRBI) gene cause inherited retinal dystrophies,
such as early-onset retinitis pigmentosa and Leber congenital amaurosis. A Brown
Norway rat strain was reported with a spontaneous insertion-deletion (indel) mutation
in exon 6 of Crbl. It has been reported that these Crb/ mutant rats show vascular
abnormalities associated with retinal telangiectasia and possess an early-onset retinal
degenerative phenotype with outer limiting membrane breaks and focal loss of retinal
lamination at 2 months of age. Here, we further characterized the morphological
phenotype of new-born and adult Crb/ mutant rats in comparison with age-matched
Brown Norway rats without a mutation in Crb/. A significantly decreased retinal
function and visual acuity was observed in Crb/ mutant rats at 1 and 3 months of age,
respectively. Moreover, in control rats, the subcellular localization of canonical CRB1
was observed at the subapical region in Miiller glial cells while CRB2 was observed at
the subapical region in both photoreceptors and Miiller glial cells by immuno-electron
microscopy. CRBI1 localization was lost in the Crb/ mutant rats, whereas CRB2 was
still observed. In addition, we determined the tropism of subretinal or intravitreally
administered AAVS5-, AAV9- or AAV6-variant ShH10Y*F vectors in new-born
control and Crb/ mutant rat retinas. We showed that subretinal injection of AAVS and
AAV9 at postnatal days 5 (P5) or 8 (P8) predominantly infected the retinal pigment
epithelium (RPE) and photoreceptor cells; while intravitreal injection of ShH10Y44F at
PS5 or P8 resulted in efficient infection of mainly Miiller glial cells. Using knowledge
of the subcellular localization of CRB1 and the ability of ShH10Y**F to infect Miiller
glial cells, canonical hCRBI and hCRB2 AAV-mediated gene therapy were explored in
new-born CrbI mutant rats. Enhanced retinal function after gene therapy delivery in
the Crb1 rat was not observed. No timely rescue of the retinal phenotype was observed
using retinal function and visual acuity, suggesting the need for earlier onset of
expression of recombinant hCRB proteins in Miiller glial cells to rescue the severe

retinal phenotype in Crbl mutant rats.
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Introduction

Retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) are inherited retinal
degenerative diseases causing progressive vision loss, ultimately leading to blindness.
Mutations in the Crumbs homolog 1 (CRBI) gene is a frequent cause of these retinal
dystrophies in humans [1]. The CRB1 gene, mapped to chromosome 1q31.3, encodes
a large transmembrane protein and belongs to the Crumbs (CRB) family, with family
members CRB2 and CRB3. CRB proteins are located in the subapical region above
adherens junctions at the outer limiting membrane (OLM), where it can interact with,
amongst others, PALSI to form the canonical Crumbs complex [2—4]. Crb! knockout
(Crb1%%) mouse models show a mild retinal degeneration with OLM disruptions and
ectopic rows of photoreceptor cell nuclei in the photoreceptor segment layers from
postnatal day 14 (P14) [5]. Concomitant loss of Crb2 in CrbI¥° mice results in a more
severe RP or LCA phenotype, depending on which cell type lacks Crb2 [6-9].

Currently, there is no treatment available for CRB1-related retinal dystrophies.

A Brown Norway rat strain was described with an inherited retinal degenerative
phenotype caused by a spontaneous in frame insertion-deletion (indel) in exon 6 of the

CrbI gene [10]. These Crb] mutant rats, expressing an alternative CRB1™PEE

protein,
exhibit an early-onset loss of retinal function from 3 weeks of age. In addition, the first
signs of retinal degeneration were observed from P15, including OLM disruptions and
ectopic rows of photoreceptor cell nuclei in the photoreceptor segment layers. At older
ages, these disruptions progress and ultimately lead to a focal loss of retinal lamination
[10]. Because of its naturally occurring mutation and early-onset severe retinal
phenotype, these rats are a potential attractive animal model for the development of
gene therapy. Currently, gene therapy using adeno-associated viral vectors (AAVs) is
the leading platform of gene delivery for the treatment of retinal dystrophies because
of its low toxicity and ability to target both dividing and non-dividing cells [11]. In
addition, different AAV capsids display distinct cell tropisms, making it possible to

target different cell types. Moreover, previous mouse gene supplementation studies

with AAV expressing human CRB2 (hCRB2) have shown to preserve the retinal
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morphology and function in CrbI RP mouse models [12,13]. Altogether, this indicates
the potential use of AAV-mediated gene therapy for CRB-related retinal dystrophies.

Here, we perform a thorough characterization of the morphological phenotype of new-
born and adult Crb1 mutant rats and its effect on retinal function and visual acuity in
comparison with age-matched control rats. Using immuno-electron-microscopy, we
show that, in control rats, canonical CRB1 localizes specifically in Miiller glial cells
(MGCs) at the subapical region adjacent to the adherens junctions at the outer limiting
membrane (OLM), whereas the Crb/ mutant rats barely express detectable levels of
CRBI™PEL at the subapical region of MGCs. In turn, CRB2 is localized at the subapical
region in MGCs and photoreceptors of both control and Crb/ mutant rats. Next, we
describe the tropism of three different AAV serotypes (AAVS-, AAV9- and AAV6-
variant ShH10Y4F) expressing GFP driven by the cytomegalovirus (CMV) promoter
in new-born control and Crb/ mutant rat retinas. Tropism data at PS5 and P8 shows that
subretinal injection of AAV5.CMV.GFP and AAV9.CMV.GFP mainly transduces
photoreceptors and retinal pigment epithelium (RPE), whereas intravitreal injection at
P5 or P8 of ShHIOY*F.CMV.GFP efficiently transduces MGCs. Based on this
knowledge, AAV-mediated hCRB/ and hCRB2 gene therapy were explored in PS5 Crbl

mutant rats.
Results

The spontaneous mutation in Crbl in brown Norway rats leads to retinal

dysfunction and vision impairment

To study the retinal function of the Brown Norway rats with a spontaneous mutation in
the Crbl gene, we performed electroretinography (ERG) in 1-, 3- and 5-month-old
Crbl mutant rats compared to age-matched control Brown Norway rats without a
mutation in Crbl. One-month-old Crb/ mutant rats showed significantly reduced a-
and b-wave responses under scotopic conditions (Figure 1A, C). In addition, a
significant reduction in photopic b-wave was observed (Figure 1C, D). Finally, there
was a significantly reduced flicker amplitude response in Crb/ mutant rats compared

to age-matched control rats in range A and B, indicating aberrations in the rod pathway
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and cone pathway, respectively (Figure 1E). At 3 and 5 months of age, the retinal
degeneration continued in the Crb/ mutant rats and the ERG response was further

reduced compared to the age-matched control rats (Supplemental Figure 1).

In addition, the visual function was determined using an optomotor response test
(optokinetic head tracking response (OKT)). The OKT measures spatial frequency
threshold, also called visual acuity, by systematically increasing the spatial frequency
of the grating at 100% contrast until the animals no longer perform head tracking. In
addition, contrast sensitivity can also be measured, where the minimum contrast that
generated a tracking response was identified over a range of spatial frequencies [14,
15]. Three-month-old Crb! mutant rats showed a significantly decreased OKT spatial
frequency, indicating a loss in visual function compared to control rats (Figure 1F, G).
In summary, Crb] mutant rats presents a severely decreased retinal function and visual

function within three months of age.

First signs of retinal degeneration in Crbl mutant rats are observed from

postnatal day 10

To study the morphological phenotype of new-born Crbl mutant rats, histological
analysis of retina sections was performed and compared to age-matched controls. No
abnormalities in the retinal development and lamination were observed in PS5 Crb!
mutant rats compared with the control (Figure 2A, E). In addition,
immunohistochemical analysis of P5 Crb/ mutant and control rat retinas showed
similar localization of photoreceptors in the outer nuclear layer (ONL), indicated by
recoverin and rhodopsin staining (Figure 2B, F); MGC localization within the inner
nuclear layer (INL), indicated by SOX9 staining (Figure 2C, G); and a continuous
OLM, indicated by localization of subapical region marker PALS1 and adherens
junctions marker P120-catenin (Figure 2D, H). In accordance with previous data [16],
glutamine synthetase (GS), a mature MGC marker, was not yet fully expressed in the
PS5 control nor Crb1 mutant retinas (Figure 2C, G).

In contrast to previous findings, where the phenotype was first observed at P15 [10],

here we observed focal disruptions already at P10 in the Crb ] mutant rat retina (Figure
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2M). The phenotype includes OLM breaks (Figure 2P, arrowhead) and photoreceptor
cell nuclei protrusions into the photoreceptor segment layers (Figure 2N). Interestingly,
PALSI staining is more diffuse in P10 Crb/ mutant rats in comparison to age-matched
controls (Figure 2L, P). In addition, at P10, low levels of GS were detectable and
appeared similar between control and Crb/ mutant retinas (Figure 2K, O). One-month-
old control rat retinas present mature photoreceptor cells, MGCs with radial processes
throughout the retinal layers and a continuous OLM (Figure 2Q-T). In contrast, the
retina of Crb] mutant rats is severely disorganized (Figure 2U), characterized by, at the
foci, intermingling of nuclei from the INL and ONL and loss of photoreceptor inner
and outer segments (Figure 2V, arrowhead), misplaced SOX9-positive MGC nuclei and
disorganized radial MGC processes (Figure 2W). In addition, we observed OLM breaks
indicated by disruptions in PALS1 and P120-catenin staining (Figure 2X, arrowhead).
Similar results were obtained in 2-months-old Crbl mutant rats, where focal loss of
retinal lamination, OLM disruptions and photoreceptor alterations were observed [10].
Altogether, these results highlight the early-onset degenerative retinal phenotype in

Crbl mutant compared to control rats.
The Crbl mutant rat retina develops a progressive lack of retinal lamination

Using SD-OCT imaging, the retinal degeneration was followed in vivo at P17 and 1, 2
and 3 months of age Crb ] mutant rats in comparison with control rats. All retinal layers
were correctly laminated at all ages measured in the control rat (Figure 3A°, C*, E’, G’).
At P17, retinal lamination in Crb/ mutant rats appeared similar to control rats (Figure
3B’). At one-month-old Crbl mutant rats, the retinal lamination is affected mainly at
the OLM indicated by a hyperreflective ONL (Figure 3D’, arrowhead). Two and three
months of age Crb/ mutant rats show a further increased retinal degeneration, indicated
by a hyperreflective INL and ONL, resulting in an unclear distinction between the INL
and the ONL (Figure 3F’, H’, arrowhead). Volume intensity projection (VIP) shows
disruptions throughout the Crb/ mutant retina (Figure 3B, D, F, H). Morphological
sections of the Crb] mutant rats show a similar degeneration, with disruptions at the
OLM and intermingling of nuclei of the INL and ONL at 1 and 3 months of age rats
(Figure 2M, Q, U).
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Figure 1. Significantly reduced retinal function in the Crb! mutant rat compared to age-

matched controls. (A) Scotopic and photopic single-flash intensity series from representative

rats at one month of age. The attenuated scotopic a-wave of the Crb/ mutant rats is indicated
with the black arrow. (B) Quantitative analysis of the scotopic a-wave, b-wave and b-wave/a-
wave amplitude ratio (b/a ratio). Quantitative analysis of the scotopic a-wave and b-wave (C),
the photopic b-wave (D) and the flicker amplitude response (E). Boxes indicate the 25 and 75%
quantile range and whiskers indicate the 5 and 95% quantiles, and the intersection of line and

error bar indicates the median of the data (box-and-whisker plot). Decreased visual function in 3

months of age Crb] mutant rats measured using the OKT spatial frequency (F) and OKT contrast
sensitivity (G). Number of animals used for ERG: n = 6 for control and Crb/ mutant rats; and for
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OKT: control n =4 and Crbl mutant n =10. Mean + SEM. * p <0.05; ** p <0.01; *** p <0.001;
A% p < 0.0001.
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Figure 2. Retinal degeneration is observed from postnatal day 10 retinas of Crb! mutant
rats. Light microscopy of toluidine blue-stained retinal sections from P5, P10 and 1-month-old
control (A,1,Q) and Crbl mutant rats (E,M,U). Immunohistochemistry staining of P5, P10 and 1-
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month-old retinal sections, with recoverin and rhodopsin (B,F,J,N,R,V), glutamine synthetase
(GS) and SOX9 (C,G,K,0,S,W) and PALS1 with P120-catenin (D,H,L,P,T,X). No abnormalities
were observed in the control retina (A-D, I-L, Q-T). In the Crbl mutant rats, all retinal layers
were formed and properly laminated at P5 (E-H). From P10 onwards, degeneration at foci was
observed in the Crb/ mutant rat retina by photoreceptor nuclei protrusions into the photoreceptor
segment layers, misplaced Miiller glial cells (MGCs) and disruptions of the outer limiting
membrane (OLM) (M-P,U-X; arrowheads). At least n =2 eyes were used per time point. Note:
GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer; RPE = retinal
pigment epithelium. Scale bar: 40pm.

Quantification of the total retinal thickness at all ages revealed a significant decrease in
the Crb! mutant compared to control rat retinas (Figure 31). In addition, the length of
disrupted and normal laminated retina was determined in both the control and Crb/
mutant rat retina at all ages analyzed. At P17, both control and Crb/ mutant rat retinas
mainly showed a normal retinal lamination with a limited number of disruptions at the
OLM and the outer plexiform layer (OPL) (Figure 3J, K). At one month of age, a
significant increase in the length of degenerated retina were observed, indicated by
OLM breaks (Figure 3J) or disruptions at the OPL in the Crb 1 mutant rats (Figure 3K).
Finally, at two and three months of age, the length of areas of INL and ONL disruptions
increased in the Crb/ mutant rats (Figure 3L). Altogether, these data demonstrate the

early-onset severe degenerative phenotype observed in Crbl mutant rats over time.

Ultra-structural localization of CRB1 and CRB2 proteins in the control and

Crbl mutant rat retina

CRBI and CRB2 localization was studied by immunohistochemistry in the P5 control
and Crbl mutant rat retinas. Canonical CRB1 was found at the OLM in control rats,
while the CRB1™PEL protein was below the detection level in the Crb 1 mutant rat retina
(Figure 4A, B). CRB2 was detected at the OLM in both control and Crb/ mutant rats
(Figure 4C, D). Interestingly, the CRB2 staining is more diffuse in the Crb/ mutant in
comparison to control rats (Figure 4C, D). In addition, the onset of retinal function loss
in the CrbI mutant rats is remarkably faster than in mice lacking CRB1 (CrbI¥°), mice
carrying a missense CRB1 mutation (Crb1%0'©>*W) or the naturally occurring Crb 1 rd8
mouse [3,5,17,18]. Previously, we found that CRB1 or CRB2 proteins localized

differently in adult human retina, fetal human retina, human iPSC-derived retinal
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organoids and non-human-primate retina compared to mouse retina [8,19]. For that
reason, we performed immuno-electron microscopy to determine the localization of
canonical CRBI and CRB2 in the control compared to Crb] mutant rat retinas. In
control rats, CRB1 was abundantly present at the subapical region in MGCs but not
photoreceptors at both P17 and 3 months of age (Figures 4E, G and 5A), while the
CRBI™PEL variant protein in Crb/ mutant rats was only sporadically and at very low
levels detected at the subapical region in MGCs (Figure 4F, H). For CRB2, a different
pattern was observed: CRB2 is present at the subapical region of the MGCs and
photoreceptors in both control and Crb/ mutant retinas (Figures 4I-L and 5B). The

cellular localizations of CRB1 and CRB2 are therefore similar in the mouse and rat.
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Figure 3 (I -L). In vivo imaging of Crbl mutant rats show increased retinal degeneration
over time. Quantifications of total retinal thickness (I), length of non-disrupted laminated retina
at the OLM in P17 and 1-month-old control and Crbl mutant rats (J), at the OPL (K), and in 2
and 3 months of age rats at the INL/ONL (L). Arrowheads indicate regions of retinal
disorganization. Number of animals used for P17 (control n =6, CrbI mutant n =9), 1M (control
n=4, Crbl mutant n = 9), 2M (control n =4, Crb1 mutant n =4), 3M (control n =2, Crb] mutant
n =5). Values are presented as the mean £ SEM. *** p < 0.001, **** p <0.0001. Note: INL =
inner nuclear layer; ONL = outer nuclear layer; OPL = outer plexiform layer; RPE = retinal
pigment epithelium.
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A’ Control

Figure 3 (A - H).
In vivo imaging of
Crb1 mutant rats show
increased retinal
degeneration over
time. Volume intensity
projection (VIP) of the
P17, and 1, 2, and 3
months of age control
(A, C, E, G) and Crbl
mutant (B, D, F, H) rat
retinas; and SD-OCT B-
scans of the P17 and 1,
2, and 3 months of age
control (A’, C’, E’, G’)
and Crbl mutant rat
retinas (B’, D, F’, H).
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Adeno-associated viral vector (AAV) tropism in young Brown Norway rat

retina

To define the tropism of different AAV capsids, 1 pL of 1x10" ge/mL
AAV2.CMV.GFP expression vectors packaged into three different AAV serotypes
(AAV2/5.CMV.GFP, AAV2/9.CMV.GFP and AAV2/ShH10Y#* CMV.GFP; called
from now on AAVS, AAV9 and ShHI10Y, respectively) were intravitreally or
subretinally injected before retinal degeneration in P5 and P8 in control and CrbI
mutant rat retinas. One month after injection, eyes were collected and analyzed using
immunohistochemistry. Differences in retinal tropism were observed using the distinct
application methods in new-born control and Crb/ mutant rats; a summary of the
tropism in the different serotypes, routes and time points of delivery is shown in
Table 1. Interestingly, no difference in tropism was observed between control and Crb 1

mutant rats, nor the time point of the injection (P5 or P8; Table 1).

Subretinal injection of AAVS5 and AAV9 at both P5 and P8 resulted in predominantly
transduced RPE and photoreceptors, whereas intravitreal injection of both serotypes
showed transduction of photoreceptors and, to a lesser extent, transduction of INL cells
(Figure 6A—P). Furthermore, subretinal injection of ShH10Y demonstrated infection of
RPE cells, photoreceptors and MGCs (Figure 6Q, R, U, V), while intravitreal injection
of ShH10Y resulted mainly in transduction of MGCs and other cell types in the INL
(Figure 6S, T, W, X). Co-staining with GS confirmed the transduction of mainly MGCs
with all ShH10Y injections performed (Supplemental Figure 2).
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CRBA1 CRB2
Control Crb1 mutant Crb1 mutant

CRB1

CRB2

Figure 4. CRBI1 is present at the subapical region (SAR) of MGCs in control rats while
CRB?2 is present at the SAR of both photoreceptors and MGC in control and Crb! mutant
rats. (A—D) Immunohistochemical analysis of CRB1 (A,B) and CRB2 (C,D) in P5 control and
Crb1 mutant rats at the OLM. (E-L) Subcellular localization of CRB1 and CRB2 in control and
Crbl mutant rats using immuno-electron microscopy. CRBI1 is present at the SAR of MGC in
both P17 (E) and 3M control retina (G), while the mutant CRB1™PEL variant protein in Crbl/
mutant rats is sporadically detectable in P17 (F) and 3M (H). F and H show representative images
lacking detectable label. CRB2 is present at the SAR of MGCs as well as photoreceptors in both
control and CrbI mutant rat retinas at both ages (I-L). n = 2 animals used per time point. Note:
AlJ = adherens junctions; IS = inner segments; INL = inner nuclear layer; M = mitochondria; N
= nucleus; OLM = outer limiting membrane; ONL = outer nuclear layer; * = Miiller glial cell
villi. Scale bars (A-D) =20pm, (E-L) = lpm.
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Table 1. Summary of the retinal tropism of three different adeno-associated viral vector
(AAV) serotypes, namely, AAV5, AAV9 and ShH10Y, injected via two different routes of
delivery at P5 or P8 in control and CrbI mutant rat retina. For each serotype and route of
delivery, a dose of ~1 x 103 gc/mL was injected in a volume of 1 pL. Quantified data are
presented as follows: no GFP positive (-); 1 GFP positive (+/-); 2-5 GFP positive (+); 610 GFP
positive (++); 11-15 GFP positive (+++); and >16 GFP positive cells (++++) per 100 pm.
Number of animals analysed: AAVS control PS SRn=6,P51Vn=2,P§SRn=2,P81Vn=2,
AAVS Crbl mutant PSSR n=4,P51Vn=3,P8§ SRn=2,P8 1V n=15; AAV9 control P5 SR
n=3,P5IVn=2,P§SRn=3,P81Vn=3, AAV9 Crbl mutant PS SR n=4, P51V n=23, P8
SR n=2,P81V n=3; ShHIQY control P5S SRn=2,P5IVn=6,P§ SRn=2,P8§IVn=35,
ShH10Y CrbI mutant P5S SR n=3,P51V n=4,P8 SRn=2,P8 1V n=3. Note: DOI = date of
injection; TOI = type of injection; GCL = ganglion cell layer; RNFL = retinal nerve fiber layer;
INL = inner nuclear layer; ONL = outer nuclear layer; RPE = retinal pigment epithelium; SR =
subretinal injection; IV = intravitreal injection.

AAV DOI TOI GCL/RNFL INL ONL RPE

P5 SR - - ++ + Control

P5 SR - - + + Crbl mutant

P5 v - +/- +/- - Control

P5 v - - + - Crb1 mutant
AAVS P8 SR - +/- +++ + Control

P8 SR - - -+ + Crbl mutant

P8 v - - + - Control

P8 v - + +/- - Crbl mutant

P5 SR - - ++ + Control

P5 SR - - +++ + Crbl mutant

P5 v - ++ +/- - Control

P5 v +/- + - - Crb] mutant
AAVO P8 SR - - o + Control

P8 SR - - +++ + Crbl mutant

P8 v - +/- - - Control

P8 v - +/- - - Crbl mutant

P5 SR - + + + Control

P5 SR - + + + Crbl mutant

P5 v - +++ +/- - Control

P5 v - ++ + - Crb1 mutant
ShHIO0Y P8 SR - + + + Control

P8 SR - + + + Crbl mutant

P8 v - ++ - - Control

P8 v - ++ +/- - Crbl mutant
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RPE A Control B Crb1 mutant

il

OLM
ONL Photoreceptor MGC | [Photoreceptor MGC
C Crb1 mutant D Crb1 mutant
+ +
ShH10Y.hCRB1 ShH10Y.hCRB2

i

Photoreceptor MGC | [Photoreceptor MGC

Figure 5. Graphical representation of subcellular localization of Crb1 and Crb2 proteins in
Brown Norway rat retina and gene therapy approach using ShH10Y.hCRBI and
ShH10Y.hCRB2. Graphical representation of the subcellular localization of Cb1 and Crb2 in
control (A) and Crb] mutant (B) rat retinas. Graphical representation using AAV-mediated gene
therapy vectors targeting MGCs using ShH10Y-hCRB/ (C) and ShH10Y-hCRB2 (D). Scale bar:
20 um. Note: RPE = retinal pigment epithelium; OLM = outer limiting membrane; ONL = outer
nuclear layer; INL = inner nuclear layer; SAR = subapical region; MGC = Miiller glial cell.

Intravitreal delivery of ShH10Y.hCRBI1 or ShHI10Y.hCRB2 at PS5 does not

increase the retinal function in Crbl mutant rats

Based on the subcellular localization of CRBI and the tropism of different AAV
capsids, we determined that intravitreal injection of ShH10Y is the most suitable viral
vector to infect MGCs and explore gene therapy possibilities in Crb/ mutant rats
(Figure 5C, D). In addition, tropism studies in both control and Crb/ mutant rats show
that larger stretches of the retina are transduced when intravitreally injected at P5 with
ShH10Y (Supplemental Figure 3A, B). For that reason, the Crb/ mutant rats were
injected at P5, with ShHI10Y either with hCRB/ (ShH10Y.hCRBI) or hCRB2
(ShH10Y.hCRB2) and the other eye was injected with PBS (mock control).
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Immunohistochemical analysis of 3-month-old CrbI mutant rats injected at P3 with
ShH10Y.hCRB1 show expression of hCRBI above the OLM (Supplemental Figure
3C). In addition, rats injected with ShH10Y.hCRB2 reveal a remaining CRB2
localization at the OLM similar to the uninjected condition (Supplemental Figure 3D).
The visual and retinal function were measured by OKT in 3-month-old, and ERG at 2-
and 3-month-old Crb]1 mutant rats. No significant differences were observed in visual
function, as measured by the OKT spatial frequency, between untreated, PBS-,
ShH10Y.hCRBI- or ShH10Y.hCRB2-treated eyes at 3 months of age (Figure 7A). In
addition, no significant difference in retinal function as measured by ERG was observed
between ShH10Y.hCRB-treated and PBS-injected eyes (Figure 7B, C). However, an
increase in OKT contrast sensitivity at 0.092 c/d spatial frequency was observed in 3-
month-old Crb] mutant rats injected with ShH10Y.hCRB2 compared to PBS-injected
rats (Figure 7A). In addition, an increased ERG response at high dark-adapted
intensities (1.5 and 1.9) on the a-wave amplitude for rod photoreceptor transmission

was observed in CrbI mutant rats treated with ShH10Y.hCRB2 (Figure 7C).

When the retinal function within individual rats was analyzed in 2- and 3-months-old
Crbl mutant rats, no significant differences were observed between ShH10Y .hCRB/
and their PBS-injected eyes for both the scotopic a- and b-wave (Figure 7D and
Supplemental Figure 3E). In addition, no differences were observed when treated with
ShH10Y.hCRB2 (Figure 7E and Supplemental Figure 3F). Interestingly, we observed
high variations on the scotopic ERG responses between individual animals measured
injected with PBS, ShH10Y.hCRB/ or ShH10Y.2ZCRB2 (a-wave range 10-100 pV; b-
wave range 50-300 pV; Figure 7D,E); similar variations were observed when the
response of the right and left eye of untreated Crb/ mutant rats were compared (a-wave
range 10-100 pV; b-wave range 100-300 pV; Figure 7F), indicating a variability in the
scotopic ERG response between different Crb/ mutant litters. Because of the absence
of an enhanced retinal function after gene therapy delivery, we hypothesize that the
injection with our viral vectors at P5 does not allow timely expression of the hCRB! or
hCRB?2 transgenes before the onset of loss of visual or retinal function in the Crb/

mutant rats.
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As postnatal day 5 might be too close to the onset of retinal degeneration, attempts to
treat the Crbl mutant rat earlier has been made. However, treatment with
AAV2/ShH10Y#F CMV.GFP is only efficient when sufficient number of Miiller glial
cells are born to become targeted by the vectors. Previous research of murine
development have shown that approximately 50% of the Miiller glial cells are born at
P3 [42], which might just be sufficient to rescue the observed retinal phenotype.
Immunohistochemical analysis of one-month old Crb/ mutant rat retinas injected
intravitreally at P3 with ShH10.GFP (1ul of 1x10'3 gc/ml) showed efficient Miiller
glial cell transduction (Supplemental Figure 4A). No significant differences were
observed in visual function, as measured by OKT spatial frequency nor with 0.092¢/d
contrast sensitivity, between eyes injected at P3 with ShH10Y.hCRBI or
ShH10Y.hCRB2 compared to uninjected at 3M of age (Supplemental Figure 4B).
Retinal function, measured by ERG, showed for all eyes a significantly decrease in
retinal function at 3M (Supplemental Figure 4C, D). Moreover, when individual ERG
responses were compared, a significantly decreased ERG response for both
ShH10Y.hCRBI treated eyes (Supplemental Figure 4E) as well as ShH10Y.hCRB2
treated compared to their other untreated eye was observed at 3M (Supplemental Figure
4F). AAV treated a-wave response (range 10-100 uV) and b-wave responses (range 10-
250 uV) were lower in all animals compared to their uninjected eye. Indicating that the
surgical technique at P3 could be damaging for the development of electrical activity
in response to a light stimulus. To determine whether this is true, one eye was
intravitreally injected with 1 pl PBS while the other eye was left untreated. Even though
no differences were observed in visual function response measured by OKT at 3M
(Supplemental Figure 4B), a decreased retinal function measured by ERG was observed
in the PBS injected eye in almost all individual animals at 3M of age (Supplemental
Figure 4G). Altogether, these results indicate that at P3 the surgical technique might be
damaging to the Crbl rat retina, which could be a reason why no improved visual

response was observed during CRB-gene therapy at P3.
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P5 SR AAV5.CMV.GFP P5 IV

Crb1 mutant

Control Crb1 mutant Control

ONL
INL

AAV9.CMV.GFP

Crb1 mutant Control

ShH10Y.CMV.GFP
P5 SR P5IV

Control Crb1 mutant Control Crb1 mutant

Figure 6 (A-D, I-L, Q-T). Retinal tropisms of AAVS, AAV9 and ShHOY in new-born
Crb1 mutant and control rat retinas. P5 or P8 control and Crb/ mutant rats were injected
subretinally (SR) or intravitreally (IV) with either AAVS5-, AAV9- or ShHHI0Y.CMV.GFP
and analysed at 1 month of age. Legend continues on the next page.
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P8 SR AAV5.CMV.GFP P8 IV

Control Crb1 mutant Control Crb1 mutant

AAV9.CMV.GFP
P8 SR P8 IV

Control Crb1 mutant Control Crb1 mutant

TOING

RPE = RS
ONL

ONL
INL

INL

ShH10Y.CMV.GFP
P8 SR P8 IV
Crb1 mutant Control Crb1 mutant

Figure 6 (E-H, M-P, U-X). Retinal tropisms of AAVS, AAV9 and ShHOY in new-born
Crb1 mutant and control rat retinas. P5 or P8 control and Crb/ mutant rats were injected

subretinally (SR) or intravitreally (IV) with either AAVS5-, AAV9- or ShHIOY.CMV.GFP
and analysed at 1 month of age. Legend continues on the next page.
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Figure 6. Retinal tropisms of AAVS5, AAV9 and ShHOY in new-born Crbl mutant and
control rat retinas. Tropism studies show that SR injection of AAVS and AAV9 mainly infect
RPE and photoreceptors at PS5 (A,B,LJ); similar results were obtained when injected at P8
(E,F,M,N). 1V injection at PS5 of AAVS and AAV9 show mainly infection of sporadic
photoreceptors and some INL cells (C,D,K,L); similar results were obtained when injected at P8
(G,H,0,P). SR injection of ShH10Y at both P5 and P8 in control and Crb/ mutant retinas results
in infection of RPE, photoreceptors and INL cells (Q,R,U,V); analysis of IV injection of ShH10Y
at both P5 and P8 show transduction of INL cells (S,T,W,X). For each serotype and route of
delivery, a dose of ~1x1013 gc/mL was injected in a volume of 1 puL. Scale bar: 20 um. Number
of animals analysed: AAVS control PSSR n=6,P51Vn=2,P§ SRn=2,P81Vn=2, AAVS
Crbl mutant PS SRn=4,P51Vn=3,P§ SRn=2,P8 1V n=5; AAV9 control P5S SR n =3, P5
IVn=2,P8SRn=3,P8IVn=3, AAV9 Crb]l mutant PS SRn=4,P51Vn=3,P§SRn=2,
P8IV n=3; ShH10Y control PSSR n=2,P51Vn=6,P8 SRn=2,P8 1V n=>5, ShHI0Y Crbl
mutant PSSR n=3,P5IVn=4,P8 SRn=2,P8IVn=3.

Discussion

In this study, we demonstrate (1) progressive retinal degeneration in Crb/ mutant rats,
causing loss of visual and retinal function; (2) ultrastructural localization of CRB1 at
the subapical region of MGCs, and CRB2 at the subapical region of MGCs and

photoreceptors in control rats; (3) a decrease in CRB1™PEL

at the subapical region of
MGCs in Crbl mutant rats; (4) tropism by subretinal and intravitreal application of
AAVS, AAV9, and ShH10Y in control and CrbI mutant rats; and (5) AAV-hCRBI

gene therapy at P5 for MGCs of CrbI mutant rats does not result in a functional rescue.

The CrbI mutant rats exhibit a significant decreased ERG response at 1 month of age
in comparison with age-matched control rats, which is in accordance with previously
published results comparing the Crbl mutant to BN-Harlan rats [10]. We further
expand the characterization of the Crb/ mutant rat strain by showing a reduced OKT
spatial frequency response in 3-month-old Crb/ mutant rats compared to age-matched
control rats. Interestingly, although the control rats show a reduced ERG response from
1 month of age onwards, the OKT spatial frequency decline is minor. This discrepancy
has been described before, where similar spatial frequencies only declined months after

significant photoreceptor and ERG response loss [20].
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Figure 7. Retinal function in 3M rats after intravitreal injection at P5 of ShH10Y.hCRBI
or ShH10Y.hCRB?2 is not restored. (A) OKT spatial frequency and 0.092 contrast sensitivity
of 3M rats injected with PBS, ShH10Y.hCRB/, or ShH10Y.hCRB2. (B,C) Quantification of all
scotopic a- and b-wave ERG at 3M of the group of rats injected with ShH10Y.hCRB! (B) or
ShH10Y.hCRB2 (C) with uninjected eye and a wild-type as the controls. (D,E) 1.5 stimulus
intensity ERG at 3M comparison of individual rats injected with either ShH10Y.hCRBI (D) or
ShH10Y.hCRB2 (E) compared with PBS-injected eyes. (F) 1.5 stimulus intensity ERG at 3M
comparison of the left and right eye of non-injected Crb1 mutant rats. Boxes indicate the 25 and
75% quantile range and whiskers indicate the 5 and 95% quantiles, and the intersection of line
and error bar indicates the median of the data (box-and-whisker plot). * p < 0.05. Number of
animals used: ShH10Y.hCRBI n =17, 3M OKT and n = 15 3M ERG:; and for ShHIOY.hCRB2
injected n = 15 3M OKT, and n = 18 3M ERG. Mean + SEM.
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Here, we observed the first signs of retinal degeneration from P10 in the Crb/ mutant
rat retina, including photoreceptor nuclei protrusions in the photoreceptor segment
layers and OLM breaks at foci throughout the entire retina. These disruptions are
ultimately resulting in large regions with a complete disorganized ONL and INL
lamination in adult Crb/ mutant rats. Interestingly, the phenotype at P10 in the Crb/
mutant rats is comparable to previously described CrbI mouse models [3,17], but the
retinal phenotype in these rats at 1 month of age is much more severe. In addition, in
CrbI mouse models, the retinal degeneration is limited to the inferior quadrant [3,17],
whereas in the Crbl mutant rats it is presented throughout the entire retina. These
discrepancies could be because of (1) different genetic backgrounds, including species
differences; (2) different types of mutations affecting different CRB isoforms [21,22],
thereby expressing a distinct CRB1™PEL protein in the Crb1 mutant rats; or (3) the total
expression levels of CRB2 might be significantly lower in new-born rats compared to
new-born mice. Decreased levels of CRB2 or dysregulation of other CRB-interacting
proteins could result in less stabilization of the adherens junction complex at the OLM,
resulting in a more severe phenotype. In addition, transcriptomic analysis identified
several dysregulated pathways in Crb/ mutant rats, such as TGF- signaling, matrix
metalloproteinases, type II interferon signaling, MAPK cascade, inflammatory
pathways, regulation of actin cytoskeleton and many more [10]. More research is
required to define which factors play a major role in the retinal degeneration in these

Crbl mutant rats.

SD-OCT imaging allows to follow the retinal degeneration over time in Crb/ mutant
compared to age-matched control rat retinas. Previous research using SD-OCT with
Crbl rd8 or CrbI1™MSC mouse models show typical ocular lesions, such as pseudo-
rosette formation [13,23,24]. Here, we observed a relatively healthy retinal lamination
in P17 CrbI mutant rat retina with some sporadic disruptions at the OLM. At one month
of age, the retinal lamination is disrupted throughout the retina, indicated by
hyperreflective regions at the ONL. These hyperreflective disruptions are thought to
begin in the OLM because of adhesion abnormalities between the photoreceptor and
MGGCs. Over time, in 2- and 3-month-old rats, an increased degeneration with larger

hyperreflective regions, indicating a potential lack of retinal lamination, is observed.
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Similar results were obtained using histological sections. Like human CRBI-RD
patients [24], hyperreflective lesions of various sizes were observed in the Crb ] mutant
rat starting at 1 month of age. The hyperreflective ONL and INL in the Crb/ mutant
rats made automated as well as manual segmentation of the layers challenging,
particularly at 2 and 3 months of age. Therefore, we quantified the length of the
observed disruptions and compared it to the length of the retinal view, hereby
distinguishing between the length of disrupted and normal laminated retinas.
Quantification of the data showed a significant increase in OLM breaks and disruptions
at the OPL in the Crb/ mutant compared to age-matched control rats at 1, 2 and 3
months of age. Several researchers have shown that quantification of retinal layer size
by SD-OCT, compared with histological sections, contain less variations, presumably
due to artefacts from the post-mortem processing [25]. Altogether, these data are

showing the importance of the SD-OCT imaging over time in Crb/ mutant rats.

Immunohistochemical analysis reveal the localization of CRB2 at the subapical region
(SAR) in control and Crb] mutant rats, while canonical CRB1 is only detected at the
SAR of control rats. The CRBI1 antibody used detects the carboxyl terminus of the
CRBI protein, and our data show that the Crb/ mutant rats lack the full length CRB1
at the OLM. In control rats, subcellular localization of CRB1 and CRB2 by immuno-
electron microscopy revealed the presence of CRB1 at the SAR adjacent to the adherens
junctions in MGCs, and of CRB2 at the SAR in both MGCs and photoreceptors. These
data correspond well to the localization previously found in mouse studies [26]. In
postmortem human cadaver retinas, however, CRB1 localized at the subapical region
in both MGCs and photoreceptor. In these studies, CRB2 localized at the SAR in
MGCs, with CRB2 localized at vesicles in the photoreceptor inner segments [12,27].
Interestingly, recent data revealed the subcellular localization of both CRB1 and CRB2
at the SAR of MGCs as well as photoreceptors in human iPSC-derived retinal
organoids, second trimester human fetal retina and non-human-primate retinas [8,19].
The cellular localization of CRB1 and CRB2 in Brown Norway rats are therefore only

similar to mice.
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The Crbl gene locus is complex with various Crbl splice forms and gene products
from alternate promoters, such as Crb/-B [17,21,28]. Full-length canonical Crb1 is
encoded on 12 exons with the highly conserved CRB1 carboxyl terminus encoded on
exon-12, whereas the Crb1-B lacks the conserved carboxyl terminus since encoded on
5’-alternate exon-5a, 611 alternate-3’ [21]. The in-frame insertion-deletion mutation
in exon 6 of the Crbl mutant rat also affects the CrbI-B gene, and it is to be tested
whether the mutation specifically in CrbI-B contributes to the observed early-onset
severe retinal phenotype. Interestingly, Crb/ rd8 mice have an out-of-frame base-pair
deletion in exon-9 that causes an alternate-3’ and encodes, therefore, for two truncated
transcripts (upstream promoter driving expression of Crbl exons 1-6 indel, 7-9
alternate-3’; and a promoter in intron-5 driving expression of Crb/ exons 5a-6indel, 7—
9 alternate-3’) [17]. However, the mutation affecting these two gene products from
Crb1 rd8 do not result in a severe retinal degeneration as observed in the Crb/ mutant
rats, suggesting the existence of other modifying factors that play a role in the severity
of the retinal phenotype. Reduced levels of CRB2 in MGCs and/or photoreceptors or
retinal progenitors in mice lacking CRB1 result in a significant more severe retinitis
pigmentosa or Leber congenital amaurosis retinal phenotype [8,27]. Altogether, these
data suggest the existence of other modifying factors that play a role in the severity of
the retinal phenotype observed in Crb1 mutant rats. It remains of interest to test whether
low levels of CRB2 contribute to the early-onset severe retinal phenotype observed in
new-born Crb] mutant rats, whereas high levels of CRB2 might suppress the onset of

retinal phenotype in Crb/ mice.

For AAV-mediated gene therapy purposes, in new-born Crb/ mutant rats, we
determined the retinal tropism of three different AAV serotypes (AAVS, AAVO,
ShH10Y) upon different routes of AAV delivery. The AAV capsids were injected at
different time points (P5 or P8), either subretinal or intravitreal, in both control and
Crb1 mutant rats. Even though retinal injection efficiency can vary between animals,
the transduced layers of cells with a specific capsid and type of injection was similar
between animals injected at the two different time points. With subretinal delivery, the
serotypes AAVS and AAV9 successfully transduced the RPE and photoreceptors in

new-born control and Crb/ mutant rats, while subretinal delivery of ShHI0Y was
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transducing RPE, photoreceptors, MGCs and other cell types in the INL. Subretinal
delivery of AAV9 at PS5 and P8 in both control and Crbh1 mutant rats results in a similar
transduction pattern as observed by others after subretinal injection in two-month old
Sprague-Dawley rats [29]. In addition, AAVS5 tropism at P5 and P8 in control and Crb1
mutant rats is similar as described in 6- to 8-week-old C57/BL6 wild-type mice [30].
When AAV.CMV.GFP vectors were injected intravitreally in new-born control and
Crb1 mutant rats, serotypes AAVS and AAV9 showed a relatively poor transduction
efficiency of both photoreceptors and other cells in the INL. Other researchers showed
a poor transduction of cells in the INL as well upon intravitreal delivery of AAV2,
AAV6 and AAVS in two-month-old Sprague-Dawley rats [29]. However, we observed
efficient transduction of mainly MGCs in the INL after intravitreal injection in new-
born control and Crb/ mutant rats with ShH10Y, which is consistent with previously

published data obtained in the adult rat [31].

Transduction efficiency in the degenerated retina might differ from that in the healthy
control retina [30,32]. However, we did not observe a difference in cellular tropism nor
in the transduction efficiency between control and Crb/ mutant rats with all serotypes
and the expression vector AAV.CMV.GFP tested. Moreover, no differences in tropism
were observed when all AAV serotypes were injected either at PS5, before the onset of
retinal degeneration or at P8, closer to the first signs of degeneration. This might be
explained by the correctly laminated retina in the new-born Crb/ mutant rat retina, and
it is well possible that AAV tropism might differ when injected at later time points
where the degeneration is more advanced. In summary, we highlight the important
differences of AAV capsids and types of delivery that could be considered with future
gene therapy approaches.

Finally, we explored the possibility of AAV-mediated hCRB gene therapy in Crbl
mutant new-born rats. Based on the tropism results, we used intravitreal injection of
ShH10Y-hCRB1 and ShH10Y-hCRB2 at P5 in Crbl mutant rats for our gene therapy
experiments. The efficacy of these ShH10Y-hCRB gene therapy vectors was shown
previously [12,13]. When individual untreated Crb/ mutant rat ERG responses were

analyzed at different time points, no differences were detected between the left and
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right eyes within the same animal. This suggests that both eyes show similar rates of

loss of retinal function.

Lack of an improved visual function after AAV-CRB application could be caused by
the time lag for AAV-mediated gene therapy; it might take several days to weeks before
the hCRB transgene in Crb] mutant rats is expressed at full level in the target cells, in
this case the target cells being the MGCs. In our tropism studies, we observed upon
intravitreal injection of 1 uL 1 x 10" gc/mL ShH10Y-hCRB at P5 and P3 a good but
potentially incomplete transduction of Crbl mutant rat MGCs. In other studies, an
increased b-wave was observed when 10-day-old Royal College of Surgeons rats were
subretinally injected with a total of 8 pL containing 4 x 10% particles (4 uL superior
hemisphere and 4 pL in the inferior hemisphere) of AAV2.CMV.Mertk to target
defective RPE [33]. Whereas, in our Crbl mutant rat studies, 1 pL of a dose of
1 x 103 ge/mL was injected intravitreally at P5, which might be a too low dose of
ShH10Y.hCRBI or ShH10Y.hCRB2 to slow down the retinal degeneration observed in
the Crbl mutant rats. In addition, 1 pL of our gene therapy vector might not spread
well throughout the entire retina. In addition, the results obtained from AAV-mediated
gene augmentation therapy in P3 rats indicate that the surgical technique might be
damaging to the Crb! rat retina. Improving the surgical application technique and to
enlarge the transduced area of the retina could be considered [34]. Moreover, we
observed a wide variability in ERG response between different Crb/ mutant rat litters,
likely because of the Brown Norway genetic background. Backcrossing these rats into
a more defined genetic background might decrease the observed variability in retinal
phenotype. In CrbI™ ™ mice on a C57BL/6 genetic background, considerable
variation in retinal phenotype was observed as well [35]. In addition, the injection
efficiency and thereby the number of AAV viral particles taken up by the retinal cells
might vary between animals. Moreover, there might be differences in intracellular
release of AAV-DNA from capsids inside the targeted cells. Finally, proof-of-concept
studies showed functional and structural preservation in a Crb/ mouse model by using
AAV2/9.CMV.hCRB2 [12] or AA2/ShH10Y.CMV.hCRB2 [13]. However, the retinal
phenotypes in these mice were less severe than the one observed at 1 and 3 months of

age Crbl mutant rats. In previous studies, we showed that human CRB2 can
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compensate for the loss of endogenous Crb proteins in the mouse retina [12,13]. Here,
we tested human CRB1 or CRB2 in gene therapy studies to compensate for the loss of
functional Crbl protein in the rat retina. We showed expression of hCRB! in Crbl
mutant rats after intravitreally injected ShH10Y-hCRBI, but we did not observe an
enhanced retinal function after gene therapy delivery. In silico analysis show that both
CRBI1 and CRB2 are highly conserved proteins between rat and human (Supplemental
Figure 5). Despite the high sequence similarity, proteins may have distinct species-
specific properties or activity that need to be taken into account when designing gene
therapy studies. Here, we did not test the application of rat Crb1 or Crb2 gene therapy
vectors to the rat retina due to ethical issues, as the expected outcome of such
experiments on a large group of rats is presumed to be negative. Therefore, we cannot
exclude the possibility that rat Crbl or Crb2 proteins could alleviate the loss of
endogenous rat Crb! in models with slower onset of retinal degeneration. All these
differences could explain the lack of functional rescue observed here; thus, future
experiments could focus on the development of novel gene therapy vectors that allow
immediate early-onset expression of transgenes at P5 or low molecular weight drug

therapy in new-born rats, or in utero gene therapy approaches.

In conclusion, we further characterized the early-onset morphological phenotype and
the retinal function of Crb/ mutant rats in comparison to age-matched control rats. In
addition, we show that the ultrastructural localization of endogenous CRB1 and CRB2
in the rat retina is similar as observed in the mouse retina. In addition, as little is known
about AAV tropism administered in new-born Brown Norway rats, we showed
differences in cellular tropism when three different AAV capsids were injected in both
Crbl mutant and control rats. Finally, no timely rescue of the retinal phenotype was
observed using retinal function and visual acuity, suggesting the need for earlier onset
of expression of recombinant hCRB proteins in Miiller glial cells to rescue the severe

retinal phenotype in Crb/ mutant rats.
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Experimental procedures

Animals

Procedures concerning animals were performed in accordance with the EU Directive
2010/63/EU for animal experiments and with permission of the Dutch Central
Authority for Scientific Procedures on Animals (CCD), permit number
1160020172924, approved 18, January, 2018. The animals were maintained on a 12 h
day—night cycle and were supplied ad libitum with food and water. Brown Norway rats
from Janvier Labs with a spontaneous mutation in the Crb/ gene were used in this study
[10]; the CrbI mutant rat breeding was set up within the LUMC animal facility. Age-
matched control Brown Norway rats lacking the mutation in the Crb/ gene from
Charles River Laboratories were used as controls. Animals were killed by carbon

dioxide inhalation.

DNA isolation and genetic analysis

The presence of spontaneous in-frame insertion-deletion (indel) in exon 6 of the Crb1
gene was validated using DNA extraction from rat’s tails by proteinase K digestion
overnight at 55 °C in lysis buffer (100 mM Tris-HCIL, pH 8.5, 5 mM EDTA, 0.2% SDS,
and 200 mM NaCl). Biopsies were centrifuged for 15 min, the supernatant was
transferred and mixed vigorously with isopropanol, followed by a 10 min centrifuge at
14,000 rpm and removal of the supernatant. Then, the pellet was washed twice with
80% ethanol, air dried for 10 min at 55 °C and subsequently resuspended in 200 puL
10% TE (10 mM Tris-HCL, pH 8.0, ImnMEDTA). Finally, DNase was inactivated for
15 min at 65°C. For genotyping, PCR with primers targeting the location of the INDEL
in the Crbl gene was performed and was subsequently sequenced using Sanger
Sequencing, FW:  5-TTCAGACTGTTCAGCCAAATGC-3’, REV: 5’-
TGTCCCCATTGGTAAGCCACC-3".

Electroretinography (ERG)

Dark- and light-adapted ERGs were performed under dim red light using an Espion E2
(Diagnosys, LLC, MA). ERGs were performed on 1, 2 and 3-month-old control and
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CrbI mutant rats. Rats were anesthetized using 100 mg/kg ketamine and 10 mg/kg
xylazine intraperitoneally and the pupils were diluted using tropicamide drops
(5 mg/mL). Rats were placed on a heating pad, and reference and ground platinum
electrodes were placed subcutaneously and in the base of the tail, respectively. ERGs
were recorded from both eyes using gold wire electrodes. Hypromellose eye drops (3
mg/mL, Teva) were given between recordings to prevent eyes from drying. Single
(scotopic and photopic ERG) or brief train (Flicker ERG) white (6500k) flashes were
used. The band-pass filter frequencies were 0.3 and 300 Hz. Scotopic recordings were
obtained from dark-adapted animals at the following light intensities: -4, -3, -2, -1, 0,
1, 1.5 and 1.9 log cd s/m2 [36]. Flicker recordings were obtained under a fixed light
intensity of 0.5 log cd s/m2 with varying frequency (0.5, 1, 2, 3, 5, 7, 10, 12, 15, 18, 20
and 30 Hz) [37,38]. Photopic recordings were performed following 10 min light
adaptation on a background light intensity of 30 cd*m2 and the light intensity series
used was: -2, -1,0, 1, 1.5, 1.9 log cd*s/m2 [36]. The numbers of rats used per time point
are indicated under the designated figure. For the gene therapy studies, responses of the
treated eye, either right or left eye, were compared with the other eye, mock injected

(PBS), at each time point analyzed.
Optokinetic head tracking response (OKT)

Spatial frequency and contrast sensitivity thresholds were measured using an optomotor
system (Cerebral Mechanics, Lethbridge, AB, Canada). Two and three month(s)-old
rats were placed on a small platform in the center of four computer monitors that formed
a virtual drum with a rotating vertical sine wave grating (12°/s (d/s)), as described
previously [14]. Head movements in the same direction as the rotating gratings were
considered as positive responses and no response was considered as negative response.
Spatial frequency thresholds were determined with an increasing staircase paradigm,
starting at 0.042 cycles/deg (c/d) with 100% contrast. Contrast sensitivity thresholds
were measured across three spatial frequencies (0.092 c/d). The reciprocal of the
contrast sensitivity threshold was used as the contrast sensitivity value at each spatial

frequency.
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Morphological analysis

Eyes were collected at a range of time points from P5 to 3-month-old control and Crb1
mutant rats (n=2-4/age/group). For morphological analysis, eyes were enucleated and
fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 20 min at room
temperature. After fixation, the eyes were dehydrated for 30 min in 30, 50, 70, 90 and
99% ethanol. Subsequently, the eyes were embedded in Technovit 7100 (Kulzer,
Wehrheim, Germany) and sectioned (3 pm) as previously described [39]. Slides were
dried, counterstained with 0.5% toluidine blue and mounted under coverslips using
Entellan (Merk, Darmstadt, Germany). Eye sections were scanned using a Pannoramic
250 digital slide scanner (3DHISTECH Ltd., Budapest, Hungary) and images were
processed with CaseViewer 2.1 (3DHISTECH Ltd., Budapest, Hungary).

Immunohistochemical analysis

Eyes were collected at a range of time points from P5 to 3-month-old control and Crb/
mutant rats (n = 2—4/age/group). For immunohistochemical analysis, eyes were
enucleated and fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature. Then, the eyes were cryo-protected with 15% and 30% sucrose in PBS,
embedded in Tissue-Tek O.C.T Compound (Sakura, Finetek), and used for
cryosectioning. Cryosections of 8 um were made with a Leica CM 1900 cryostat (Leica

Microsystems).

Sections for immunohistochemistry were blocked for 1 h at RT in 10% normal goat
serum, 0.4% Triton X-100 and 1% bovine serum albumin (BSA) in PBS. The primary
antibodies were diluted in 0.3% normal goat serum, 0.4% Triton X-100 and 1% BSA
in PBS and incubated in a moist chamber overnight at 4°C. After rinsing in PBS, the
sections were incubated for 1h at RT with the fluorescent-labelled secondary antibodies
goat anti-mouse, goat anti-rabbit or goat anti-chicken IgGs conjugated to Alexa 488,
Alexa 555 (1:1000; Abcam) or Cy3 (1:500), which were diluted in 0.1% goat serum in
PBS. Nuclei were counterstained with DAPI and mounted in a Vectashield Hardset

mounting medium (HI1500 or HI1800, Vector Laboratories, Burlingame, USA).
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Sections were imaged on a Leica TCS SP8 confocal microscope. Confocal images were

processed with Leica Application Suite X (v3.7.0.20979).

The following primary antibodies were used: P120-catenin (1:250; BD Biosciences
Cat# 610134), CRB1 AK2 (1:200; homemade), CRB2 SK11 (1:200; [3]), glutamine
synthetase (GS) (1:250; BD Biosciences Cat# 610518), PALS1 (1:200; homemade),
recoverin (1:500; Millipore Cat# ABS5585) and rhodopsin (1:500; Millipore Cat#
MAB5356), SOX9 (1:250; Millipore Cat# AB5535).

Spectral domain optical coherence tomography (SD-OCT)

P17, 1, 2 and 3 month control and Crb/ mutant rats were anesthetized using 60 mg/kg
ketamine and 60 mg/kg xylazine (50 mg/kg ketamine and 5 mg/kg xylazine for P17
rats) intraperitoneally and the pupils were diluted using tropicamide drops (5 mg/mL).
Anesthetized rats were placed in front of the SD-OCT imaging device (EnvisuTM
R2210 VHR, Leica, USA). Eyes were kept moisturized with Vidisic Carbogel and
Systane ultraeyedrops during the whole procedure. Image acquisitions were performed
using the following parameters: rectangular scans of 3.2 mm by 3.2 mm, A-scans/B-
scans: 1000, B-scans: 100, Frames/B-scan: 6 (for high resolution B-scans); and A-
scans/B-scans: 400, B-scans: 400, Frames/B-scan: 4 (also known as the isotropic scan
for an enface projection image). Thickness of retinal layers were manually measured
using Bioptigen InVivoVue Reader and Diver software in the individual layers at 0.3,
0.6, 0.9 and 1.3 mm both sides from the center of the optic nerve head in the nasal—
temporal direction. In addition, the length of disrupted and healthy retinal lamination
was measured using Fiji ImagelJ software, where the frame with the optic nerve head
and 800 um before and after the optic nerve head in nasal-temporal directions were
used for quantification. Values of the three different frames in the left and right eye

were averaged and plotted in the figure together; so, one value per animal.
Immuno-electron microscopy

Immuno-electron microscopy was performed as previously described [40]. In brief,

40 um sections were incubated with a primary antibody for 48h, it was then incubated
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with a secondary peroxidase anti-peroxidase for 4 h. After that, sections were developed
in a 2,2-diaminobenzidine solution for 4-8 min, and then the gold-substitute-silver-
peroxidase method was applied. Sections were then prepared for electron microscopy
and overlapping images were collected using a One View Camera (Gatan) as previously

described [41].
Delivery of the AAV

For tropism experiments, five days old rats were anesthetized using hypothermia and
eight days old rats were anesthetized using an intraperitoneally injected with 35 mg/kg
ketamine and 35 mg/kg xylazine. Eyelids were opened and eyes were popped out using
surgical tools, the pupils were dilated with 1% tropicamide drops (5 mg/mL) and kept
moist with Hypromellose drops. Under visualization with an operating microscope
intravitreal and subretinal injections were performed in control and Crb/ mutant rats.
We used AAV2/5, AAV2/9 or AAV2/ShH10Y*F with the full-length CMV promotor,
GFP, and bovine growth hormone polyadenylation sequence for our tropism study. For
each serotype and route of delivery, a dose of ~1 x 10'* g¢/mL was injected in a volume
of 1 puL using a 33-gauge blunt-tipped Hamilton syringe (Hamilton Company, Reno,
NV, USA). Eyes were closed and protected with “Hansaplast liquid protection” and

treated with ointment containing chloramphenicol to prevent infections.

For the gene therapy experiments, similar procedures were followed as described
above. Here, one eye was treated with an AAV vector and the other eye was mock-
injected (PBS); this was randomized in the left and right eye. We used intravitreal
injection of ShH10Y capsids to package the AAV2 inverted terminal repeats, the full
length or minimal CMV promoter (CMV, or CMVmin), hCRBI or hCRB2 cDNAs and
synthetic poly-adenylation sequence for our gene therapy experiments. The AAVs were
spiked with 1/10 dose ShH10Y, with the full-length CMV promotor, GFP ¢cDNA and
bovine growth hormone polyadenylation sequence. We carefully examined the quality
of our AAV-hCRB vector preparations by qPCR and Western blots; we recently showed
before that these batches of AAV vectors worked efficiently in hCRB gene therapy
studies [13].
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Tropism quantification

Immunohistochemical slides for tropism studies were imaged on a Leica TCS SP8
confocal microscope, and sections were scanned for AAV-GFP-positive areas to re-
confirm the subretinal or intravitreal injection and define the tropism. For each
condition, 4-8 confocal images spanning the area of transduction of each eye was
acquired (n > 2 independently injected eyes for each condition). Each individual
confocal image was acquired at 40X magnification. The number of eGFP-positive cells
within each layer were manually counted. The total number of eGFP-positive cells per
eye were divided by transduction diameter to determine the number of positive cells
per 100 pm. Then eyes were averaged and coded as - = 0 GFP positive cells; +/- = 1
GFP positive cell, + = 2—5 GFP positive cells, ++= 6—10 GFP positive cells, +++=11—
15 GFP positive cells, and ++++ for >16 GFP positive cells.

Statistical analysis

We performed statistical analysis for group comparisons: comparing the untreated Crb/
mutant and age-matched control rats by ERG using a two-way ANOVA; comparing all
AAV-treated eyes with the other untreated or PBS-injected eyes using a two-way
ANOVA (at 2 and 3 months of age); comparing the AAV-treated eye with the other
untreated or PBS-injected eyes using a paired t-test; and, finally, statistical analysis on
SD-OCT quantifications using a two-way ANOVA. These statistical analyses were
performed using GraphPad Prism version 8 (GraphPad Software). All values are
expressed as the mean + SEM if not otherwise indicated. Statistically significant values:

*p<0.05; ** p<0.01; *** p <0.001; **** p <(0.0001.
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Abbreviations:

AAV Adeno-associated viral vectors
CRBI Crumbs homolog-1

CMV Cytomegalovirus

ERG Electroretinography

GS Glutamine synthetase

INL Inner nuclear layer

LCA Leber congenital amaurosis

MGC Miiller glial cell

OKT Optokinetic head tracking response
OLM Outer limiting membrane

ONL Outer nuclear layer

OPL Outer plexiform layer

P5 Postnatal day 5

RP Retinitis pigmentosa

RPE Retinal pigment epithelium

SAR Subapical region
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Supplemental Figure 1. Retinal function further decreases in 3 and 5 months of age Crbl
mutant compared to control rats. Quantitative analysis of the scotopic a-wave (A) and b-wave
(B), the photopic b-wave (C), the b-wave/a-wave amplitude and b/a-ratios (b/a) (D), and the
flicker amplitude response (E) in 3 and 5 months of age Crb/ mutant and control rats. Boxes
indicate the 25 and 75% quantile range and whiskers indicate the 5 and 95% quantiles, and the
intersection of line and error bar indicates the median of the data (box-and-whisker plot). Number
of animals used for 3 months: control n = 8, Crbl mutant n = 6, and SM: control n = 6, Crbl
mutant n = 6. Mean = SEM. * p <0.05; ** p <0.01; *** p <(0.001; **** P <(0.0001

122



Defining Phenotype, Tropism, and AAV-Mediated Gene Therapy in Crb/ Mutant Rats

PS5

P8

Control Crb1 mutant

Supplemental Figure 2. Predominantly MGC transduction upon subretinal or intravitreal delivery of ShH10Y in both control and
Crb1 mutant rat retina. ShH10Y transduction at P5 subretinal (A-B), or intravitreal (C-D), and P8 subretinal (E-F), or intravitreal (G-H) in one
month control (A, C, E, G) or Crbl mutant (B, D, F, H) rats retina. Co-stained with glutamine synthetase (GS; red), co-localization of GFP
and GS indicated with arrowheads. At least n =2 eyes used per time point. Note: INL = inner nuclear layer; ONL = outer nuclear layer; SR =

subretinal injection; IV = intravitreal injection. Scale bar: 20 pm.
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Supplemental Figure 3. Gene therapy of ShH10Y.hCRB1 or ShH10Y.hCRB2 at PS5 does not
improve the severe retinal phenotype measured by ERG analysis at 2M of age. Overview of
control (A) and Crb1 mutant (B) rats intravitreally injected at PS with ShH10Y.GFP, indicating
the area of transduction. Immunohistochemical analysis of 3 months old Crb! mutant rats
intravitreally injected at P3 with ShH10Y.hCRB! (C) or with ShH10Y.hCRB2 (D) revealing the
expression of hCRBI and hCRB2. And 1.5 stimulus intensity ERG comparison of 2M individual
rats injected with either ShH10Y.hCRB! (E) or ShH10Y.hCRB2 (F) at PS5 compared with PBS
injected eyes. Number of animals used: P5 injection with ShH10Y.hCRBI n 11;
ShH10Y.hCRB2 n =9. Note: INL = inner nuclear layer; OLM = outer limiting membrane; ONL
= outer nuclear layer. Scale bar: (A, B) 200 um, (C, D) 20 pm.
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Supplemental Figure 4. Gene therapy of ShH10Y.hCRBI or ShH10Y.hCRB2 at P3 does not
improve the severe retinal phenotype measured by OKT or ERG analysis. (A): IHC of GFP
positive cells 1M after P3 intravitreal injection. (B): OKT spatial frequency and 0.092 contrast
sensitivity of 3M Crbl rats injected with 1 pul PBS, ShH10Y.hCRB1, or ShH10.hCRB2. (C-D):
Total a- and b-wave ERG response of rats treated with ShH10.hCRB! (C) or ShH10.hCRB2 (D)
compared to a wild-type control. (E-G): 1.5 stimulus intensity ERG comparison of 3M individual
rats injected with either ShH10.hCRBI (E), ShH10.hCRB2 (F), or (G) PBS compared with
uninjected eyes. Boxes indicate the 25 and 75% quantile range and whiskers indicate the 5 and
95% quantiles, and the intersection of line and error bar indicates the median of the data (box-
and-whisker plot). Number of animals used: ShH10.hCRBI n = 15; for ShH10.hCRB2 n = 13;
and for PBS n = 15. Mean + SEM. * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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Supplemental Figure 5. Highly conserved CRB1 and CRB2 protein sequence between
human and Brown Norway rats. Protein sequence alignment of human CRB1 with rat Crbl
(A) and human CRB2 with rat Crb2 (B). Protein sequence alignment reveals 75% identical
matches and 84% conservative substitutions for human CRB1 compared with rat Crb1l. And for
human CRB2 compared with rat Crb2 there are 77% identical matches and 82% conservative
substitutions shown. Upper and bold sequence is human, lower sequence is rat. Sequence
alignment data from Uniprot and BLAST.
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Abstract

Retinitis pigmentosa (RP) and Leber congenital amaurosis are inherited retinal
dystrophies which can be caused by mutations in the Crumbs homologue 1 (CRBI)
gene. CRBI is required for organizing apical-basal polarity and adhesion between
photoreceptors and Miiller glial cells. CRBI patient-derived induced pluripotent stem
cells were differentiated into CRBI retinal organoids that showed diminished
expression of variant CRB1 protein observed by immunohistochemical analysis. Single
cell RNA-sequencing revealed impact on, among others, the endosomal pathway and
cell adhesion and migration in CRB1 patient-derived retinal organoids compared to
isogenic controls. Adeno-associated viral (AAV) vector-mediated hCRB2 or hCRBI1
gene augmentation in Miiller glial and photoreceptor cells partially restored the
histological phenotype and transcriptomic profile of CRBI patient-derived retinal
organoids. Altogether, we show proof-of-concept that AAV.WCRBI or AAV.hCRB2
treatment improved the phenotype of CRBI patient-derived retinal organoids,
providing essential information for future gene therapy approaches for patients with

mutations in the CRB/ gene.
Introduction

Retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) are inherited retinal
dystrophies caused by mutations in, among others, the Crumbs homologue 1 (CRBI)
gene [1-3]. Canonical CRBI is a large transmembrane protein consisting of a short 37
amino acid intracellular domain containing a protein 4.1, ezrin, radixin, moesin
(FERM) and a conserved glutamic acid-arginine-leucine-isoleucine (ERLI) PDZ
binding motif, a single transmembrane domain, a large extracellular domain with
multiple epidermal growth factor (EGF) and laminin-A globular like domains [1,4,5].
Recently, a short non-canonical alternatively spliced form of CRB1, CRBI-B, has been
described containing substantial extracellular domain overlap but with distinct amino
terminus and lacking the carboxyl terminal transmembrane and intracellular domains
[6]. In mammals, canonical CRB1 is a member of the Crumbs family together with

CRB2 and CRB3A. The canonical CRB complex is formed by interaction with protein
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associated with Lin Seven 1 (PALS1), also known as membrane-associated guanylate
kinase p55 subfamily member 5 (MPP5), which binds to the conserved C-terminal PDZ
domain of CRB [7-9]. Binding of PALS1 can lead to the recruitment of Multiple PDZ
domain protein 1 (MUPPI1) or the InaD-like protein (INADL/PATJ) to the apical
membrane [7]. This CRB complex is evolutionary conserved and is important for

maintaining cell adhesion and regulating apical-basal polarity [10].

So far, no treatment possibilities are available for patients with RP or LCA caused by
mutations in CRBI. Gene augmentation therapies using adeno-associated viral vectors
(AAV) are of emerging interest for retinal dystrophies because of the recent FDA
approval of an AAV-mediated gene therapy approach for RP and LCA patients with
mutations in the RPE65 gene [11]. AAVs are the leading platform for gene delivery
because of their low toxicity, limited integration into the host genome, and because
different AAV capsids display distinct cell tropisms. Their major disadvantage is the
limited packaging capacity; inverted terminal repeats, cDNAs and regulatory sequences
bigger than 4.9 kb often do not fit in a single AAV capsid. Unfortunately, the full-length
cytomegalovirus (CMV) ubiquitous promotor and hCRBI cDNA exceeds this
packaging limit. However, substantial expression levels of canonical hCRB1 protein in
mouse mutant Crb/ retina were observed using an AAV with codon optimized hCRB1
cDNA linked to a minimal CMV promoter [12]. This AAV.CMVmin.hCRB! was
deleterious upon intravitreal injection in Crbl mouse models [13]. As an alternative
approach, CRB family member CRB2 was used to restore retinal function and vision in
Crb mice [13,14], showing the potential of AAV.hCRB2 gene augmentation therapy

for patients with mutations in the CRB/ gene.

There are several mouse models described with mutations in the Crb 1 and/or Crb2 gene
mimicking the RP or LCA phenotype [8,15-21]. However, immuno-electron
microscopy identified the subcellular localization of CRB1 and CRB2 proteins to be
different in mouse and human models. In mice, Crb2 is present in photoreceptor cells
and Miiller glial cells (MGC) at the subapical region (SAR) of the outer limiting
membrane (OLM) while Crbl1 is solely present in MGC at the SAR [22]. In contrast, in

human fetal retina and human induced pluripotent stem cell (hiPSC)-derived retinal
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organoids both CRB1 and CRB2 are observed at the SAR in photoreceptors and MGC
[23]. This discrepancy suggests the importance of using human-derived models for

gene therapy approaches.

Here, we describe the phenotype of differentiation day 210 (DD210) and DD230
patient-derived retinal organoids harboring CRBI missense mutations compared to
isogenic controls in more detail using immunohistochemical analysis and single-cell
RNA sequencing. Next, the effect of AAV-mediated hCRBI! or hCRB2 gene
augmentation therapy was analyzed on CRBI patient-derived and isogenic control
retinal organoids. A partially improved retinal phenotype of CRBI patient-derived
retinal organoids was observed, providing crucial data for future gene therapy

approaches for patients with mutations in the CRBI gene.

Results

Reduced number of photoreceptor nuclei and thinner outer nuclear layer
(ONL) in DD210 CRBI patient-derived retinal organoids compared to isogenic

controls

Retinal organoids were differentiated from hiPSC lines derived from three CRBI RP
patients: (1) LUMCO0116iCRB with ¢.3122T>C p.(Met1041Thr) homozygote missense
mutations (here abbreviated as: P116), (2) LUMCO117iCRB with 2983G>T
p-(Glu995+) and c¢.1892A>G, p.(Tyr631Cys) mutations (P117), and (3)
LUMCO128iCRB with ¢.2843G>A p.(Cys948Tyr) and ¢.3122T>C p.(Met1041Thr)
missense mutations (P128) [23]. Isogenic controls for P116 and P128 were generated
by CRISPR/Cas9; (1) ISO-02 P116 with a homozygous correction, (2) ISO-03 P116
with a heterozygous correction, and (3) ISO-P128 a heterozygous correction of
Cys948Tyr (Supplemental Table 1). Genomic stability of all iPSC lines was tested by
a digital PCR test of the copy number variants (CNV) of 90% of the most recurrent
abnormalities in hiPSC [24]. No aberrant CNV were observed in the hiPSC lines used

in this study (Supplemental Figure 1A).

132



AAV-Mediated Gene Augmentation Therapy of CRBI Patient-Derived Retinal Organoids

Previous research has shown that CRB/ patient-derived retinal organoids at DD180
show disruptions at the OLM and photoreceptor nuclei protruding above the OLM [23].
Here, we analyzed the phenotype of the CRBI patient-derived retinal organoids at a
later timepoint (DD210) and compared those to the isogenic controls. By light
microscopy, no visible difference was observed in cultured retinal organoids comparing
CRBI patient with the isogenic controls at DD210: all contained a translucent region at
the outside of the organoid (the ONL) with inner and/or outer-segment-like structures
around the retinal organoid Figure 1A, Supplemental Figure 1B).
Immunohistochemistry of rod photoreceptor marker rhodopsin and MGC marker SOX9
at DD210 revealed the presence of rod photoreceptors and SOX9 positive MGCs for
both patient and isogenic controls (Figure 1B, 1C, Supplemental Figure 1C, 1D).

When analyzing the phenotype in more detail, a moderate but statistically significant
decrease in the number of photoreceptor nuclei and ONL thickness was observed in
CRBI patient-derived retinal organoids compared to isogenic controls (Figure 1D). In
contrast to CRBI patient-derived retinal organoids at DD180 [23], no statistically
significant difference in the number of photoreceptor nuclei above the OLM was
detected at DD210 (Figure 1D). In addition, no statistically significant differences were
observed for the total retinal thickness and the inner nuclear layer (INL) thickness of

the retinal organoids (Supplemental Figure 1F).

Missense mutations in CRBI result in reduced levels of variant CRBI protein

in CRBI patient-derived retinal organoids

Immunohistochemistry analysis of all three CRBI patient-derived retinal organoids at
DD210 shows a diminished CRB1 staining at the OLM compared to the isogenic
control (Supplemental Figure 1E, 1E). Similar strongly diminished levels of variant
CRBI1 in CRBI patient-derived retinal organoids compared to the isogenic control were
observed at DD180 (Supplemental Figure 1G). While CRB2 and CRB complex
members MUPP1 and PALS1 remain at the OLM in both isogenic and CRBI patient-
derived organoids (Figure 1E, 1F, Supplemental Figure 1F).
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Figure 1. CRBI patient and isogenic control phenotypic analysis at DD210. (A)
Representative brightfield images of ISO-02 P116, P116, ISO-P128, and P128 cultured
organoids. (B) Representative immunohistochemical images of rthodopsin (green) in ISO-P128
and P128. (C) Representative immunohistochemical images of SOX9 (red) in ISO-P116 and
P116. (D) Quantitative analysis of number of photoreceptor nuclei in a row per field of view
(» =0.000), ONL thickness per field of view (p = 0.049), and number of photoreceptor nuclei
above the OLM per 100pum (p = 0.651) in CRBI patient-derived and isogenic control retinal
organoids. (E) Immunohistochemical images of CRBI (red) and MUPP1 (green) in CRBI
patient-derived  retinal organoids with two appropriate isogenic controls. (F)
Immunohistochemical images of CRB2 (red) and PALSI (green) in CRBI patient-derived retinal
organoids with two appropriate isogenic controls. Each datapoint in the graph represent
individual organoids, of which an average has been taken of 3-6 representative images. The
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standard error of mean (SEM) is derived from these averages. Number of individual organoids
per condition and differentiation round: P116 n = 16, P117 n = 15, P128 n = 17 from four
independent organoid batches, ISO-P128 n = 8 from three independent organoid batches, ISO-
02 P116 n=5 and ISO-03 P116 n =5 from two independent organoid batches. Scalebar = 50um,
statical analysis: generalized linear mixed models with p <0.05 (*), p <0.01 (**), and p <0.001
(***). Related to Supplemental Figure 1.

Missense mutations in CRBI do not affect the levels of CRBI or CRB2 RNA

transcripts in CRBI patient-derived retinal organoids

Next, we used single cell RNA sequencing (scRNA-seq) to identify differences in RNA
transcripts and gene ontology pathways between DD230 CRB/ patient-derived retinal
organoids and isogenic controls. Transcriptionally similar cells were grouped and
visualized (R package Seurat), revealing distinct clusters with differentially expressed
marker genes (Supplemental Table 3). These identified expressed genes per cluster
were compared to known retinal marker genes to classify clusters. Major retinal cell
types could be visualized on a UMAP plot, such as MGC, photoreceptor cells (both
rods and cones), bipolar cells, amacrine cells, horizontal cells, ganglion cells and retinal
pigment epithelium (RPE) (Figure 2A). In addition, some of the clusters consisted of
astrocytes and transitory cells (Figure 2A), and tissue that is generally attached to the
retinal organoid was observed and classified as stromal cells (Figure 2A, Supplemental
2C). The expression of key cell-type specific markers of all clusters are shown in a
feature plot and heatmap (Figure 2B, Supplemental Figure 2A). Interestingly, two rod
photoreceptor cell subtypes can be distinguished. Upon further analysis, cluster rods I
was identified to be composed of more mature cells with significantly higher transcript
expression levels of NR2E3, PDE6B and RHO in comparison to cluster rods II
(Supplemental Figure 2B) [25].

We confirmed that all the major retinal cell clusters were equally present in both P128
and ISO-P128 (Figure 2C) and P116 and ISO-P116 (Supplemental Figure 3A).
Expression levels of both CRBI and CRB2 were predominantly observed in MGC and
photoreceptor cells. When analyzing CRBI expression levels in MGC and
photoreceptor cells in more detail, no statistically significant differences were observed

between P128 and ISO-P128 (Figure 2D) nor between P116 and ISO-P116
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(Supplemental Figure 3B). Rods I and rods II were combined into a general “rods”
cluster, since no statistically significant differences were observed in the individual
clusters (data not shown). Moreover, the sequence of CRBI-B, an alternative transcript
of CRBI containing distinct 5* and 3 ends, was added to the pre-built reference and
was not detected in our DD230 retinal organoids (Supplemental Figure 2D). While
CRBI-B transcripts were detected in adult human retina cDNA, the levels of CRBI-B
transcripts were below detection level by reverse transcription quantitative real-time
PCR (RT-qPCR) on DD210 retinal organoids (data not shown; Supplemental
experimental procedures). In addition, no statistically significant difference was
observed for the CRB2 expression level (Figure 2E, Supplemental Figure 3C), nor for
canonical CRB core complex members PALSI, MUPPI, PATJ (Figure 2F,
Supplemental Figure 3D) or for FERM proteins MSN, EZR, or EPB41L5 (Supplemental
Figure 2E).

Gene profiling shows disruptions in the endosomal system in MGC and rods

Differential gene expression analysis followed by Gene Ontology (GO) term analysis
comparing CRBI patient and isogenic control retinal organoids was performed.
Analysis of P128 and ISO-P128 specifically in the MGCs, where most CRBI is
expressed, revealed five groups of similar gene ontology terms containing differentially
expressed genes deregulated in the patient-derived retinal organoids. The first gene
ontology group is involved in the endosomal system, including extracellular exosomes,
vesicles, endomembrane system, and early endosomes (Figure 2G). The second group
is involved in the maintenance of location in the cell, cell motility, proliferation and
cell-cell adhesion, the third group revealed differences in proteins containing various
binding domains such as ferric iron and fatty acid, while the fourth group is involved
in cell death (Figure 2G). Finally, the last one is a mixed group with pathways such as
iron ion transport and post-translational protein phosphorylation (Figure 2G). In
addition, as the CRBI transcript is also present in photoreceptor cells, differentially
expressed markers and subsequent gene ontology terms were analyzed in rods
(combination of rods I and rods II) and cones. In rods, gene ontology terms involved in

the endosomal system were observed to be differentially expressed (Figure 2H). In
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Figure 2 (A-B): scRNA-seq analysis comparing ISO-P128 with P128 shows disruptions in
the endosomal system in Miiller glial cells and rods. (A) UMAP plot of observed clusters and
(B) expression plots of top markers indicating the distinct clusters. Number of independent
organoids used: ISO-P128 n = 6, and P128 n = 6 from one differentiation round equally divided

into three separate sequencing rounds. Related to Supplemental Figure 2 and 3.

addition, markers associated with the activation of the phototransduction cascade were
detected (Figure 2H). No statistically significant differential expressed markers were

observed in cone photoreceptor cells (data not shown).
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Figure 2 (C-H): scRNA-seq analysis comparing ISO-P128 with P128 shows disruptions in
the endosomal system in Miiller glial cells and rods (C) Table showing that all retinal cell
types are present in both lines. (D) Violin plots of CRBI transcript levels specifically in MGCs
(» = 0.93), rods (p = 0.84) and cones (p = 0.72). (E) Violin plots of CRB2 transcript levels
specifically in MGCs (p =0.43), rods (p = 0.18) and cones (p = 0.85). (F) Violin plots of canonical
core CRB complex members PALSI, MUPPI, and PATJ transcript levels in MGCs (p = 0.32;
p=0.51; p = 0.73, respectively), rods (p = 0.97; p = 0.18; p = 0.63), and cones (p = 0.025;
p=0.25; p=0.87). (G, H) Gene ontology (GO) analysis of differentially expressed markers
specifically in MGCs (G) and rods (H) clustered in groups with similar terms in the same colour.
Number of independent organoids used: ISO-P128 n = 6, and P128 n = 6 from one differentiation
round equally divided into three separate sequencing rounds. Related to Supplemental Figure 2
and 3.

Such an analysis was also performed comparing P116 with ISO-P116, where gene

ontology terms associated with the endosomal system were differentially expressed in
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rod photoreceptor cells (Supplemental Figure 3E). No statistically significant gene
ontology terms were observed in MGC, explained by the low number of differentially
expressed genes and the low number of cells sequenced in this cluster. Altogether, this
data shows aberrations in the endosomal system between CRBI patient-derived retinal

organoids compared to their isogenic controls.

Serotype AAVS5.CMV.GFP is more efficient than AAV2.CMV.GFP in
transducing Miiller glial cells at DD120

CRBI protein is localized at the OLM in human and non-human primate MGC and
photoreceptors [17,23], and higher levels of CRBI transcript are found in MGC than in
photoreceptors (Figure 2D). For AAV-mediated gene therapy approaches in CRBI
patient-derived retinal organoids it is therefore essential to transduce sufficient number
of MGC in addition to photoreceptors. Therefore, we identified which cells are
transduced using specific viral capsids and titers at DD120. Control retinal organoids
were transduced with 1x10'%gc, 6,6x10%c or 10x10%gc AAV2/5.CMV.GFP
(AAVS5.CMV.GFP) or AAV2/2.CMV.GFP (AAV2.CMV.GFP) and analyzed using

immunohistochemistry after three weeks in culture.

A significant dose-dependent increase of GFP-positive cells was observed when control
organoids were treated with AAV5.CMV.GFP or AAV2.CMV.GFP at DD120
(Supplemental Figure 3F, 3G). The AAV treated retinal organoids were quantified for
number of GFP-positive cells in the ONL, the INL, and GFP-positive cells in the INL
which were also SOX9 positive (marking MGCs). AAV2.CMV.GFP transduced more
photoreceptor cells in the ONL than AAVS5.CMV.GFP (Figure 3C). However,
AAVS5.CMV.GFP transduced more cells in the INL than AAV2.CMV.GFP (Figure
3D). More specifically, more SOX9-positive MGCs were transduced with
AAVS5.CMV.GFP than with AAV2.CMV.GFP (Figure 3E). Co-staining with
photoreceptor markers (OTX2 and recoverin) and MGC markers (CRALBP and SOX9)
confirmed the transduction of both cell types in AAV2.CMV.GFP as well as
AAV5.CMV.GFP transduced organoids at DD120 (Figure 3F, G). Moreover, a 10x
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magnification of a retinal organoid treated with 10x10'°gc AAV5.CMV.GFP at DD120

showed that most of the retinal organoid was transduced in our experiment (Figure 3H).

Because AAVS transduced more MGCs than AAV2, treatment with AAVS5 at DD120
was used for further AAV.hCRB gene augmentation therapy with an intermediate dose

of 3,3x10'0gc.

AAV-mediated hCRB gene augmentation therapy partially restores the
histological phenotype of CRBI patient-derived retinal organoids

After defining the AAV.GFP tropism, preclinical gene therapy approaches were
performed on CRBI patient-derived retinal organoids using AAV5.CMVmin.hCRBI
or AAV5.CMV.hCRB2 (here abbreviated as: AAV.WCRBI! and AAV.hCRB2,
respectively) at DD120 and analyzed at DD180 or DD210.

Immunohistochemical analysis and subsequent quantification of retinal organoids
transduced with AAV.hCRBI or AAV.hCRB2 and analyzed at DD180 show an
increased number of photoreceptor nuclei in a row in AAV.CRB treated P117 compared
to the control (Supplemental Figure 4B). In addition, fewer photoreceptor nuclei
protruding above the OLM were observed after AAV.CRB treatment of P117 compared
to the control organoids (Supplemental Figure 4C). No statistically significant
difference was observed for the retinal nor the ONL thickness in both CRB1 patient
and control organoids treated with AAV.hCRBI or AAV.hCRB2 (Supplemental Figure
4D, 4E).

In addition, the long-term gene augmentation effect was examined for multiple CRB1
patient-derived lines, where the organoids were collected and analyzed at DD210. One
group of three different CRBI patient-derived retinal organoids was treated with solely
AAV.hCRBI or AAV.hCRB?2 or left untreated, while in the following experiment the
CRBI patient-derived retinal organoids were treated with AAV.hCRBI with
AAV.GFP, or AAV.hCRB2 with AAV.GFP, or AAV.GFP alone. Adding AAV.GFP
facilitates in defining the regions where the AAV.hCRB most likely infected.
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Figure 3: AAV2.CMV.GFP and AAV5.CMV.GFP transduction of DD120 control retinal
organoids. (A,B) Representative immunohistochemical images of (A) AAV2.CMV.GFP and
(B) AAV5.CMV.GFP treated control organoids at DDI120 with three different titer
concentrations: 1x10'°, 6.6x10'%, and 10x10'° gc (genome copies). (C, D, E) Quantification of
AAV treated retinal organoids with AAV2.CMV.GFP or AAV5.CMV.GFP at the (C) ONL, (D)
INL, or (E) GFP positive MGC in the INL. (F, G) Representative immunohistochemical images
of photoreceptor cells marker (OTX2 and recoverin) and MGC markers (CRALBP and SOX9)
showing colocalization with AAV.GFP for both AAV2.CMV.GFP and AAVS5.CMV.GFP
treated organoids. (H) Representative 10x magnification immunohistochemical analysis of
DD120 control organoid transduced with 10x10'°%gc AAV5.CMV.GFP. Immunohistochemical
images of (F, G, and H) are merged z-stack views, the others are single image views. Scalebar =
50um. Each datapoint in the graph represent individual organoids, of which an average has been
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taken of at least 3 representative images. The standard error of mean (SEM) is derived from these
averages. Number of individual organoids per condition: for AAV2.CMV.GFP 1x10'° n =35,
6.6x100 =6, and 10x10'° n = 7, and for AAV5.CMV.GFP 1x10'° n =7, 6.6x10'° n = 8, and
10x10'° n = 6 individual organoids from two independent differentiation rounds. Statical
analysis: generalized linear mixed models with p <0.05 (¥), p <0.01 (**), and p <0.001 (***).
Related to Supplemental Figure 3.

Fluorescent images of organoids in culture co-treated with AAV.GFP and AAV.hCRB
show the presence of GFP positive regions, while no visible differences were observed
between treated and untreated organoids using bright field or fluorescent images
(Figure 4A). Immunohistochemical staining of CRB1 in AAV.hCRB! or CRB2 in
AAV.hCRB? treated retinal organoids showed proof of recombinant CRB protein
localization at the OLM and in the RPE (Figure 4B, 4C, Supplemental Figure 4F, 4G,
4H, 41). Further immunohistochemical analysis showed a partially improvement in the
observed phenotype after AAV.hCRBI or AAV.hCRB?2 treatment (Figure 4D, E, F).
For quantitative analysis, all three CRB! patient-derived retinal organoids with and
without concomitant treatment of AAV.GFP were pooled. No statistically significant
difference was observed in fluorescence intensity of MUPP1 at the OLM in untreated
compared to AAV.hCRB treated CRBI patient-derived retinal organoids (Supplemental
Figure 4J). In addition, the expression of another core CRB-complex member, PALSI,

is not changed after AAV.hCRB treatment (Supplemental Figure 4K).

A statistically significant increased number of photoreceptor nuclei in a row was
detected after AAV.hCRBI and AAV.hCRB?2 treatment at DD210, while this large
difference was not observed in the treated isogenic controls (Figure 4G). Moreover, the
ONL thickness (but not the retinal nor the INL thickness) was significantly increased
after AAV.hCRB treatment of CRBI patient-derived retinal organoids (Figure 4H,
Supplemental Figure 4L, 4M). Finally, the number of photoreceptor nuclei above the
OLM was significantly improved after AAV.hCRB2 treatment of CRB/ patient-derived
retinal organoids at DD210 (Figure 41). No statistically significant improvement in the
number of photoreceptor nuclei above the OLM was observed after AAV.hCRBI
treatment of CRBI patient-derived retinal organoids nor after AAV.hCRBI or
AAV.hCRB?2 treatment in the control retinal organoids (Figure 41).
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Figure 4 (G-I): AAV-mediated gene therapy treatment on CRBI patient-derived and
isogenic control retinal organoids. (A) Representative brightfield (BF) and fluorescent (GFP,
GFP regions indicated with green arrow) images of DD210 cultured P117 retinal organoids
treated with 3,3x10'° vg AAV.hCRB. (B) Immunohistochemical image of CRBI in untreated
control retinal organoid, untreated CRBI® retinal organoid, and AAV.hCRBI treated CRBI*O
retinal organoid showing increased CRBI1 localization at the OLM of AAV.hCRB] treated
CRBIX retinal organoids (arrowheads). (C) Immunohistochemical image of CRB2 in untreated
and AAV.hCRB?2 treated CRBI patient-derived retinal organoid at the OLM. Arrows indicate
overexpression of CRB2 in photoreceptor cells in AAV.hCRB2 treated retinal organoids. (D, E,
F): Representative immunohistochemical images of (D) untreated, (E) AAV.hCRBI, and (F)
AAV.hCRB? treated CRBI patient retinal organoids stained with MUPP1 (red) at DD210. (G)
Quantification of the number of photoreceptor nuclei in a row (from left to right: p = 0.000,
p=0.000, p=0.039, p =0.046, p = 0.046), (H) ONL thickness (p = 0.001, p = 0.001, p = 0,923,
p=0.757, p=0.243) and (I) the number of photoreceptor nuclei above the OLM (p =0.116,
p=0.034, p=0,0.034, p=0.717, p = 0.730) in three CRBI patients and three isogenic control
organoids with and without concomitant treatment of AAV.GFP pooled. Scalebar = 50um. Each
datapoint in the graph represent individual organoids, of which an average has been taken of at
least 3 representative images. The standard error of mean (SEM) is derived from these averages.
Number of individual organoids per condition: CRB/ patients (P116, P117, P128 pooled) treated
with AAV.WCRBI n =34, AAV.hCRB2 n =33, untreated and GFP treated n = 32, and isogenic
controls (ISO-02 P116, ISO-03 P116, ISO-P128 pooled) treated with AAV.hCRBI n = 14,
AAV.hCRB2 n =10, and untreated and GFP treated n =24 independent organoid from two
different differentiation rounds. Statistical tests: generalized linear mixed models with
p <0.05(*), p<0.01 (**), and p < 0.001 (***). Related to Supplemental Figure 4.

Altogether, this data show that the phenotype observed at DD180 and DD210 in CRBI
patient-derived retinal organoids can be partially restored using AAV.hCRBI or
AAV.hCRB?2 treatment.
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Differentially expressed genes related to the endosomal system are partially

restored in AAV.hCRB treated CRB1 patient-derived retinal organoids

To identify gene expression changes upon CRB gene augmentation therapy, all three
CRBI patient-derived retinal organoids were treated with AAV.hCRBI and AAV.GFP
or AAV.hCRB2 and AAV.GFP and compared to the AAV.GFP treated control at
DD230 using scRNA-seq. For all three patient-derived retinal organoids, we confirmed
that the major retinal cell clusters were equally present in untreated and AAV treated
conditions (data not shown). A custom reference with the AAV.GFP, codon optimized
AAV.hCRB1 and codon optimized AAV.hCRB2 sequence were added to the dataset to
detect which cell clusters were transduced. While analyzing all organoids and
conditions together, we observed that AAV.GFP mainly transduces RPE,
photoreceptor cells, transient I, and MGC (Supplemental Figure 5A). Specifically, 66%
of the RPE, 35% of Rods, 36% of cones, 37% of transient I and 20% of MGC contained
AAV.GFP expression. This is in line with what we previously observed in the
immunohistochemical analysis (Figure 3E, F). Next, AAV.hCRBI and AAV.hCRB?2
expression was analyzed in AAV.hCRB treated retinal organoids. While being unable
to fully distinguish exogenous and endogenous hCRB due to the high sequence
similarity and the low levels of endogenous CRB/ and CRB2 in DD230 RPE, we
observed a significant increase of AAV.hCRBI in AAV.hCRBI treated and
AAV.hCRB2 in AAV.hCRB?2 treated organoids in the RPE of the CRBI patient-derived
retinal organoids (Supplemental Figure 5B, 5C).

Differential gene expression followed by GO term analysis of AAV.hCRB]I treatment
compared to untreated P128 retinal organoids in MGC revealed differences related to
the endosomal system, cell-cell adhesion, and protein or receptor binding (Figure 5A).
Also for AAV.hCRB2 treatment similar terms were observed to be statistically
significant in P128 (Figure 5C). Next, these GO terms and differentially expressed
genes were compared to the ones observed when contrasting P128 with ISO-P128.
Overlapping differentially expressed genes associated with the endosomal system show
that after AAV.hCRBI treatment the expression levels from the patient retinal

organoids are similar to levels of the isogenic control (Figure 5B). Moreover, after
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AAV.hCRB? treatment the genes associated with the endosomal system appeared to be
restored as well in MGC (Figure 5D).

Similar comparisons were performed for the other two CRBI— patient-derived retinal
organoids. For P116 and P117, statistically significant GO terms related to the
endosomal system were also observed after AAV.hCRBI and AAV.hCRB?2 treatment
(Supplemental Figure 5D, SE, 5G, 5I, 5K). When analyzing in more detail the
differentially expressed genes associated with the endosomal system in AAV.hCRBI
treated P116 organoids, transcript levels seemed to be restored to isogenic control levels
in MGC (Supplemental Figure 5J) as well as in rod photoreceptor cells (Supplemental
Figure 5SL). The genes for ISO-P116 indicated with a dashed line box around them were
not statistically significant different from P116, but the genes after AAV.hCRB
treatment are similarly expressed as the average expression in ISO-P116 (Supplemental
Figure 5J). Similar results were observed for genes associated with the endosomal
system in AAV.hCRB? treated organoids (Supplemental Figure 5I). Moreover, after
both AAV.hCRBI and AAV.hCRB2 treatment in MGC of P117, we observed that the

expression levels changed in a similar direction (Supplemental Figure 5F).

In summary, AAV.hCRBI as well as AAV.hCRB2 treatment on CRB1 patient-derived
retinal organoids restores gene expression related to the endosomal system back to

isogenic control levels.

Discussion

In this manuscript we have (1) shown diminished levels of variant CRB1 protein in
CRBI retinitis pigmentosa patient retinal organoids that harbor missense mutations, (2)
demonstrated moderate loss of photoreceptors in CRB/ patient-derived retinal
organoids at DD210, (3) detected transcriptional differences suggesting changes within
the endosomal system in CRBI patient compared to isogenic control organoids, (4)
shown that AAVS5.CMV.GFP efficiently transduced MGCs in addition to
photoreceptors and RPE at DD120, and (5) observed a partially restored phenotype
after AAV.hCRBI or AAV.hCRB2 mediated gene therapy in CRBI patient-derived

retinal organoids.
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Figure S: Single cell RNA-sequencing of CRBI patient-derived retinal organoid treated

with AAV.hCRBI or AAV.hCRB? restores transcriptional effect on the endosomal system.
(A,C) Gene ontology (GO) analysis of differentially expressed markers contrasting untreated
with (A) AAV.hCRBI or (C) AAV.hCRB?2 treated P128 in MGCs clustered in groups with

similar terms in the same colour. (B, D) All significantly differentially expressed markers in
terms related to the endosomal system after treatment with (B) AAV.hCRB/ or (D) AAV.hCRB?2.
All markers present in (B, D) are also statistically significant for P128 compared to ISO-P128.
Number of independent organoids used: P128 n =6, P128 with AAV.hCRBI n =5, P128 with
AAV.hCRB2 n =5 from one differentiation round equally divided into three separate sequencing

rounds. Related to Supplemental Figure 5.

CRBI patient’s clinical and genetic characteristics were described previously in detail

in a prospective natural history study on 22 patients [3]. The P116 retinal organoids

were derived from skin fibroblasts from a patient with at first diagnosis retinitis

pigmentosa and discontinuous outer limiting membrane (OLM) and ellipsoid zone (EZ)

in parafovea and perifovea on spectral domain optical coherence tomography (SD-

OCT), see supplemental tables 1 and 2 in Nguyen et al 2022. The P117 retinal organoids

were derived from a patient that experienced mild retinitis pigmentosa with at first

diagnosis loss of visual acuity and continuous OLM and EZ in parafovea and perifovea.

The P128 retinal organoids were derived from a patient with at first diagnosis retinitis

pigmentosa, nyctalopia, and discontinuous OLM and EZ in parafovea and perifovea.
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Here, the CRBI patient-derived retinal organoids were compared to corresponding
isogenic controls at DD210. We show a decreased number of photoreceptor nuclei in a
row and a reduced ONL thickness in the CRBI patient-derived retinal organoids
compared to the isogenic controls. Decreased levels of variant CRB1 at the OLM of
CRBI patient-derived retinal organoids might be associated with increased protrusion
of photoreceptor cell bodies into the cell culture medium at DD180 [23] and thinning
of the photoreceptor outer nuclear layer at DD210 (current manuscript). This process is
similar to the complete loss of CRB1 at the OLM in Crb/ mouse retina which results
in protrusion of photoreceptor cell bodies into the subretinal space [8,16] or the loss of

CRB2 at the OLM in Crb2 mouse retina [20].

Moreover, it was shown that CRB1 and CRB2 are present at the OLM of both
photoreceptor and MGCs in iPSC-derived retinal organoids [23]. Our scRNA-seq data
confirms on the transcriptome, with more CRBI expression in MGCs than in
photoreceptor cells and more CRB2 expression in photoreceptor cells than in MGCs.
The rather high expression levels of CRBI and low levels of CRB2 in MGCs might be
related to the phenotype variation, since mutations in CRB/ may cause either early
onset RP or LCA. Variable low levels of CRB2 transcripts in MGCs of CRB/ patients
may be involved in the severity of the phenotype. Such a hypothesis would be in strong
correlation with our previous studies in mice, that suggests a modifying role for CRB2

in CRBI-related dystrophies [13,14,17,21,26].

CRBI variant protein at the OLM was strongly diminished in CRB/ patient-derived
retinal organoids, while CRBI expression levels remained similar. In contrast, CRB
core complex members as well as the FERM proteins remained at the OLM and similar
expression levels were observed. This indicates that a variant CRB1 protein is produced
but it does not localize to or maintain its expected location at the OLM. The
endolysomal system is required for transport of CRB1 to the OLM but also for recycling
of endocytosed CRBI1 from the early endosome to the OLM and the transport into
degradative vesicles. Drosophila studies show that Crb trafficking is mediated by
transport along microtubules by Rabl1- and retromer-containing endosomes [27,28].

In addition, in Drosophila salivary gland cells Crumbs maintains the active pool of Rab
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proteins at the apical domain, which is essential for maintaining the organization of the
apical membrane and efficient apical secretion [29]. The scRNA-seq gene ontology
data shown here suggests an aberrant endosomal pathway specifically in MGCs and
rods of CRBI patient-derived retinal organoids. Dysregulation of CRB1 at the OLM
can thus cause changes in the endosomal system. Endosomal recycling is pivotal for
maintenance of neuronal health, and defects in its function results in human
neurodegenerative disorders [30,31]. We hypothesize that the reduced levels of variant
CRBI at the OLM are caused by disturbed variant CRB1 protein transport to the OLM,
or disturbed endosomal recycling of variant CRB1 between OLM and the early
endosome, or increased variant CRB1 degradation in the retinal organoids. Preliminary
studies suggest changes in the recycling endosome and in degradative vesicles (Buck
TM et al Wijnholds J, unpublished results). In analogy to the roles of the Crumbs
protein in Drosophila salivary glands [29], in future studies we will examine the
putative role for CRB1 in the maintenance of an active pool of RAB11 and VPS35

(retromer) recycling endosome proteins at the OLM.

Previously, we described an improved phenotype after AAV.hCRB2 treatment in Crb
mutant mouse models [13,14]. Here, we investigated whether we could observe an
improved CRBI-RP phenotype after AAV-mediated gene augmentation therapy in
CRBI patient-derived retinal organoids. Proof-of-concept for developing gene therapy
in retinal organoids for CRX-LCA has been described, where AAVs were used to
alleviate the phenotype observed in CRX mutant retinal organoids [32]. In addition,
AAV-mediated gene augmentation of RP2 knock-out retinal organoids prevents ONL
thinning and restored rhodopsin expression [33]. In this manuscript, using AAV.hCRB!
and AAV.hCRB2 gene augmentation therapy, a partially restored phenotype was
observed in CRBI patient-derived retinal organoids. The number of photoreceptor
nuclei in a row and ONL thickness were significantly improved after AAV.hCRB
treatment when analyzed at DD210, showing the long-term effects of the gene
augmentation therapy. Moreover, neither positive nor negative effects were observed
when treating isogenic controls with AAV.hCRBI or AAV.hCRB2. Furthermore, the
infection of AAV.hCRBI on the CRBIXC retinal organoids show localization of
recombinant CRB1 protein at the OLM. Whereas the recombinant CRB1 protein
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localizes merely at the OLM, we also detected CRB1 protein around the OLM as
previously detected in first trimester human fetal retina and DD 120 immature wild type
retinal organoids [23]. The imprecise localization of recombinant CRB1 is potentially
related to a partial restoration of CRBI1-positive recycling endosomal vesicles at the
OLM and is subject of future studies. To our knowledge, this is the first time that an
improved phenotype after AAV.hCRB gene augmentation in CRBI patient-derived

retinal organoids is observed.

In conclusion, we demonstrate in CRB/ patient-derived retinal organoids a moderate
loss of photoreceptor nuclei in a row, strongly reduced levels of CRB1 variant protein
with unaffected CRB/ transcript levels, and a dysregulated molecular gene profiling
phenotype of MGC and rod photoreceptor cells, suggesting an aberrant endosomal
system. Moreover, using AAV-mediated gene augmentation therapy approaches we
have improved the histological and transcriptional retinal phenotype in CRBI patient-
derived retinal organoids. These data provide essential information for future gene

therapy approaches for patients with mutations in the CRB/ gene.
Experimental procedures

Cell culture and retinal organoid differentiation

The following hiPSC lines were used for organoid differentiation: three CRBI RP
patient-derived lines and one control (LUMCO116iCRB09, LUMCO0117iCRBO1,
LUMCO0128iCRB01, LUMCO0004iCTRL10; [23]), and three isogenic controls of the
CRBI patient-derived lines (LUMCO0116iCRB-ISO02, LUMCO0116iCRB-ISO03,
LUMCO0128iCRB-ISO01) (Supplemental Figure 1, Supplemental Table 1). hiPSC lines

were derived from skin fibroblast using polycistronic Lentiviral vectors [34].

hiPSC were maintained on Matrigel coated plates in mTeSR plus medium and passaged
mechanically using gentle cell dissociation reagent (STEMCELL Technologies).
Retinal organoid differentiation was carried out as previously reported with some
modifications (Supplemental experimental procedures) [23,35]. Retinal organoids were

collected at DD180 or DD210 for immunohistochemical analysis; a list of all primary
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antibodies used for immunofluorescent staining is provided in (Supplemental Table 2).
At least three different differentiation batches were analyzed to verify disease

phenotypes.
AAV transduction of hiPSC-derived retinal organoids

Two to three retinal organoids were plated in a 96-well agarose coated plate and were
infected with AAV in 50 uLL RLM2 and incubated for 8h at 5% CO2 at 37°C. After
this, the wells were topped up to 200 uL with RLM2. The next morning, treated
organoids were transferred to a 24 well plate and cultured for at least 3 weeks or until
the desired differentiation day. AAVS5.CMV.GFP and AAV2.CMV.GFP (105530;
Addgene) were used at a titer of 1x10'° 3.3x10', 6.6x10', or 10x10'°gc.
AAV5.CMVmin.hCRBI and AAV5.CMV.hCRB2 (HORAMA) were used with a titer
of 3.3x10"gc.

Quantification and statistical analysis

40x magnification images were manually quantified using Fiji ImageJ (Imagel
1.53f51). At least 4 organoids per condition with 3-6 representative images of each
organoid were used for quantification. Three regions in each image were manually
analyzed for the number of photoreceptor nuclei in a row in the ONL, the number of
photoreceptor nuclei above the OLM, retinal thickness, INL thickness, and ONL
thickness. Quantifications were performed independently by at least two researchers
without the knowledge of genotype or treatment. For the MUPP1 quantifications, a ROI
was drawn at the OLM and the average intensity was measured using Image]. All
datapoints measured were averaged per organoid and plotted in the graph; so that each
point is one organoid. No normalization of the values was performed. Data were either
presented per 100um retinal length or per field of view. Data presentation and statistical
analysis were performed using GraphPad Prism version 8 (GraphPad Software) and
IBM SPSS statistics (version 25), respectively. For statistical analysis, all individual
values per image were used. A generalized linear mixed models with treatment (and
patient) as a fixed effect was performed on all quantification parameters; the statistical

test took into account that multiple CRBI patients were merged by introducing a
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random intercept per patient. Data is presented as mean per organoid =+ standard error
of the mean (SEM). Significance is indicated in graphs as p <0.05 (*), p < 0.01 (*%),
and p <0.001 (***).

Single cell RNA sequencing

Retinal organoids were dissociated using an adapted protocol from the Papain
Dissociation kit (Worthington, I-LK 03150). Analysis and processing of single-cell

transcriptomics using Seurat is detailed in supplemental experimental procedures.
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Abbreviations

AAV Adeno-associated viral vectors

CRBI1 Crumbs homolog-1

CNV Copy number variation

CMV Cytomegalovirus

CRALBP Cellular retinaldehyde-binding protein
DD210 Differentiation day 210

EGF Epidermal growth factor

ERLI Glutamic acid-arginine-leucine-isoleucine
FERM Protein 4.1, Ezrin, Radixin, Moesin

GFP Green Fluorescent Protein

GO Gene ontology

hiPSC Human-induced pluripotent stem cell

INL Inner nuclear layer

LCA Leber congenital amaurosis

MGC Miiller glial cell

MPP5 Membrane-associated guanylate kinase p55 subfamily member 5
MUPP1 Multiple PDZ domain protein 1

NGS Next Generation Sequencing

OLM Outer limiting membrane

ONL Outer nuclear layer

OPL Outer plexiform layer

0TX2 Orthodenticle Homebox2

PALSI1 Protein associated with Lin Seven 1

RHO Rhodopsin

RP Retinitis pigmentosa

RPE Retinal pigment epithelium

RT Room temperature

RT-qPCR Reverse transcription quantitative real-time PCR
SAR Subapical region

scRNA-seq Single cell RNA-sequencing

SEM Standard error of mean

SOX9 SRY-Box Transcription Factor 9
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AAV-Mediated Gene Augmentation Therapy of CRBI Patient-Derived Retinal Organoids
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Supplemental Figure 1 (B, C, G, H): CRBI patient derived and isogenic control retinal
organoids phenotypic analysis at DD210. (B) Representative brightfield images of ISO-03
P116 and P117 cultured organoids. (C) Representative immunohistochemical images of
rhodopsin (green) in ISO-02 P116, ISO-03 P116, P116, and P117. (D) Representative
immunohistochemical images of SOX9 (red) in ISO-P128, P128, P117, and ISO-03 P116. (E, F)
Representative immunohistochemical images of (E) CRB1 (magenta) co-localized with MUPP1
(green) and of (F) CRB2 (magenta) co-localized with PALS1 (green) in ISO-03 P116. (G)
Representative immunohistochemical images of CRBIEX (green) and CRBI™T (magenta) in
CRBI patient-derived retinal organoids compared to isogenic controls at DD180. (H)
Quantitative analysis of the total retinal thickness (p = 0.158) and INL thickness (p = 0.696) per
field of view in CRBI patient derived and isogenic control retinal organoids. Each datapoint in
the graph represent individual organoids, of which an average has been taken of at least 3
representative images. The standard error of mean (SEM) is derived from these averages. Number
of individual organoids per condition and differentiation round: P116 n =16, P117 n =15, P128
n =17 from four independent organoid batches, ISO-P128 n = 8 from three independent organoid
batches, ISO-02 P116 n =5 and ISO-03 P116 n=5 from two independent organoid batches.
Scalebar = (C-F) 50um, (G) 10um.
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Supplemental Figure 2: scRNA-seq analysis comparing ISO-P128 with P128. Related
to Figure 2. (B) Dot-plot showing higher expression of mature rod photoreceptor cell
features in rods I then in rods II cluster. (C) Overview of a retinal organoid in culture with
RPE (asterisks) and stromal cells attached to it. When using the organoid for single cell
sequencing, the stromal cells and RPE were cut off as much as possible. Scalebar 200 um.
(D) Feature plot showing the absence of CRBI1 alternative transcript CRBI-B in these retinal
organoids. (E) Violin plots of Ezrin (EZR), Moesin (MSN), and EPB41L5 specifically in MGCs
(from left to right: p=0.41, p=0.17, p = 0.59), rods (p = 0.018, p = 0.89, p = 0.53) and cones
(»=0.77, p=0.79, p = 0.24) in P128 vs ISO-P128. Number of independent organoids
used: ISO-P128 n =6, and P128 n = 6 from one differentiation round equally divided into
three separate sequencing rounds.
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Supplemental Figure 3: scRNA-seq analysis comparing ISO-P116 and P116 retinal
organoids. Related to Figure 2. (A) Table showing all retinal cell types equally present in the
retinal organoids. (B) Violin plots of CRBI and (C) CRB2 expression levels specifically in MGCs
(»p=0.78, p =0.28), rods (p = 0.37, p = 0.88), and cones (p = 0.51, p = 0.96). (D) Violin plots of
canonical core CRB complex members PALSI, and MUPP]I transcripts in MGCs (p = 0.49,
p=0.98), rods (p=0.36, p=0.61), and cones (p =0.41, p =0.86). (E) Gene ontology (GO)
analysis of differentially expressed markers specifically in rods clustered with similar terms in
the same colour. Number of independent organoids used: ISO-P116 n =4, and P116 n =4 from
one differentiation and sequencing round. (F, G, H) Quantification of AAV2.CMV.GFP and
AAV5.CMV.GFP retinal organoids at DD120 with three different titre concentrations: 1x10'7,
6.6x10'°, and 10x10'° gc (genome copies) in the (F) ONL, (G) INL, and (H) ) GFP positive MGC
in the INL per 100um. Each datapoint in the graph represent individual organoids, of which an
average has been taken of at least 3 representative images. The standard error of mean (SEM) is
derived from these averages. Number of organoids per condition: for AAV2.CMV.GFP
1x1019 7 =5, 6.6x10'° n=6, and 10x10'° n=7, and for AAV5.CMV.GFP 1x10'° n=7,
6.6x10'"7 =8, and 10x10'° n =6 individual organoids from two independent differentiation
rounds. Statical analysis: generalized linear mixed models with p <0.05 (*), p <0.01 (**), and
p <0.001 (***).
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Supplemental Figure 4: AAV-mediated gene therapy treatment on CRBI patient-derived and isogenic control retinal organoids (A-E).
Related to Figure 4. (A) Representative immunohistochemical images of untreated, AAV.hCRBI, and AAV.hCRB?2 treated P117 and control retinal
organoids stained with MUPP1 (red) and AAV.GFP (green) at DD180. (B) Quantification at DD180 of the number of photoreceptor nuclei in a row
per field of view (from left to right: p = 0.042, p = 0.041, p = 0.925, p = 0.548), (C) the number of photoceptor nuclei above the OLM per 100 um (p
=0.000, p =0.001, p =0.676, p = 0.865), (D) retinal thickness per field of view (p =0.104, p = 0.078, p = 0.819, p = 0.389), and (E) ONL thickness
per field of view (p = 0.438, p = 0.355, p = 0.933, p = 0.378).
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AAV-Mediated Gene Augmentation Therapy of CRBI Patient-Derived Retinal Organoids

Supplemental Figure 4: AAV-mediated gene therapy treatment on CRBI patient-derived
and isogenic control retinal organoids. Related to Figure 4. (F) Representative
immunohistochemical images of anti-CRB X and anti-CRBI™" showing localization in the RPE
after AAV.hCRBI treatment in CRBI patient-derived retinal organoid. (G)
Immunohistochemical image of anti-CRBI'™T showing localization at the OLM after
AAV.hCRBI treatment in CRBIX? retinal organoid. (H, I) Representative immunohistochemical
images of CRB2 at the (H) OLM and (I) RPE after AAV.hCRB2 treatment in CRBI patient-
derived retinal organoids. (J) Quantification of the average MUPP1 fluorescence intensity at the
OLM of DD210 CRBI patient derived retinal organoids (P116, P117, P128 pooled) treated with
AAV.hCRB. (K) Representative immunohistochemical images of PALS1 at the OLM with and
without AAV.hCRB treatment in a CRBI patient-derived retinal organoid. (L) Quantification of
the retinal thickness (p =0.008, p =0.082, p =0.993, p=0.981, p =0.981) and (M) the INL
thickness (p =0.139, p = 0.632, p=0.958, p = 0.195, p = 0.707) per field of view of CRBI patient
and isogenic control retinal organoids at DD210. (N) SDS-PAGE gel of AAV.hCRBI and
AAV.hCRB2? showing no contamination in the AAV preparation. Scalebar = 50pum. Each
datapoint in the graph represent individual organoids, of which an average has been taken of at
least 3 representative images. The standard error of mean (SEM) is derived from these averages.
Number of individual organoids per condition at DD180 P117 treated with AAV.hCRBI n =13,
AAV.hCRB2 n=12, untreated n =14 from two different differentiation rounds, control
organoids treated with AAV.hCRBI n =4, AAV.hCRB2 n =3, and untreated n =2 from one
differentiation round. And at DD210 CRBI patient-derived retinal organoids (P116, P117, P128
pooled) treated with AAV.hCRBI n =34, AAV.hCRB2 n =33, untreated n = 32, and isogenic
controls (ISO-02 P116, ISO-03 P116, ISO-P128 pooled) treated with AAV.hCRBI n =14,
AAV.hCRB2 n = 10, and untreated n=24 independent organoid from two different differentiation
rounds. Statistical tests: generalized linear mixed models with p <0.05 (*), p < 0.01 (**), and
p <0.001 (¥**).
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Supplemental Figure 5: Single cell RNA-sequencing of CRBI patient-derived retinal
organoid treated with AAV.hCRBI or AAV.hCRB2 restores transcriptional effect on the
endosomal system. Related to Figure 5. (A) Heatmap showing AAV.GFP expression in the
clusters, mainly transducing MGC, photoreceptor cells, and RPE. (B, C) Violin plot of transcript
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expression of (B) AAV.hCRBI (from left to right: p=0.018, p = 0.41, p =0.041, p = 0.078,
p<0.001, p= 0.54) or (C) AAV.hCRB2 (p = 0.5, p =0.1, p=10.38, p=10.0037, p=0.53,
» <0.00001) in the RPE of AAV.hCRB treated retinal organoids. (D, E) Gene ontology (GO)
analysis of differentially expressed markers contrasting untreated with (D) AAV.hCRBI or (E)
AAV.hCRB? treated P117 in MGCs clustered in groups with similar terms in the same colour.
(F) All significantly differentially expressed markers in terms related to the endosomal system
after treatment with AAV.hCRBI orAAV.hCRB2 in MGC. (G, H) P117 treated with
AAV.hCRBI in rods showing gene ontology (G) and all terms related to the endosomal system
(H). (I) GO of P116 treatment with AAV.hCRB in MGC and (J) dot plot of terms related to the
endosomal system after treatment. The data in the box with a dashed line are not statistically
significant different from P116, all the other data points (in F, H, J, and L) are statistically
significant different from untreated patient derived retinal organoids. Number of independent
organoids used: P116 n =4, P116 with AAV.hCRBI n =3, P116 with AAV.hCRB2 n =3 from
one differentiation and sequencing round, and P117 n =5, P117 with AAV.hCRBI n =5, P117
with AAV.hCRB2 n=35 from one differentiation round equally divided into three separate
sequencing rounds.

Supplemental Table 1. hiPSC line information. Related to all figures.

Line name [published] Description Gender

LUMCO04iCTRL10 [1] Control iPSC line Male

CRBIX°LUMCO4iCTRL10  CRBIX° line was derived from LUMC04iCTRL10; it has astop ~Male
codon in the second exon of CRBI. Only used here for proof of
recombinant CRBI protein expression after AAV.hCRBI
treatment.

LUMCO116iCRB09 [1] P116 = Allele 1 and 2: homozygous ¢.3122T>C--> Male
p-(Met1041Thr)

is002LUMCO116iCRB09 1SO-02 P116 = Allele 1: ¢.3122T>C gene corrected to Male
¢.3120C>G. Allele 2: ¢.3122T>C. p.(Met1041Thr)

is003LUMCO116iCRB09 ISO-03 P116 = Homozygous ¢.3122T>C gene corrected to  Male

¢.3120C>G

LUMCO117iCRBO1 [1] P117 = Allele 1: c.1892A>G (p.Tyr631Cys)). Allele 2: Male
¢.2911G>T (p.(Glu995*)

LUMCO0128iCRBO1 [1] P128 = Allele 1: ¢.2843G>A --> p.(Cys948Tyr). Allele 2: Male

¢.3122T>C > p.(Met1041Thr)

is002LUMCO0128iCRBO01 ISO-P128 = Allele 1: ¢.2843G>A. p.(Cys948Tyr). Allele 2: Male
¢.3122T>C gene corrected to ¢.3120C>G

167



Chapter 4

Supplemental Table 2. List of primary antibodies used in the study. Related to all figures.

Antigen Dilution  Source Identifier
CRBI1 (intracellular domain — used if  1:200 Homemade NA

not otherwise specified)

CRBI (extracellular domain) 1:200 Abnova H00023418-A01
CRB2 1:200 Homemade NA
CRALBP 1:200 Abcam Ab15051
MUPP1 1:200 BD Biosciences M98820
PALSI1 1:200 Homemade NA

0TX2 1:200 Proteintech 13497-1-AP
Rhodopsin 1;200 Sigma SAB4502636
Glutamine synthetase (GS) 1:250 BD Bioscience 610518
SOX9 1:250 Millipore ABS5535

Supplemental Table 3. Top 10 DEG differentially expressed genes per cluster. Related to
Figure 2. Statistically significant log2 fold changes of the expression level of differentially
expressed genes in the cluster (pctl) comparing with the remaining clusters (pct2). With the
defined cell type per cluster. This table is not included in this thesis, due to the large size, and
can be found online [6].

Supplemental Table 4. Differentially expressed genes EG markers and gene ontology terms
contrasting P128 and ISO-P128, and P116 and ISO-P116. Related to Figure 2, S3A-E. Log2
fold changes of the expression level of statistically significant expressed genes in CRB1 patient-
derived retinal organoids comparing with the isogenic control in MGCs or in rod photoreceptor
cells and the associated gene ontology terms. This table is not included in this thesis, due to the
large size, and can be found online [6].

Supplemental Table 5. DEG markers and gene ontology terms comparing untreated and
AAV.hCRB treated CRB1 patient derived retinal organoids. Related to Figure 5, S5. Log2
fold changes of the expression level of statistically significant expressed genes in AAV.hCRB
treated CRB1 patient-derived retinal organoids comparing with the untreated and the associated
gene ontology terms. This table is not included in this thesis, due to the large size, and can be
found online [6].

Supplemental experimental procedures
Cell culture and retinal organoid differentiation

Human induced pluripotent stem cells (hiPSC) were maintained on Matrigel coated
plates in mTeSR plus medium (STEMCELL Technologies) and passaged

mechanically. Retinal organoid differentiation was carried out as previously reported
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with some modifications [1,2]. Confluent hiPSCs were collected and incubated with
(£)blebbistatin in mTeSR medium in micro-mold spheroids (Z764000-6EA, Merck)
over night. Then, medium was transitioned to Neural Induction Medium 1 (NIM1)
using mTeSR/NIM1 (3:1), then (1:1), and finally (0:1) over three days to form
embryoid bodies (EBs). After | week, EBs were plated onto Matrigel-coated wells with
daily NIM-1 medium change till DD15 and daily change of NIM-2 starting at DD16.
Between DD20 and latest DD28, neuroepithelial structures were selected and flushed
from the Matrigel plates using a P1000 pipet and kept in floating culture in agarose
coated plates from this point onwards. After selecting the best-looking structures, all
structures were flushed from the Matrigel plates and kept in floating culture to increase
the yield of obtained organoids. Then, typically from DD40 until DD100, good retinal
organoid structures were selected and placed individually in a 48 well plate. Brain and
other non-retinal structures were removed as well between this time period. Daily
medium change of NIM-2 is used till DD34, then typically three times a week Retinal
Lamination Medium 1 (RLM-1) was used from DD35 to DD63. Then, RLM-1 + 1uM
retinoic acid until DD84, followed by RLM-2 + 0.5uM retinoic acid, and RLM-2 from
DD120 was used for the rest of the culture.

Immunohistochemical analysis

Organoids were collected at DD180 or DD210 for immunohistochemical analysis.
Organoids were fixed with 4% paraformaldehyde in PBS for 20 minutes at RT, briefly
washed with PBS and subsequently cryo-protected with 15% and 30% sucrose in PBS
until organoids sunk to the bottom of the well. Organoids were embedded in Tissue-
Tek O.C.T. Compound (Sakura, Finetek), thereafter 8 uM cryosections were made with
a Leica CM1900 cryostat (Leica Microsystems) and stored in the freezer.

For immunohistochemistry, the sections were blocked for 1h at RT in 10% normal goat
serum, 0.4% Triton X-100, and 1% bovine serum albumin in PBS. Primary antibodies
were incubated overnight at 4°C or for at least 3h at RT with 0.3% normal goat serum,
0.4% Triton X-100, 1% BSA and appropriate primary antibody concentration
(Supplemental Table 2). Then, slides were washed for two times 15 minutes in PBS

and subsequently incubated for 1h at RT with fluorescent-labelled secondary antibody
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in 0.1% goat serum in PBS. Nuclei were counterstained with DAPI and mounted in
Vectashield Hardset mounting medium (H1800, Vector laboratories, Burlingame,
USA). Sections were imaged on a Leica TCS SP8 confocal microscope and images

were processed with Leica Application suite X (v3.7.0.20979).
RNA isolation, cDNA synthesis, and gPCR analysis

RNA was isolated from DD210 retinal organoids of P116, P117, P128, ISO-P128, and
ISO-02 P116 using TRIZOL reagent (Gibco Life Technologies) according to the
manufacturer manual. The isolated RNA was dissolved in 20pul RNase-free water.
0.5png of total RNA was reverse transcribed into first-strand cDNA using QuantiTect
Reverse Transcription Kit (205311, QIAGEN) in a total reaction volume of 20ul. From
all cDNA samples, a 1 in 20 dilution was made and used for qPCR analysis.

Two different exon-spanning primer pairs were designed at the 5’ end of the CRB1-B
gene  giving rise to an amplicon of 70 to 120bp (FWI:
TGTTTGGAGCCAGGACACAT,REV1: ACGTCTTCTTCGCAGTGGAT and FW2:
GAGCCAGGACACATGGTTTTC, REV2: TTCCCAGGCAAGTTCTCACA). Real-
time qPCR was based on the monitoring of SYBR Green I dye fluorescence on a CFX
Connect Real-Time System (BioRad). The qPCR conditions were as follows: 5ul
SYBR green PCR 2x master mix (4913914001, Merck), 0.2ul of 10uM FW and REV
primers, and Sul of the diluted cDNA. qPCR machine started with a melting step at
95°C for 10min, followed by 40 cycles of 95°C for 15 seconds and an annealing at 60°C
for one minute. At the end of the PCR run, a dissociation curve was determined by
ramping the temperature of the sample from 60 to 95°C while continuously collecting
fluorescence data. MQ water controls were included for each primer pair to check for
any significant levels of contaminants. The following two reference genes were used:
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and elongation factor la
(EF1A), previously described by [3].

qPCR was performed on both primer pairs with at least three individual DD210 retinal
organoids of P116, P117, P128, ISO-P128, and ISO-02 P116 ¢cDNA and human adult
retina cDNA (Marathon-ready; Clontech). CRB1-B was detected in adult human retina
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cDNA but was below detection level in the patient-derived and isogenic control retinal

organoids at DD210.
Single cell RNA sequencing — Retinal organoid dissociation

Retinal organoids were dissociated using an adapted protocol from the Papain
Dissociation kit (Worthington, I-LK 03150). In short, single retinal organoids were
selected and cut into small pieces to remove excess RPE or non-neural tissue as much
as possible and placed on a 48 well plate with 500ul dissociation solution (20 units/ml
papain and 0.005% DNase). These were incubated for 30 minutes on a shaker in the
incubator, then the organoids were triturated using a 1mL pipettor to dissociate the
tissue. The plate was placed back for 15-20 minutes on the shaker in the incubator, then
again triturated, this was repeated until a single cell suspension was obtained. 500ul
albumin ovomucoid protease inhibitor solution was added to the single cell suspension,
centrifuged at 300x g for Smin. Supernatant was removed, pellet resuspend in PBS and

filtered through a 40um cell strainer (Pluristrainer; SKU 43-10040-50).

Filtered single cell suspension was centrifuged at 300x g for Smin at 4°C and resuspend
in 100ul staining buffer (2%BSA/0.01%Tween, PBS) with 10ul Fec Blocking reagent
(FcX, BioLegend) for 10 minutes on ice. 0.5ug of unique Cell Hashing antibodies were
added and incubated for 20 minutes on ice. Stained cells were washed 3 times with ImL
staining buffer, spinned at 4 °C for 5 minutes at 350g. Stained single cell suspensions
were counted for cell concentration and cell viability (TC20, Bio-rad). Typically, all
single cell suspensions had a 70% or higher cell viability. Stained cells were pooled
and re-counted until desired concentration for single cell sequencing (cell viability of
at least 80%). Every sequencing round contained 14 hashed retinal organoid samples;

the goal was to capture a total of approximately 30.000 cells per pool.
Single cell RNA sequencing — Droplet-based single-cell RNA sequencing

ScRNA-seq data was generated using the Chromium 10x 3’UTR-sequencing. Single
cell suspensions were loaded onto the Chromium Single Cell system using the v3

chemistry. Subsequent steps were performed according to manufacturer’s instructions.
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Single cell RNA sequencing — Computational analysis of single cell data

Raw sequencing output were processed using the Cell Ranger (v6.0.1) pipeline (10X
Genomics) with default settings and the pre-built human genome reference (GRCh38).
Custom references of codon optimized AAV.hCRBI, codon optimized AAV.hCRB2,
AAV.GFP and CRBI-B were added using the known FASTA sequence.

Filtered expression matrices were further processed with a Seurat (v4.1.0) based
workflow in in R (v4.1.0) [4]. In short, cells were demultiplexed based on their HTO
enrichment using HTODemux function of Seurat, and singlets were selected for
downstream analysis. Quality control followed, keeping cells with nFeature RNA >
800 and <6000, nCount RNA <30000, and percent.mt <12. The raw counts were
normalized with NormalizedData function (scale.factor = 30000). The top 2000 most
variable genes were selected using FindVariableFeatures. Principal component analysis
(PCA) was then performed using these 2000 genes. The first 15 PCs were used to
calculate cell clusters and project the cells on a two-dimensional plot using Uniform
Manifold Approximation and Projection (UMAP) algorithm. Top markers from
FindAllMarkers function were analysed and compared to well-known cell type-specific
markers to classify the clusters. For downstream analysis, data was subset per cluster,
per patient derived retinal organoids, and/or per treatment. Then, differentially
expressed genes were retrieved from the FindMarkers function. Genes with p_val adj
< 0,05 were used for GO (Gene Ontology) term analysis, GO analysis was performed
using g:Profiler (version el06 eg53 pl6 65fcd97) with g:SCS multiple testing
correction method applying significance threshold of 0.05 [S]. Relevant terms and
associated genes were included for visualization in this manuscript. For the violin plots
comparing genes in CRB1 patient-derived and isogenic control retinal organoids, the
function stat compare _means with a Wilcoxon t-test was used to determine statistically

significant differences.

Number of cells used for downstream analysis per condition: (1) coming from one
sequencing round, ISO-P116 with AAV.GFP: n=993 cells from 4 organoids, P116 with
AAV.GFP: n=1497 cells from 4 organoids, P116 with AAV.hCRBI and AAV.GFP:
n=1225 cells from 3 organoids, P116 with AAV.hCRB2 and AAV.GFP: n = 884 cells
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from 3 organoids, and (2) equally divided in three separate sequencing rounds, ISO-
P128 with AAV.GFP: n = 5786 cells from 6 organoids, P128 with AAV.GFP:
n =4908 cells from 6 organoids, P128 with AAV.hCRBI and AAV.GFP: n = 4386
cells from 5 organoids, P128 with AAV.hCRB2 and AAV.GFP: n = 3870 cells from
5 organoids, P117 with AAV.GFP: n =3552 cells from 5 organoids, P117 with
AAV.hCRBI and AAV.GFP: n = 3108 cells from 5 organoids, P117 with AAV.hCRB2
and AAV.GFP: n = 2868 cells from 5 organoids.
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Abstract

Using human induced pluripotent stem cell (hiPSC)-derived models for ophthalmology
research is an emerging strategy to explore patient phenotypes in vitro, which allows
access to previously limited or inaccessible material. The majority of patients with
mutations in CRBI develop either early-onset retinitis pigmentosa as young children or
Leber congenital amaurosis as newborns. The cause for the phenotypic variance
exhibited in CRBI-associated inherited retinal diseases is unknown, but might be linked
to differences in CRB1 and CRB2 protein levels in Miiller glial and photoreceptor cells.
Here, CRBI®® and CRBIX°CRB2"- hiPSC were generated by CRISPR/Cas9 and
differentiated into retinal organoids. Differentiation day 210 retinal organoids showed
a significant decrease in the number of photoreceptor nuclei in a row and a significant
increase in the number of photoreceptor cell nuclei above the outer limiting membrane.
This phenotype with outer retinal abnormalities is similar to previously observed in
CRBI retinitis pigmentosa patient-derived retinal organoids and Crb/ or Crb2 mutant
mouse retinal disease models. The CRBIX® and CRBIX°CRB2"" retinal organoids
develop an additional inner retinal phenotype due to the complete loss of CRB1 from
Miiller glial cells, suggesting an essential role for CRBI1 in proper localization of
neuronal cell types in the inner and outer retina. AAV transduction was explored at
early and late stages of organoid development. Moreover, AAV-mediated gene
augmentation therapy with AAV.hCRB2 improved the outer retinal phenotype in
CRBIXOretinal organoids partially. Altogether, these data provide essential information
for future gene therapy approaches for patients with CRBI-associated retinal

dystrophies.
Introduction

Crumbs homologue 1 (CRB1) is a large transmembrane protein initially discovered at
the apical membrane of Drosophila epithelial cells [1]. The human CRBI gene is
mapped to chromosome 1q31.3, has 12 identified mRNA transcripts, over 210 kb
genomic DNA, and three CRB family members [2]. Canonical human CRBI1 consists

of multiple epidermal growth factor (EGF) and laminin-globular like domains in its
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large extracellular domain. The short intracellular domain contains a FERM domain
juxtaposed to the single transmembrane domain and at the carboxyl-terminus a
conserved glutamic acid-arginine-leucine-isoleucine (ERLI) PDZ binding motive [2—
4]. A short alternative transcript of CRBI, CRBI-B, was described encoding a protein
with significant extracellular domain overlap with canonical CRB1 while bearing
unique amino-terminal and carboxy-terminal protein domains [5]. The function of
CRBI-B in the human retina is not known. In mammals, the CRB family members are
CRBI, CRB2 and CRB3A. CRB2 displays a similar protein structure to CRB1, except
for a depletion of four EGF domains. The canonical CRB complex is formed by
interaction with protein associated with Lin Seven 1 (PALSI1), which binds to the
conserved carboxy-terminal PDZ domain of CRB [6—8]. The CRB complex is
evolutionary conserved and is important for regulating apical-basal polarity and

maintaining cell adhesion [9].

Inherited retinal dystrophies such as retinitis pigmentosa (RP) or Leber congenital
amaurosis (LCA) can be caused by mutations in the CRBI gene. Approximately 7-17%
of LCA and 3-9% of RP patients are reported with mutations in CRB/ [10-13]. RP is a
clinically and genetically heterogeneous disease where children or aged patients
experience night blindness which progresses to complete loss of vision [14-16], while
LCA causes visual impairment in newborns [13]. There are over 200 different
mutations along the CRBI gene described to be causing early onset RP in children or
LCA without a clear genotype-phenotype correlation [14,17]. No treatment possibilities
are available for patients with a mutation in the CRBI gene. Multiple animal-derived
models have been described that mimic the phenotype of CRBI patients [5,18-22].
However, recent immuno-electron microscopy studies have shown that the subcellular
localization of CRB1 and CRB2 is different between rodents and humans [23]. In mice,
CRBI is located at the subapical region just above the outer limiting membrane (OLM)
of Miiller glial cells (MGC) while CRB2 is located at the subapical region of MGC and
photoreceptor cells [24]. In adult non-human-primate retina, human-derived retinal
organoids and human fetal retina, both CRB1 and CRB2 are located at the subapical
region of MGC and photoreceptor cells [23]. In addition, a reappraisal of the

phenotype-genotype correlation of 50 patients with regards to canonical CRB1 and the
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photoreceptor-specific CRB1-B has shown that the retinal phenotype is mainly driven
by canonical CRB1 isoform impairment [25]. These data indicate thus the importance
of using human-derived models to study the retinal dystrophy caused by mutations in

CRBI.

The use of human-induced pluripotent stem cells (hiPSC)-derived models for research
is an emerging strategy to explore patient organoid or cell phenotypes in vitro. This is
specifically of interest for patients with mutations in CRBI, because the subcellular
localization of the protein is different between rodents and humans. hiPSC can be
differentiated into well-defined retinal organoids, which recapitulate the development
of the fetal retina [23]. Previously, we have shown that CRB/-patient derived retinal
organoids frequently show ectopic photoreceptor cells above the OLM and detected
less variant CRB1 protein at the OLM of patient-derived retinal organoids at
differentiation day 180 (DD180) and DD210 [23,26]. In a large clinical cohort, it is
shown previously that there is no clear genotype-phenotype correlation for patients with
a mutation in the CRB/ gene and the mutations are distributed along the CRBI gene
[14]. Here, we describe the use of hiPSC-derived CRBIX® retinal organoids as a
candidate model for Leber congenital amaurosis, where a single nucleotide was deleted
by CRISPR/Cas9 in exon 2 resulting in a frameshift with a premature stop codon and
thus a knockout of the gene of interest. In addition, CRBIXCCRB2"~ hiPSC were used,
since previous research has shown that concomitant decreased levels of CRB2 can
exacerbate the phenotype in CRBI mutant mice [27-29]. Homozygous mutations were
introduced by CRISPR/Cas9 in exon 2 of CRBI and a heterozygous mutation in exon
3 of CRB2, generating CRBIX°CRB2"~ hiPSC. CRB retinal organoids completely
lacking CRBI1 protein showed an outer and inner retina phenotype mimicking a mild
form of LCA. CRBIX® retinal organoids were used for adeno-associated viral vector

(AAV)-mediated hCRBI or hCRB2 gene augmentation therapy.
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Results
Generation of CRBI*® and CRBI*°CRB2"" hiPSC firom the isogenic control

From the control iPSC line LUMC4iCTRL10 (now called: 1SO-4.10), three CRBI%°
and three CRBIXOCRB2' clones were generated using CRISPR-Cas9 technology
(Applied StemCell). In short, guide RNAs were designed to target exon 2 of CRB/ and
exon 3 of CRB2. For the CRBIXO, three independent homozygous subclones (CL19,
CL26, and CL72) carried a homozygous deletion (c.500del), resulting in a frameshift
with premature stop p.(Serd4Serfs*) for the CRB1 gene (Supplemental Figure 1A). For
CRBIXOCRB2'-, two clones (CL4 and CL9) carried the same homozygous ¢.500del
mutation and the CL17 iPSC clone carried a homozygous ¢.498 507delinsTGCC
mutation in the CRB/ gene, both mutations result in a frameshift with premature

translation stop of CRB1 (Supplemental Figure 1A).

For the CRB2 gene, the CRBIXCCRB2"" clones showed heterozygous mutations
targeting exon 3 (Supplemental Figure 1B). Next Generation Sequencing (NGS) of the
CRB2 gene showed for CRBI®*CCRB2"" clones 4 and 9 a 23bp deletion in exon 3 of the
CRB2 gene (Supplemental Figure 1B), resulting in a frameshift with an alternative
translation of CRB2. CRBI*°CRB2"" clone 17 show a 2bp deletion in exon 3 of the
CRB2 gene (Supplemental Figure 1B), resulting in a frameshift with an alternative
translation of CRB2 and the normal protein translation. Karyotyping of all clones
showed a normal karyotype (Supplemental Figure 1C, D), but the CRBIX® and
CRBIXOCRB2" showed a commonly observed gain in copy number variation on
chromosome 20q (Supplemental Figure 1E). The biological significance of such
recurrent abnormalities is still discussed [30], and further research is required to define
this. These CRB and isogenic (ISO-4.10) hiPSC lines were differentiated into CRBIX®,

CRBI*CCRB2"", and isogenic control retinal organoids.
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CRBI*° and CRBI*°CRB2"" retinal organoids show an inner retinal

phenotype at DD210

The CRBIXO, CRBIX°CRB2"", and isogenic control iPSC lines were differentiated into
defined retinal organoids with outer segment like structures up to, at least, DD210 based
on bright field images of the retinal organoids in culture (Figure 1A-C’). In addition, a
laminated retina with a clear outer nuclear layer (ONL) marked by rhodopsin positive
photoreceptor cells (Figure 1D) and an inner nuclear layer (INL) indicated with SOX9
positive MGCs and ISLET1-2 positive rod and ON-cone bipolar cells (Figure 1E) were
observed in all retinal organoids at DD210. However, we observed a less defined
alignment of SOX9 and ISLET1-2 positive cells in the inner retina of CRBI*C and
CRBI®°CRB2"" compared with isogenic control retinal organoids, possibly due to the
complete loss of canonical CRBI in MGC (and photoreceptors). This was previously
not observed in CRBI patient-derived retinal organoids that expressed strongly
decreased but existing basic levels of variant CRB1 [23,26]. The data on the CRBIX®
and CRBI®OCRB2"" retinal organoids at DD210 suggests the disrupted localization of
rod and ON-cone bipolar cells. In summary, whereas in previous studies on CRBI
patient-derived retinal organoids with missense mutations we observed disruptions of
the photoreceptor layer, the CRBIX® and CRBI*CRB2"" retinal organoids show at

DD210 an extended retinal phenotype that includes disruptions of the inner retina.

CRBI*® and CRBI*°CRB2"" retinal organoids show an outer retinal
phenotype at DD180 and DD210

To verify that the CRBI®® mutation caused a complete loss of CRBI protein
expression, immunohistochemical staining of CRB1 on DD180 and DD210 isogenic
control, CRBIX®, and CRBI®CCRB2"" retinal organoids was performed. CRB1 and
MUPPI staining at the OLM were observed in the isogenic control at DD180 (Figure
2A). No CRBI staining was detected in CRBI*°and CRBI®CCRB2"" retinal organoids,
whereas MUPP1 was detected at the OLM (Figure 2A). Both extracellular and
intracellular CRB1 antibodies detected no CRBI staining at the OLM of CRBIX° and
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CRB1*©

1SO-4.10

1SO-4.10 CRB1*°

Figure 1: CRBIX° and CRBIXCCRB2"" retinal organoids at DD210. (A, B, C) Representative
brightfield images of the (A) isogenic control and (B) CRBIX® and (C) CRBI®OCRB2"retinal
organoids at DD210, with a zoom-in of the outer segment-like structures in the boxed areas (A’,
B’, C’). (D, E) Representative immunohistochemistry images of DD210 isogenic control and two
CRBI®0 and CRBIX°CRB2"" retinal organoids stained with (D) rhodopsin and (E) SOX9 (red)
and ISLETI-2 (green). Note: INL = Inner Nuclear Layer, ONL = Outer Nuclear Layer.
Scalebar = 50 pm.

CRBI*°CRB2"- DD180 retinal organoids (Supplemental Figure 2A). Also, at DD210,
no CRB1 was detected in CRBI®C and CRBIXOCRB2"" retinal organoids, whereas
PALSI was detected at the OLM (Supplemental Figure 2B). Moreover, CRB2 protein
was detected at the OLM in DD180 and DD210 isogenic control, CRBIX®, and
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CRBIXOCRB2"" retinal organoids (Figure 2B, Supplemental Figure 2C). Localization
of CRB2 was also detected at the OLM of CRBI®CCRB2"" retinal organoids that harbor
one wild type and one knockout allele of CRB2.

When analyzing the CRBI¥C and CRBI®XCCRB2"" retinal organoids in more detail, a
significantly increased number of photoreceptor nuclei above the OLM was observed
compared to the isogenic control at DD180 (Figure 2C). Moreover, a statistically
significant decrease in the number of photoreceptor nuclei in a row and ONL thickness
was observed in DD180 CRBIX® and CRBIX°CRB2"" retinal organoids compared to
the isogenic control (Figure 2D, Supplemental Figure 3A). No difference was observed
for the INL thickness nor the retinal thickness in CRBIX® and CRBIXOCRB2"" retinal
organoids (Supplemental Figure 3B, C). At DD210, the number of photoreceptor nuclei
in a row was still significantly decreased in CRBIX® and CRBI®CCRB2"" retinal
organoids (Figure 2E). However, there were fewer photoreceptor nuclei above the
OLM in CRBI¥® and CRBIXOCRB2'" retinal organoids, though still statistically
significant for CRBIX°CRB2"" retinal organoids compared to the isogenic control
(Figure 2F). Again, no statistically significant difference in INL thickness and retinal
thickness was observed at DD210 (Supplemental Figure 3E, F). The data indicate that
an outer retinal phenotype was observed at DD180 and DD210 retinal organoids, which
is comparable to previously observed outer retinal phenotype in CRB/ patient-derived
retinal organoids and in Crb/ mutant mouse models. Together these data define
outcome measures for assessing therapeutic efficacy in CRBIX° and CRBIX°CRB2""

retinal organoids.

AAVS5.CMV.GFP and AAV2.CMV.GFP transduce control retinal organoids
more efficiently at DD135 than at DD200

Previously, we have shown that serotype AAV2/5.CMV.GFP (from now:
AAVS5.CMV.GFP) was more efficient than AAV2/2.CMV.GFP (from now:
AAV2.CMV.GFP) in transducing MGC at DD120 [26]. Here, the tropism of these two
serotypes were investigated in control retinal organoids transduced at later timepoints:

DD135 or DD200.
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Figure 2: CRBIX© and CRBIXCCRB2"" retinal organoids show more photoreceptor nuclei
above the OLM compared to the isogenic control at DD180 and DD210. Representative
immunohistochemical images of (A) CRBI1 (red) co-stained with MUPP1 (green) and (B) CRB2
(green) at the OLM of DD180 control, CRBIXC, and CRBIXOCRB2"" retinal organoids. (C)
Quantification of the number of photoreceptor nuclei above the OLM and (D) number of
photoreceptor nuclei in a row of DD180 control, CRBI*C, CRBI®CCRB2"" retinal organoids. (E)
Quantification of the number of photoreceptor nuclei above the OLM and (F) number of
photoreceptor nuclei in a row of DD210 control, CRBIX®, CRBIX°CRB2"" retinal organoids.
Each datapoint in the graph represents individual organoids, of which an average has been taken
of at least three representative images. The standard error of mean (SEM) is derived from these
averages. Number of individual organoids used for the quantification per condition at DD180:
4.10n=14, CRBI*° CL19n=7,CL26 n=5,CL72n=9, CRBI*CCRB2"-CL4n=3,CL9n =38,
CL17 n = 8; and DD210: 4.10 n = 12, CRB1X° CL19 n = 9, CL26 n =10, CL72 n = 11,
CRBI®OCRB27-CL4 n=8, CL17 n=8 from at least two independent differentiation batches and
CRBI®OCRB2"-CL9 n =5 from one differentiation batch. Note: INL = Inner Nuclear Layer,
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ONL = Outer Nuclear Layer, OLM = Outer Limiting Membrane. Scalebar = 50um, statistical
analysis: generalized linear mixed models with p <0.05 (¥), p <0.01 (**), and p <0.001 (¥*%*).

At DD135, control retinal organoids were transduced with 1x10'%gc, 6.6x10'°gc or
10x10'%c  of AAV2.CMV.GFP or AAV5.CMV.GFP and analyzed using
immunohistochemistry after three weeks in culture. A dose-dependent increase of GFP
positive cells was observed when control organoids were treated with
AAV5.CMV.GFP or AAV2.CMV.GFP at DD135 (Figure 3A-C). The AAV-treated
retinal organoids were quantified for the number of GFP positive cells in the ONL and
INL. AAV2.CMV.GFP significantly transduced more cells in the ONL at the two
highest titers (Figure 3D), whereas AAV5.CMV.GFP transduced significantly more
cells in the INL at 6.6x10'°gc (Figure 3E). Co-staining with photoreceptor marker
(0OTX2) and MGC markers (CRALBP) confirmed the transduction of both cell types in
AAV2.CMV.GFP as well as AAV5.CMV.GFP transduced organoids (Figure 3F, G).
These data is in accordance with what was observed when control retinal organoids

were transduced at DD120.

Next, we investigated whether transduction with the same AAV capsids at a later
timepoint would influence the tropism. Here, control retinal organoids were transduced
with 1x10%gc or 10x10'%c at DD200 with AAV2.CMV.GFP or AAV5.CMV.GFP.
Again, a dose-dependent increase in GFP positive cells transduced in the ONL was
observed for AAV2.CMV.GFP and AAVS5.CMV.GFP treated retinal organoids
(Supplemental Figure 4A, B). This dose-dependent increase was statistically significant
for both capsids in the ONL (Supplemental Figure 4C) and only for AAV5.CMV.GFP
in the INL (Supplemental Figure 4D). Moreover, AAVS5.CMV.GFP infected
significantly more cells in the ONL than AAV2.CMV.GFP at both titers (Supplemental
Figure 4C). A small but statistically significant increase in GFP positive cells in the
INL was observed at the dose of 10x10'%c AAV5.CMV.GFP (Supplemental Figure
4D). However, the number of GFP positive cells co-localizing with SOX9-marked
MGC cells showed no significant increase at the dose of 10x10'%gc AAV5.CMV.GFP
(Supplemental Figure 4E). Both AAV serotypes showed co-localization with SOX9
positive MGCs (Supplemental Figure 4F). Interestingly, within relatively large retinal
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organoids only a few cells were transduced with AAV2.CMV.GFP or with
AAVS5.CMV.GFP at DD200 (Supplemental Figure 4G), especially when compared
with previous efficient transductions at DD120 [26] and DD135.

A. 1x10" gc B. 6.6x10'° gc

10x10"° gc

w -
L 1

in INL (per 100um)
N
L
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I AAV2.CMV.GFP [l AAV5.CMV.GFP

F. OTX2, GFP, DAPI G. CRALBP, GFP, DAPI

Figure 3: AAV transduction study of control retinal organoids transduced at DD135 with
AAV2.CMV.GFP or AAV5.CMV.GFP (A, B, C) Representative immunohistochemical
images of control retinal organoids transduced with (A) 1x10'gc, (B) 6.6x10'0gc, or (C)
10x10'%gc AAV2.CMV.GFP or AAV5.CMV.GFP. (D, E) Quantification of the number of GFP
positive cells in the (D) ONL and (E) INL. (F, G) Immunohistochemical images of co-
localization of AAV.GFP with photoreceptor marker OTX2 (F) or MGC marker CRALBP (G).
Each datapoint in the graph represents individual organoids, of which an average has been taken
of 3-6 representative images. The SEM is derived from these averages. Number of individual
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organoids used for quantification per condition for AAV2.CMV.GFP: 1x10'%c n=17, 6.6x10'%gc
n=7,10x10"gc n=10; and for AAV5.CMV.GFP: 1x10'%gc n =9, 6.6x10"gc n =7, 10x10'"gc
n =11 from at least two independent differentiations. Note: INL = Inner Nuclear Layer, ONL =
Outer Nuclear Layer. Scalebar = 50pum, statical analysis: generalized linear mixed models with
p <0.05 (%), p <0.01 (**), and p <0.001 (***).

AAV-mediated CRB2 gene augmentation therapy improves the outer retinal

phenotype in CRBI*° retinal organoids

For gene therapy purposes, CRBI®O

3.3x10'% genome copies (gc) AAV5.CMV.hCRBI or AAV5.CMV.hCRB2 (from now:
AAV.hCRBI and AAV.hCRB2, respectively) and subsequently analyzed at DD210

retinal organoids were treated at DD120 with

using immunohistochemistry. First, the isogenic control was treated with AAV.hCRB
to determine whether there is a positive or negative effect of the gene therapy on control
retinal organoids. No difference in retinal lamination or localization of MUPP1 at the
OLM was observed after AAV.hCRB treatment of the isogenic control (Figure 4A, B,
C). Also no statistically significant difference was observed after AAV.hCRBI nor with
AAV.hCRB?2 treatment of the isogenic control for the number of photoreceptor nuclei
in a row and the photoreceptor nuclei above the OLM (Figure 4D, E).

Next, AAV-mediated gene augmentation therapy was performed on three CRBIXC

iPSC lines differentiated into retinal organoids. AAV transduction was performed on
two independent differentiation batches, one batch with and one without additional co-
infection of 3.3x10'%gc AAV5.CMV.GFP. The results of both experiments were
pooled. Immunohistochemical analysis at DD210 showed proper lamination and
MUPP1 localization at the OLM after AAV.hCRB treatment (Figure 4A, B, C).
AAV.hCRB! and AAV.hCRB2 expression has been confirmed using
immunohistochemistry at the OLM after AAV.hACRB treatment in CRBIX®
(Supplemental Figure 5A, B) and in CRB/ patient-derived retinal organoids [26]. A
statistically significant increase in the number of photoreceptor nuclei in a row after
AAV.hCRB?2 treatment was observed for CRBIX® CL19 and CL26 compared to the
untreated CRBI®C (Figure 4D). This improvement was more pronounced when the
three CRBIXC clones were combined (Figure 4E). In addition, a small, but not

statistically significant, decrease in number of photoreceptor nuclei above the OLM
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was observed after AAV.hCRB2 treatment of the combined CRBIXO retinal organoids
(Figure 4G). No statistically significant improvement was observed after AAV.hCRBI
treatment of CRBIX° retinal organoids (Figure 4D-G, Supplemental Figure 5C-H). For
the ONL thickness, retinal thickness, and INL thickness no statistically significant
differences were observed with AAV.hCRB treatment of CRBIX® retinal organoids
(Supplemental Figure SC-H). Altogether, the data show a partial improvement of the
outer retinal phenotype of CRBI®C retinal organoids after treatment with AAV.hCRB2
in DD210 retinal organoids.

Discussion

In this study, we have shown that the complete loss of CRB1 in human CRBI*° and
CRBI®°CRB2"" retinal organoids results in degeneration of the inner and outer retina,
whereas CRBI retinitis pigmentosa patient-derived retinal organoids carrying a
missense mutation showed strongly reduced levels of variant CRB1 and degeneration
of the outer retina [23,26]. We also show that AAV transduction efficiency of retinal
organoids depends on the time point of retinal organoid development. In addition, a
partially improved outer retina phenotype of CRBIXO retinal organoids was observed

after AAV.hCRB2 transduction.

Here, in order to generate a model for a mild form of LCA, CRISPR/Cas9 was used to
generate CRBIX° iPSC with a nucleotide deletion in exon 2 of the CRBI gene. The
nucleotide deletion caused a frameshift resulting in a premature protein translation stop
codon. Immunohistochemical analysis confirmed the complete loss of CRBI in
CRBIXO retinal organoids at DD180 and DD210. A decreased number of photoreceptor
nuclei in a row in the ONL and an increased number of photoreceptor cell nuclei above
the OLM were observed at DD180 and DD210 in CRBI*° retinal organoids compared
to the isogenic control. The data are similar to what was previously observed in CRB/
retinitis pigmentosa patient-derived retinal organoids carrying missense mutations that

allow the expression of a variant CRB1 protein [26]. Moreover, the complete loss of
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Figure 4 (A-C): AAV-mediated gene therapy on CRBIX? organoids shows an improved
number of photoreceptor nuclei in a row. (A, B, C) Representative immunohistochemical
images of (A) untreated, (B) AAV.hCRBI, or (C) AAV.hCRB? treated control and CRBIX®
retinal organoids at DD120 and analysed at DD210. Stained with MUPP1 (red) at the OLM.
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Figure 4 (D-G): AAV-mediated gene therapy on CRBIX? organoids shows an improved
number of photoreceptor nuclei in a row. (D, E, F, G) Quantification of the number of
photoreceptor nuclei in a row (D, E) and above the OLM (F, G) per CRBI%° clone (D, F) or all
CRBIX° clones combined (E, G). Each datapoint in the graph represent an individual organoid,
of which an average has been taken of at least three representative images. The SEM is derived
from these averages. Number of individual organoids used for quantification per condition for
untreated: 4.10 n =10, CRBIX® CL19 n=7,CL26 n="7, CL72 n=15; AAV.hCRBI treated: 4.10
n=>5,CRBI®® CL19n=6,CL26 n=38, CL72 n =4 from two independent differentiation batches;
and AAV.hCRB? treated: 4.10 n =5, CRBI*® CL19 n =4, CL26 n = 6, CL72 n = 3 from one
differentiation batch. Note: INL = Inner Nuclear Layer, ONL = Outer Nuclear Layer, OLM =
Outer Limiting Membrane. Scalebar = 50um, statistical analysis: generalized linear mixed
models with p <0.05 (*), p <0.01 (¥*), and p < 0.001 (***).

CRBI1 in MGC of Crb1 mouse retina also results in the protrusion of photoreceptor cell
bodies into the subretinal space [7,31]. A more severe retinal phenotype in CrbI%° mice
was observed with concomitant loss of Crb2 in MGC [22,32], so this was investigated
as well in the CRBIX°CRB2"" human retinal organoid model. A heterozygous mutation
in CRB2 targeting exon 3 was introduced in combination with a mutation targeting exon

2 of the CRBI gene, resulting in CRBIX°CRB2"" retinal organoids. These retinal
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organoids show a similar outer retina phenotype as the CRBI*C and CRBI patient-
derived retinal organoids [26]. Interestingly, the CRBIX® and CRBI®CCRB2"" outer
retina phenotypes studied here seem to be not much more severe than the outer retina
phenotype previously observed in CRBI retinitis pigmentosa patient-derived retinal
organoids [23,26]. The retinal organoids can show a variability in phenotype which can
be caused by differences in genetic background, developmental age of the organoid or
practical handling differences between researchers during the organoid culture. To
exclude differences in genetic background, the CRBI and CRBI®°CRB2"" knockout
mutations needs to be introduced into the isogenic CRBI RP patient hiPSC. This will
allow for a direct comparison between CRBI RP patient and CRBIX® and
CRBIXOCRB2"" retinal organoids with their isogenic controls all on the same genetic
background. Furthermore, then the retinal organoids need to be cultured at the same

time under the same culturing conditions in multiple batches of differentiation.

Interestingly, an inner and outer retinal phenotype was observed in CRBIX® and
CRBI®OCRB2"" retinal organoids compared to the isogenic control. This inner retinal
phenotype was previously not observed in three independent CRB/ retinitis pigmentosa
patient-derived retinal organoids compared to their isogenic controls [23,26]. Staining
for ISLET1/2-positive rods and ON-cone bipolar cells and SOX9-positive MGCs
showed abnormal localization of these cell types in the INL of CRBIXC and
CRBIXOCRB2"" retinal organoids. The data suggest that a complete lack of CRB1 in
MGC and photoreceptors can result in a more advanced LCA-like phenotype affecting
inner and outer retina. Interestingly, scRNA-seq analysis on DD230 CRBI patient-
derived retinal organoids showed differences in gene expression profiles of MGC and
photoreceptors, but changes were not detected in inner retinal cell types [26]. Future
scRNA-seq studies on CRBI®C and CRBI®CCRB2"- retinal organoids with their
isogenic controls might provide insight in changes in the inner and outer retina.
Moreover, the CRBI retinitis pigmentosa patient-derived retinal organoids had
missense mutations and surprisingly showed a strong reduction in levels of variant
CRBI1 protein, whereas the CRBI mRNA transcript levels were not changed [26]. The
CRBI*° and CRBI®OCRB2"" retinal organoids showed complete loss of CRB1 leading

to an inner and outer retina phenotype. scRNA-seq revealed that human MGC and
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photoreceptors express relatively high levels of CRBI transcripts, and that
photoreceptors express relatively high levels of CRB2 while the MGCs express
relatively low levels of CRB2 [26]. We hypothesize that relatively low levels of human
CRB?2 in MGC are the cause for the phenotype in the inner retina of CRBIX retinal
organoids. But, interestingly, mouse retinas that solely lack either CRB1 or CRB2 in
MGC show very mild RP outer retinal phenotypes [7,29,31] whereas a severe LCA-
like retinal phenotype affecting inner and outer retina occurs in mouse retinas that lack
both CRB1 and CRB2 in MGC [18]. Patients with missense variations in the CRBI
gene can develop either early-onset RP or LCA or macular dystrophy [14,17]. Future
studies need to show whether these differences in retinal phenotypes are due to

relatively low levels of CRB2 and variant CRB1 in MGC.

All of the CRBIX® and CRBIX°CRB2"" iPSC, but not the isogenic control iPSC from
which the CRB mutant lines were derived, contained a copy number variation (CNV)
gain in chromosome 20q. This gain in chromosome 20q is one of the most common
recurrent abnormalities in iPSCs and the biological significance of such recurrent
abnormalities is still discussed [27]. Novel insights of CNV gains at 20q11.21 show
that the differential gene expression pattern had a negative effect on the differentiation
potential [33]. Genes associated with PI3K/AKT signaling pathway were significantly
downregulated in the iPSC with a CNV gain at chromosome 20q, this pathway has an
essential role in the survival of human pluripotent stem cells [33]. In our case,
differentiating the CRBI*° and CRBIX°CRB2"~ hiPSC into retinal organoids was more
challenging than for the isogenic control. However, this could also be due to the quality
of medium compounds (for example Matrigel), or other culture conditions, since we
experienced this as well with other iPSC lines. Other groups also described the
variability in the efficiency of differentiating certain iPSC lines efficiently into retinal
organoids [34]. Therefore, more research is needed if this CNV can have a negative

effect on the differentiation potential into retinal organoids.

AAV tropism at two differentiation days was compared. Mainly photoreceptor cells
and MGC were transduced on DD135 and DD200 retinal organoids with either
AAV2.CMV.GFP or AAV5.CMV.GFP. Similar transduction was previously observed
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at DD120 and DD220 [23,26]. In conclusion, we have shown that AAV?2/2 and AAV2/5
are capable of infecting MGC and photoreceptor cells in hiPSC-derived control retinal

organoids.

Using AAV-mediated gene augmentation therapy we have partially improved the outer
retinal phenotype in CRBI¥C retinal organoids after AAV.hCRB2 treatment. However,
we did not observe a statistically significant improved number of photoreceptor nuclei
in a row after AAV.hCRBI treatment of CRBI¥P retinal organoids. The AAV.hCRBI
vector contains a minimal CMV promoter, whereas the AAV.hCRB2 vector contains a
full-length CMV promoter. The short CMV promoter worked efficiently in mouse
retina [35], but the promoter activities might differ in human MGCs and photoreceptors.
In patient CRBI retinal organoids a statistically significant improved number of
photoreceptor nuclei in a row in the ONL was observed after treatment with
AAV.hCRBI and with AAV.hCRB2 [26]. This could potentially be explained by the
difference in low expression of a variant CRB1 protein in CRB/ patient-derived retinal

1XO retinal

organoids and the complete absence of CRB1 protein expression in the CRB
organoids. We hypothesize that the CRBIXO retinal organoids might need higher levels
of AAV.hCRBI in MGCs to improve the outer retinal phenotype. Another possibility,
as described above, could be because of modifying factors and differences in the genetic
background. CRBI®0 retinal organoids showed a partially improved retinal phenotype
after AAV.hCRB2 treatment. Using anti-CRB2 immunohistochemical staining

recombinant hCRB2 protein was detected at the OLM.

In conclusion, we generated and differentiated CRBIXC and CRBIXCCRB2""hiPSC into
retinal organoids and observed an extended phenotype compared to the phenotype
observed in CRBI-patient derived retinal organoids and in Crb mutant mouse studies.
The CRBIX© and CRBI®OCRB2"" retinal organoids showed an inner and outer retinal
phenotype, whereas the CRBI patient-derived retinal organoids showed only an outer
retinal phenotype. Using AAV-mediated gene augmentation therapy we have partially
improved the outer retinal phenotype in CRBIX© retinal organoids. These data provide
essential information for future gene therapy approaches for patients with mutations in

the CRBI gene.

192



Characterization and AAV Gene Therapy in CRBIX° and CRBI®CCRB2"" Retinal Organoids

Experimental procedures

Generation of CRBI*° and CRBI*°CRB2"" hiPSC

Three CRBIX° (CL19, CL26, and CL72) and three CRBIX°CRB2"" (CL4, CL9, and
CL17) were generated from the isogenic control (LUMCO04iCTRL10) using
CRISPR/Cas9 technology (Supplemental Table 1) (Applied Stem Cell, California,
USA). In short, two guide RNAs (gRNA) per gene of interest were designed, targeting
exon 2 of CRBI and exon 3 of CRB2. These gRNAs were individually cloned into a
gRNA/Cas9 expression vector by inserting double-stranded oligo cassettes of each
gRNA between the two Bbsl sites in the pBT-U6-Cas9-2A-GFP vector. Each oligo
cassette consists of a 20bp gRNA sequence with a guanosine at the 5’-end for optimal
expression, and adherent ends for cloning at Bbsl sites. Following construct delivery
into the target cells, the abilities of these gRNAs to promote double stranded breaks
were evaluated using Sanger sequencing. gRNAs with the best targeting and repairing
efficiency per gene of interest were selected for transfection of iPSC, gRNA for
CRBI1 = GAAACTACCATTGGTTCCTG and for CRB2 = AGAGCCAGCCGTGCG

CACAT. After transfecting gRNA and Cas9 into the target cells, single cell-derived
clones were screened and three correct clones per gene of interest were selected and
expanded for further use. Confirmation of the mutation was done by PCR and

subsequent sanger sequencing.

Confirmation of the mutation was done by PCR and subsequent sanger sequencing for

CRBI and NGS for CRB2 (Supplemental Table 2).
Next generation sequencing sample preparation and data analysis

Genomic DNA of hiPSC LUMC0004iCTRL10, and three CRBI*°CRB2""- (CL4, CL9,
and CL17) were extracted using the DNeasy Blood & Tissue Kit protocol (Qiagen;
69506). The NGS first round PCR for CRB2 (Supplemental Table 2), to amplify a target
region with Illumina adapter overhang, was performed using a GoTaq® G2 DNA
Polymerase kit (Promega; M7845). After this, amplicons were purified by the AMPure
XP kit (Beckman Coulter; A63881). Then the barcode PCR was performed to generate
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a library of amplicons using Illumina tag-specific primer pairs with unique sequence
combinations for demultiplexing and sample identification (Supplemental Table 3)
using Kapa HiFi 2x Ready Mix (Roche; KK2602) and subsequently the purification
using AMPure XP kit was carried out. The concentration was determined using
Qubit2.0 fluorometer (Invitrogen) and Qubit dsDNA HS assay kit (Invitrogen;
Q32854). The sample quality control was performed using capillarity electrophoresis
with a 2100 BioAnalyzer (Agilent). The amplicons from each sample were pooled at
equivalent DNA quantities. Finally, this library of pooled barcoded amplicons was
subjected to [llumina MiSeq sequencing with 100k reads. The data were analyzed using

CRISPResso2 [38,39].

Cell culture and retinal organoid differentiation

The following hiPSC lines were used for organoid differentiation: three CRBIXC

(CL19, CL26, and CL72) and three CRBIX°CRB2"- (CL4, CL9, and CL17) derived
from the isogenic control (LUMCO04iCTRL10) (Supplemental Table 1). hiPSC lines
were derived from skin fibroblasts using polycistronic Lentiviral vectors [36]. hiPSC
were cultured on Matrigel coated plates in mTeSR plus medium (STEMCELL
Technologies) and passaged mechanically using gentle cell dissociation reagent.

Retinal organoid differentiation was carried out as previously reported [26,37].
AAV transduction of hiPSC-derived retinal organoids

Two to three retinal organoids were plated in a single 96-well agarose coated plate,
multiple 96-wells were used per experiment, and were infected at DD120, DD135 or
DD200 with the appropriate AAV concentration in 50 uL. RLM2. Treated organoids
were incubated at 5% CO; at 37°C and 8h later the organoids were topped up to 200
pL. The next day, the treated organoids were transferred to a 24 well plate and cultured
until the desired differentiation day (for AAV.CRB treatment) or for three weeks (for
AAV.GFP tropism). The following viral vectors were used: AAV2/2.CMV.GFP
(105530-AAV2; Addgene), AAV2/5.CMV.GFP (105530-AAV5; Addgene),
AAV5.CMVmin.hCRBI and AAV5.CMV.hCRB2 (HORAMA) with a titer of 1x10'°,
3.3x10'°, 6.6x10'°, or 10x10'° genome copies (gc) per well.

194



Characterization and AAV Gene Therapy in CRBIX° and CRBI®CCRB2"" Retinal Organoids

Immunohistochemical analysis

Organoids were collected and fixed with 4% paraformaldehyde in PBS for 20 minutes
at room temperature (RT). Then briefly washed in PBS and subsequently cryo-
protected in 15% and 30% sucrose for at least 30 minutes. The samples were embedded
in Tissue-Tek O.C.T. Compound (Sakura, Finetek) and stored at -20°C for future use.
Then cryosections of 8 uM were made with a Leica CM1900 cryostat (Leica
Microsystems). Slides with cryosections were stored at -20°C for future use.

For the immunohistochemical analysis, the slides were blocked in 10% normal goat
serum, 0.4% Triton X-100, and 1% bovine serum albumin in PBS for 1h at RT. Primary
antibodies were incubated for least 3h at RT or overnight at 4°C with 0.3% normal goat
serum, 0.4% Triton X-100, 1% BSA and appropriate primary antibody concentration.
Slides were washed twice in PBS, and incubated with a secondary antibody in 0.1%
goat serum in PBS for 1h at RT. Slides were then washed twice again in PBS, and
mounted using Vectashield Hardset with DAPI mounting medium (H1800, Vector
Laboratories, Burlingame, USA). The slides were imaged on a Leica TCS SP8 confocal
microscope and images were processed using Leica Application Suite X
(v3.7.0.20979).

The following primary antibodies were used: CRBI AK2 (1:200; homemade =
CRBI™T used for CRBI if not otherwise specified), CRB1FX (1:200, Abnova
H00023418-A01), CRB2 SKI11 (1:200; homemade), PALS1 (1:200; homemade),
rhodopsin (1:500; Millipore Cat# MAB5356), SOX9 (1:250; Millipore Cat# AB5535).
ISLET1-2 (1:200, DSHB Developmental Studies Hybridoma Bank 39.4D5-c Islet-1 &
Islet-2 homeobox), MUPP1 (1:200, BD Biosciences M98820), OTX2 (1;200,
Proteintech 13497-1-AP), CRALBP (1:200, Abcam Ab15051).

The following secondary antibodies were used; goat anti-mouse, goat anti-rabbit, or
goat anti-chicken IgGs conjugated to Alexa 488, Alexa555, Alexa647 (1:1000,
Abcam).
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Quantification and statistical analysis

40x magnification images were manually quantified using Fiji ImageJ (ImagelJ
1.53f51). At least 4 organoids from at least two differentiation batches per condition
with 3-6 representative images of each organoid were used for quantification. The exact
number of organoids used per experiment is mentioned in the figure legends. In each
image, three regions were quantified for the number of photoreceptor nuclei in a row,
the number of protruding cells above the OLM, the retinal thickness, INL thickness,
and ONL thickness. All measured datapoints were averaged per organoid and plotted
in the graph; so that each dot is one organoid. Data was either presented per 100um
retinal length or per field of view. Data presentation was performed using GraphPad
Prism version 8 (GraphPad Software).

Statistical analysis was performed using IBM SPSS statistics (version 25). A
generalized mixed model with treatment as a fixed effect was performed on all
quantification parameters; all individual data points per image were used for statistical
analysis. Each datapoint in the graph represents individual organoids, of which an
average has been taken of 3-6 representative images. The standard error of the mean
(SEM) is derived from these averages. Significance is indicated in graphs as p < 0.05

(*), p < 0.01 (**), and p < 0.001 (***).
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CNV Copy number variation

CMV Cytomegalovirus

DD210 Differentiation day 210

EGF Epidermal growth factor

ERLI Glutamic acid-arginine-leucine-isoleucine
GFP Green Fluorescent Protein

gRNA Guide RNA

hiPSC Human-induced pluripotent stem cell
INL Inner nuclear layer

LCA Leber congenital amaurosis

MGC Miiller glial cell

MUPP1 Multiple PDZ domain protein 1

NGS Next Generation Sequencing

OLM Outer limiting membrane

ONL Outer nuclear layer

PALSI1 Protein associated with Lin Seven 1
RP Retinitis pigmentosa

RT Room temperature

SEM Standard error of mean

SOX9 SRY-Box Transcription Factor 9
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Supplemental information

Supplemental Table 1. hiPSC line information (Applied Stem Cell, California, USA), related to

Supplemental Figure 1.

Previously Description Gender
published
LUMCO04iCTRL10 [23] ISO-4.10 = Isogenic control Male
NA CRBI®O CL19 = homozygous c.500del; p.(Serd44Serfs*) Male
NA CRBI*° C1.26 = homozygous ¢.500del; p.(Ser44Serfs*) Male
NA CRBI*° CL72 = homozygous ¢.500del ; p.(Ser44Serfs*) Male
NA CRBIXOCRB2"-C14 = Male
CRB1: homozygous c¢.500del ; p.(Ser44Serfs*),
CRB2: heterozygous mutation targeting exon3.
NA CRBIXCCRB2'-CL9 = Male
CRBI: homozygous c.500del ; p.(Serd4Serfs*),
CRB2: heterozygous mutation targeting exon3.
NA CRBIXOCRB2"-CL17 = Male

CRBI: homozygous ¢.498_507delinsTGCC; p.(Serd44Lysfs*),

CRB2: heterozygous mutation targeting exon3.

202



Characterization and AAV Gene Therapy in CRBIX° and CRBI®CCRB2"" Retinal Organoids

Supplemental Table 2. PCR primer sequences for confirmation of mutations.

Target PCR primers
CRBI FW GACAATGATTGTTCTTGTTCAGACACAGCC
REV ~ CATCCACTTCCAAGTCGCAGTGTC
Sanger sequencing primers
CRBI FW GGACAAAGACTGTGACAACATGAAAGACC
REV ~ GGACACAGAAGCAGGAGTAACCATC
Target NGS primers (5’ to 3°) (Illumina adapter overhang)
CRB2 FW GATGTGTATAAGAGACAGGTGTCCATCCTGCACCCTGTG
REV ~ CGTGTGCTCTTCCGATCTTCGCTCACCCGTTGACCAGGT

Supplemental Table 3. Barcode PCR primers used in the NGS amplicon sequence analysis.

Barcode  Primer Sequence (5’ to 3°) Barcode Read in

name in primer Miseq

719 CAAGCAGAAGACGGCATACGAGAT TACTACGC  TACTACGC
ITACTACGC|GTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCT

720 CAAGCAGAAGACGGCATACGAGAT | AGGCTCCG  AGGCTCCG
AGGCTCCG|GTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCT

721 CAAGCAGAAGACGGCATACGAGAT | GCAGCGTA  GCAGCGTA
GCAGCGTA|GTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCT

722 CAAGCAGAAGACGGCATACGAGAT | GAGCGCTA  GAGCGCTA
GAGCGCTA|GTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCT

508 AATGATACGGCGACCACCGAGATCTACAC  GTACTGAC  GTACTGAC

|GTACTGAC|TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAG
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Supplemental Figure 1: Confirmation of mutations and condition of CRBIXC and

CRBIXOCRB2"- hiPSC. Related to all figures. (A) Confirmation of the homozygous CRBI
mutation in CRBIX® and CRBIX°CRB2*"- hiPSC using Sanger sequencing, with CRBIXCCRB2""
CL17 containing a distinct mutation. (B) Confirmation of the heterozygous CRB2 mutation in
CRBI®OCRB2"- hiPSC using Sanger Sequencing and Next Generation Sequencing (C, D)
Karyotyping results of (C) CRBIX® and (D) CRBI*CCRB2"- hiPSC. (E) Meta-analysis of 90%
most recurrent abnormalities in hiPSCs showing a gain in copy number variation (CNV) in
chromosome 20q for hiPSC used in this study.
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Representative immunohistochemical images of three CRBIX° and three CRBIX°CRB2"" retinal
organoids compared to the isogenic control at DD180 and DD210. (A) DD180 organoids
expressing PALS1 (green) in all retinal organoids at the OLM and CRB1FX (red), and CRB1'NT
(cyan) was only detected in the isogenic control. (B) DD210 retinal organoids stained with
PALSI (green) and CRB1 (red), similar as observed in DD180. (C) MUPP1 (green) and CRB2
(red) is expressed at the OLM in control, CRBI®®, and CRBIX°CRB2"" retinal organoids at
DD210. Note: INL = Inner Nuclear Layer, ONL = Outer Nuclear Layer, OLM = Outer Limiting
Membrane. Scalebar = 50um.

DD180
A' i B- ns C. ns
;

60 ,_|_| 1507 T | g | T ,_|_|
T — £ —r—, - o i
3 |, ~ . Eoo- :
@40 - - i o A
1 - . Iz g o B U O S T : .
£ - ] H H v 3 .
£ : : | F o T3 gelik . F
£ Fi= SEE Ty Ee| T aTNE 2T +F
S Do O gl A i = 5 T . ?
3 : 3 i : ! Z 20 g
) 3 :

2 : 0 ' . 0

410 CL19 CL26 CL72 CL4 CLS CL1T 410 CL19 CL26 CL72 CL4 CL9 CLI7 410 CL19 CL26 CL72 CL4 CL8 CL17
IS0 CRBI® CRB1°CRBZ" IS0 CRBT% CRBT“°CRBZ" IS0 CRB1® CRBT%CRBZ"
DD210

D. S E ns F. ns

60, I ns 150, M s 80, M . ]
P Lo ey — T T —t— _ ——
E 3 i H E
2 re o | ! 3 N
= ® | . 260 | o
g40] | m || g 2 100 p g HE L . B
] . i 0 o I R T ¥ £ . O .
: | - £ |F kgl EFTIiNE FF 2T

: £ =
220 | . * % ! 'I' M —I— £ .o T ] N v 3 .
3 1 OO B P A ot Z - !
G v A . 2 204

0 - 0 - - 0 -

410 CL19 CL26 CL72 ClL4 CL9 CL17 410 CL19 CL26 CL72 CL4 CL9 CL17 410 CL19 CL26 CL72 CL4 CL9 CL17
SO CRBT® CRB1*°CRBZ* 150 CRBT%® CRBT-°CRBZ" IS0 CRB1%® CRB1*CRBZ"

Supplemental Figure 3: Additional phenotype quantifications of DD180 and DD210
CRBI%¥0 and CRBIX°CRB2"" retinal organoids. (A, B, C) Quantification of the (A) ONL, (B)
retinal, and (C) INL thickness of DD180 retinal organoids. (D, E, F) Quantification of the (D)
ONL, (E) retinal, and (F) INL thickness of DD210 retinal organoids. Each datapoint in the graph
represents an individual organoid, of which an average has been taken of 3-6 representative
images. The SEM is derived from these averages. Number of individual organoids used for the
quantification per condition at DD180: 4.10 n =14, CRBIX® CL19n =7, CL26 n =5, CL72 n =
9, CRBIX°CRB2"- CL4n=3,CL9 n=8,CL17 n=28; and DD210: 4.10 n =12, CRB1*° CL19
n=9, CL26 n =10, CL72 n = 11, CRBIX°CRB2"- CL4 n = 8, CL17 n =28 from at least two
independent differentiation batches and CRBIXCCRB2"- CL9 n = 5 from one differentiation
batch. Statical analysis: generalized linear mixed models with p <0.05 (*), p <0.01 (**), and
p <0.001 (***).
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Supplemental Figure 4: AAV transduction study of control retinal organoids transduced at
DD200 with AAV2.CMV.GFP or AAV5.CMV.GFP (A, B) Representative
immunohistochemical images of control retinal organoids transduced with (A) 1x10'°gc, or (B)
10x10"gc AAV2.CMV.GFP or AAV5.CMV.GFP. (C,D, E) Quantification of the number of
GFP positive cells in the (D) ONL, (E) INL, and (F) GFP positive and co-localized with SOX9
in the INL (marking MGCs). Statistical analysis was performed within the same AAV capsid
(dose-dependent) or within the same AAV titer (comparing AAV2 with AAVS5 transduction
efficiency). (F, G) Immunohistochemical images of co-localization of AAV.GFP with MGC
marker SOX9 (F) and photoreceptor cell marker Rhodopsin (RHO) (G). Arrows indicate
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colocalization of SOX9 with GFP (F), and the asterisk indicates the retinal pigment epithelium
(G). Each datapoint in the graph represents individual organoids, of which an average has been
taken of 3-6 representative images. The SEM is derived from these averages. Number of
individual organoids used for quantification per condition for AAV2.CMV.GFP: 1x10'%gc n =6,
10x10"gc n = 6; and for AAV5S.CMV.GFP: 1x10%c n = 6, 10x10'%c n = 6 from one
differentiation bath. Note: INL =Inner Nuclear Layer, ONL = Outer Nuclear Layer.
Scalebar = 50pm, statical analysis: generalized linear mixed models with p <0.05 (*), p <0.01
(**), and p <0.001 (¥*%*).

A. Untreated AAV.hCRB1

CRB1%*, CRB1'NT, DAPI

CRB1N
B. Untreated

CRB2, MUPPA, DAPI

CRB2 CRB2

Supplemental Figure 5 (A-B): AAV-mediated gene therapy on CRBIX° organoids. (A, B)
representative immunohistochemical image of (A) CRB1 in untreated and AAV.hCRBI and (B)
CRB?2 in untreated and AAV.hCRB2 treated CRBIXO retinal organoids.
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Supplemental Figure 5 (C-H): AAV-mediated gene therapy on CRBIX? organoids. (C, D,
E, F, G, H) Quantification of the (C, D) ONL thickness, (E, F) the retinal thickness, and (G, H)
INL thickness per CRBIX® clone (C, E, G) or all CRBI*® clones combined (D, F, H). Each
datapoint in the graph represents individual organoids, of which an average has been taken of at
least three representative images. The SEM is derived from these averages. Number of individual
organoids used for quantification per condition for untreated: 4.10 n =10, CRBI*® CL19 n =17,
CL26 n =17, CL72 n = 5; AAV.hCRBI treated: 4.10 n =5, CRBIX® CL19 n =6, CL26 n = 8§,
CL72 n =4 from two independent differentiation batches; and AAV.hCRB2 treated: 4.10 n =5,
CRBIXO CL19n=4,CL26 n=6,CL72 n= 13 from one differentiation batch. Note: ONL = Outer
Nuclear Layer, OLM = Outer Limiting Membrane. Scalebar = 50pm, statistical analysis:
generalized linear mixed models with p < 0.05 (¥), p <0.01 (*¥*), and p <0.001 (¥*%*).
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Chapter 6

Abstract

Mutations in the CRBI gene can cause inherited retinal diseases such as retinitis
pigmentosa (RP) and Leber congenital amaurosis (LCA). So far there are no treatment
options for patients with a mutation in the CRB/ gene. In this last chapter of the thesis
we will describe (1) CRB1 in retinal disease, (2) CRB protein localization and function,
(3) different models to study CRBI related retinal dystrophies, (4) AAV-mediated gene
augmentation therapy for CRBI related retinal dystrophies, and (5) the future

perspectives.

CRBI in retinal disease

Inherited retinal dystrophies affect about 2 million people worldwide and share
progressive degeneration of photoreceptors and/or retinal pigment epithelium (RPE)
cells. Examples of retinal degeneration include Retinitis Pigmentosa (RP) or Leber
congenital amaurosis (LCA), RP affects at least 1 in 3500 to 4000 people and LCA
affecting at least 1 in 32000 to 80000 people worldwide [1,2]. RP patients typically
experience night blindness followed by progressive visual field loss and complete loss
of vision in early or middle-life [3—5], whereas LCA patients experience more severe
retinal dystrophy causing serious visual impairment or immediate blindness at birth [6].
Approximately 10% of all LCA cases and 3-9% of all RP cases are caused by mutations
in the Crumbs homologue 1 (CRBI) gene. There are over 200 different mutations
described along the CRB1 gene resulting in these retinal dystrophies, but so far there is
no clear genotype-phenotype correlation [3,7]. The observed clinical variability of
disease onset and severity, even within a patient cohort with the same homozygous
mutations, supports the hypothesis that the phenotype is potentially modulated by other
factors [8]. So far, there are no treatment possibilities for patients with mutations in the

CRBI gene.

CRB protein localization and function

The human CRBI gene is mapped to chromosome 1q31.3 and contains 12 exons

consisting of 210 kb of genomic DNA [9]. Canonical CRBI1 protein is, like its
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Drosophila homologue, a transmembrane protein consisting of a large extracellular
domain with multiple epidermal growth factor (EGF) and laminin-globular like
domains and a short intracellular domain with a conserved PDZ binding motif [10].
Multiple transcripts of CRBI have been described [9,11], including an alternative
shorter transcript of CRBI, CRBI-B, lacking exons 1 to 5 and exon 12 but with
substantial overlap encoding the extracellular domain [12]. CRB1 together with CRB2
and CRB3A are members of the Crumbs family. CRB2 displays similar protein
structure as CRBI, with a depletion of four epidermal growth factor domains in the
extracellular domain, while CRB3 lacks the entire typical extracellular domain but
contains the transmembrane domain and the conserved intracellular domain [11,13].
Various research has shown that CRB1 and CRB2 are apical polarity factors, essential
for the formation and function of epithelial tissues [14]. The evolutionary conserved
CRB complex regulates the apical-basal polarity and maintains cell adhesion [15]. The
CRB complex is formed by interaction of CRB with protein associated with Lin Seven
1 (PALS1), also known as membrane-associated guanylate kinase pS55 subfamily
member 5 (MPP5). The multiple PDZ proteins PATJ and multiple PDZ domain 1,
MUPPI1, recruit PALS1 to the apical membrane [16,17]. PALS1 can interact with
MPP3 or MPP4 at the subapical region in the mouse retina [18-20].

In mammalian tissue, retinal CRB1 and CRB2 are predominantly expressed at
the outer limiting membrane (OLM) at the subapical region adjacent to adherence
junctions in the inner segments of photoreceptors or at the apical villi of Miiller glial
cells. Immuno-electron microscopy allows the identification of the subcellular
localization of CRB1 and CRB2 in the retina of different species. In mouse [21] and
brown Norway rats retina (Chapter 3), Crb1 was present at the subapical region above
the adherence junctions of solely Miiller glial cells (MGC) whereas Crb2 was present
at the subapical region above the adherence junctions of MGC as well as photoreceptor
cells (Figure 1A) [21,22]. However, in adult non-human primates CRB1 and CRB2 are
localized at the subapical region of MGC and photoreceptors (Figure 1B) [21]. In
accordance, data of human fetal retina and human-induced pluripotent stem cell-
derived retinal organoids show that both CRB1 and CRB2 are located at the subapical
region above the adherence junctions of both MGC and photoreceptor cells (Figure 1B)

213



Chapter 6

[23]. Single cell RNA-sequencing of late-stage human-derived retinal organoids
confirmed that CRBI and CRB2 transcripts are present in MGC and photoreceptor cells
(Chapter 4) [24]. Knowledge of this discrepancy in CRB localization is pivotal for

future research and understanding of the observed phenotype in the research models.

Photoreceptor cell

oS
cb2) | 1
s |
ONL rats
INL /)
(CrB1) | ICRB1 |
(CRB2) JICRB2)

MGG Adult non-human Human fetal  hiPSC-derived

Figure 1. Schematic representation of subcellular localization of CRB1 and CRB2. (A, B)
Subcellular localization of CRB1 and CRB2 in (A) mouse and brown Norway rats and (B) hiPSC-
derived retinal organoids, human fetal retina, and adult non-human primates at the SAR of MGC
(dark orange) or photoreceptor cells (light orange). Note: INL = inner nuclear layer; IS = inner
segments; MGC = Miiller glial cell; ONL = outer nuclear layer; OS = outer segments; SAR =
subapical region.

Models to study the CRBI-related retinal dystrophies

Multiple rodent-derived models are described which mimic parts of the heterogeneous
disease phenotype observed in CRBI patients. This is visualized by the tremendous
number of distinct animal models previously characterized over the years: four LCA
and ten RP-like mouse models and one Crb! rat model [25-33]. These models show
the effect of loss of CRB1 or CRB2 proteins in cell types such as retinal progenitors,
photoreceptor progenitors, rod photoreceptors or Miiller glial cells.

In Chapter 2, two more RP-like mouse models were characterized: Crb24Rods
and CrbIXOCrb2R°% mice [34]. In these mice Crb2 was specifically ablated from rod

photoreceptor cells (Crb22R°%) or had concomitant loss of Crbl from MGC

214

primates retina retinal organoid



General Discussion

(CrbI*OCrb2*R°%) While measuring retinal function using electroretinography (ERG),
similar ERG responses were observed in one month Crb2°R°% and Crb1¥0Crp2oRods
mice compared to age-matched controls. At 3 months of age, a slightly reduced a-wave
response, indicating alterations in rod photoreceptor function, was observed in
CrbI¥0Crb2"R°% mice whereas the ERG response of Crb2*R% mice was still similar to
age-matched controls. The ERG response reduced further over time, and in 9 and 12
months mice both CrbI*CCrbh22Ro% and Crb2°R°% mice had a statistically significant
reduced a-wave response compared to age-matched controls. Next, visual function was
measured using optokinetic head tracking response (OKT) that showed a significant
decrease in contrast sensitivity in 3, 7, and 9M CrbI¥OCrb2*R°% mice. Interestingly, no
difference in OKT contrast sensitivity was observed in Crb2°R°% mice, indicating that
the visual function impairment is due to cumulative loss of Crb1 and Crb2. Histological
analysis confirmed the degenerative phenotype. Normal retinal lamination was
observed in 1 month old CrbI%CCrb2*R°% and Crb2°R°% mice. When the mice age the
number of photoreceptor nuclei mainly at the peripheral superior retina were lost. A
statistically significant decrease of number of photoreceptor nuclei in a row was
observed in CrbI%OCrb2%°% at 6M of age mainly in the peripheral superior retina.
Moreover, disruptions at the OLM in CrbI%0Crb2R°% mice was observed throughout
the retina. Transmission electron microscopy (TEM) showed disrupted adherens
junctions in Crb1%0Crb22R%% and also observed collapsed MGC apical villi in the
peripheral retina due to lack of structural support from neighbouring photoreceptor
inner segments. Using immunohistochemistry the disturbed radial alignment of MGCs
was shown [34].

In comparison to the other Crb mouse models, the phenotype of these
CrbI1%0Crb2"Re% mice is relatively mild. Mouse models with ablation of Crb2 from
immature photoreceptor cells or from retinal progenitor cells show the morphological
phenotype onset from embryonic day 15 (E15) to postnatal day 10 (P10) [26,28,35,36],
whereas ablation of Crb2 from rod photoreceptor cells show at foci first signs of
degeneration at 1 month of age. Mice with ablation of Crb2 from MGC show similarly
as mice with loss of Crbl from MGC a very mild morphological phenotype with no
functional consequence measured by ERG [27,28,30]. Concomitant ablation of Crb/
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and Crb2 in MGC enhanced the observed phenotype, making some of the RP
phenotypes to a more severe LCA-like phenotype [25,28]. An ablation of Crb/ with
reduced levels of Crb2 in MGC results in a RP-like phenotype [37]. Interestingly,
ablation of exclusively Crbl or Crb2 from MGC results in no functional phenotype,
whereas ablation of both Crbl and Crb2 from MGC results in a severe LCA-like
phenotype [38]. This phenotype is comparable to when Crb! is ablated from MGCs
and Crb2 is ablated from immature photoreceptor cells or retinal progenitor cells
[25,28]. Suggesting that, either CRB1 or CRB2 in MGC and CRB2 in photoreceptor
cells are essential for proper retinal lamination and function in mice.

Not only Crbl mutant mouse models have been characterized, in Chapter 3
the phenotype of a Brown Norway rat (BN/OrlRj) with a spontaneous mutation in the
Crb1 gene is described in more detail. Using immunohistochemistry, the first signs of
retinal degeneration were observed at P10 indicated by OLM breaks and protrusions of
photoreceptor cell nuclei into the photoreceptor segment layers. Using spectral domain
optical coherence tomography (SD-OCT), the retina of control and Crb/ mutant Brown
Norway rats were followed over time. Retinal lamination appeared to be similar in
control and Crbl mutant rats at P17 but degenerated over time, degeneration was
indicated by an increasing number of hyperreflective regions in the INL and ONL of
Crbl mutant rats. Quantification of the SD-OCT B-scans revealed a statistically
significant decrease of laminated retina in Crb/ mutant rats compared to controls
starting at 1 month of age and continuing to degenerate up to at least 3 months of age.
This degenerative phenotype was observed using immunohistochemistry in more
detail. Displaced SOX9 positive MGCs and loss of rhodopsin-positive and recoverin-
positive photoreceptor inner and outer segments were observed in 1 month of age Crb1
mutant rats. Moreover, measurements by ERG showed a statistically significant
decreased retinal function in 1 month of age Crb/ mutant rats compared to control
Brown Norway rats. Visual function as measured by OKT spatial frequency was
statistically significant decreased at 3 months of age in Crb/ mutant rats [22].

Interestingly, the observed phenotype in the Crb/ mutant rats is more severe
than the ones observed in Crb/ mouse models. These discrepancies could be because

of (1) species differences with different genetic backgrounds; (2) different types of
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mutations affecting different CRB isoforms, thereby expressing a distinct CRB1™PEE
protein in the Crbl mutant rats; or (3) the total expression levels of CRB2 might be
lower in new-born rats compared to new-born mice. Decreased levels of CRB2 or
dysregulation of other CRB-interacting proteins could result in less stabilization of the
adherens junction complex at the OLM, resulting in a more severe phenotype. These
discrepancies between distinct animal models highlight the importance of using human

derived models as well.

In Chapter 4 and 5 the use of human induced pluripotent cells (hiPSC) derived retinal
organoids are described. Differentiating hiPSC into retinal organoids allows access to
previously limited or inaccessible human-derived materials. Numerous research groups
use or try to improve the differentiation method to generate well laminated retinal
organoids [39-43]. RNA sequencing profiling demonstrated that in vivo retinogenesis
was recapitulated in the retinal organoids in terms of temporal expression of cell
differentiation markers, mRNA alternative splicing, and retinal disease genes [44]. In
addition, single-cell RNA sequencing (scRNA-seq) revealed that retinal organoids and
fetal retina have similar cellular composition at equivalent ages [45]. Moreover, CRB1
and CRB2 expression in retinal organoids also recapitulates those observed in human
fetal retina [23]. Therefore, retinal organoids are of great interest for investigating
mechanisms of retinal degeneration, developing therapeutic strategies, and many more.

In Chapter 4, three CRB1 RP patient-derived hiPSC were differentiated into
retinal organoids up to differentiation day 230 (DD230) [24]. The phenotype was
analysed at DD210, where a significantly reduced number of photoreceptor nuclei in a
row and a significantly thinner ONL was observed in the CRBI RP patient-derived
retinal organoids in comparison to the isogenic controls. scRNA-seq data analysis has
shown that all the major retinal cell types were equally present in DD230 CRB/ patient-
derived and isogenic control retinal organoids. Interestingly, levels of CRBI transcript
was similar in CRBI patient-derived retinal organoid and the isogenic control, whereas
variant patient CRB1 protein was strongly diminished in CRB! patient-derived retinal
organoids [24]. The data indicate that a variant CRB1 protein is most likely produced,

but it potentially has an increased turnover because it does not localize to its expected
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location at the OLM. Alternatively, the trafficking machinery or endolysosomal system
of CRBI might be affected in the CRBI patient-derived retinal organoids. In
Drosophila studies it is shown that the Crb trafficking is mediated by transport along
microtubules by Rabl1- and retromer containing endosomes [46,47]. Here, our gene
ontology analysis on CRBI patient-derived retinal organoids suggests an aberrant
endosomal vesicular system in Miiller glial cells and rod photoreceptor cells. The
reduced level of variant CRB1 protein in CRB! patient-derived retinal organoids is
being studied by putative changes in RAB11- and retromer-mediated receptor cycling
and the lysosomal compartment [48].

In Chapter 5, CRBIX® and CRBI®CCRB2"- hiPSC were generated from a
control hiPSC line and subsequently differentiated into retinal organoids. In the
CRBIXO hiPSC, a single nucleotide deletion was introduced in CRBI exon 2, resulting
in a frameshift with premature stop and thus a knockout of the gene of interest. Since
concomitant loss of Crb2 can enhance the phenotype in Crbl mutant mice [25,28],
CRBIXOCRB2*- hiPSC were used as well. Here, mutations were introduced in exon 2
of CRBI and in exon 3 of CRB2, resulting in a frameshift mutation with a premature
termination codon and a homozygous knockout of CRB1 and a heterozygous knockout
of CRB2. Three clones of each were used for differentiation into retinal organoids. The
CRBIX® and CRBIX°CRB2"" retinal organoids show a statistically significant decrease
in number of photoreceptor nuclei in a row compared to the isogenic control at DD180
and DD210, and a statistically significant increase of number of photoreceptor nuclei
above the OLM at DD180 for CRBI*°and at DD180 and DD210 for CRBIX°CRB2"-
retinal organoids. The CRBIX® and CRBI®CCRB2"- retinal organoids develop an
extended phenotype that includes disruptions at the inner retina, indicated by
misaligned SOX9 positive MGC and ISLET1-2 positive rod and ON-cone bipolar cells
at DD210.

The outer retina phenotype observed in the retinal organoids from Chapter 4
is similar to the ones observed in Crb! RP mutant mouse models [30], an extended
phenotype affecting the inner and outer retina was described in Chapter 5 retinal

organoids which was more similar to LCA mouse models [38]. Making the retinal

218



General Discussion

organoids described in this thesis a suitable model to study RP or LCA treatment

possibilities.

AAV-mediated gene augmentation therapy for CRBI-related retinal
dystrophies

In December 2017, the FDA approved gene augmentation therapy using adeno-
associated viral (AAV) vectors for young RP and LCA patients with biallelic mutations
in the RPEGS5 gene, using AAV2 to deliver by subretinal injection a functional copy of
the RPE65 gene into the RPE (voretigene neparvovec, Luxturna) [49]. Nowadays, there
are numerous clinical studies exploring the potential of gene augmentation therapies
for retinal dystrophies using AAV vectors [50-52]. AAVs are the leading platform for
gene therapy approaches because of their capability to transduce both non-dividing and
dividing cells, they show limited integration into the host genome, AAVs show low
toxicity and immune response, and AAV capsid variants display distinct cell tropism
[50,52]. However, despite these advantages, there were recently a subset of patients
observed with progressive atrophy after subretinal AAV treatment. A study by the
University Eye Hospital in Tiibingen confirmed that subretinal injection of voretigene
neparvovec (VN, Luxturna, Novartis, Basel, CH) can potentially lead to RPE atrophy
with consequent photoreceptor loss in and outside of the bleb area [53]. These atrophic
regions can progress over a period of over 1.5 years. However, stable visual function
improvement was observed in all patients in the observation period [53]. Longer follow
up of these patients and studying the cause of RPE atrophy in more detail is important
to understand and prevent this phenomenon. Further studies will reveal whether the
toxicity is due to the overexpression of RPE6S, the subretinal injection technique,
impurities in the AAV preparation, or cellular response to the naked AAV or
contaminating DNA. Studies showed that some but not all naked DNA can induce an
innate immune response mediated by Toll-like-receptor 9 (TLR-9). The TLR-9
response can potentially be reduced by reducing the number of non-methylated CpG in
the gene therapy vector construct. Alternatively, the TLR-9 response could potentially
be reduced by incorporation of specific TTAGGG repeat DNA sequences into the AAV

vector [54-57]. One could consider an alternative method of gene therapy application
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in the retina such as intravitreal injection. Intravitreal injection is a more commonly
performed ocular procedure and enables exposure of the vector to the entire retina.
However, the intravitreal injection might transduce more off-target cells [58]. In
addition, intravitreal injection of AAV raised sustained cellular inflammation in the
vitreous of non-human primate eyes [59]. Therefore, continuing improving research
applications and detection techniques is important for the future of gene therapy for

patients.

AAV.GFP transduction comparison of distinct animal and human-derived

models

Different AAV capsids display distinct cell tropisms, and therefore it is essential to
define the AAV tropism in multiple models such as in mouse, rats (Chapter 3), and
human-derived retinal organoids (Chapter 4 and 5).

Intravitreal injection of AAV2/5 and AAV2/9 showed relatively poor
transduction efficiency of both photoreceptors and other cells in the inner nuclear layer
(INL) in new-born rats [22]. Other researchers also showed a poor transduction of cells
in the INL upon intravitreal delivery of all serotypes tested in this study (including
AAV2/9) in two-month-old Sprague-Dawley rats [60]. However, an efficient
transduction of mainly MGCs was observed after intravitreal injection of
AAV6/ShH10Y*F in new-born rats [22]. Efficient transduction of mainly MGCs in the
INL after intravitreal injection of ShH10Y#4F was also observed in other models [61—
63]. For subretinal injection of AAV2/5 and AAV2/9 in new-born rats, the RPE and
photoreceptor cells were successfully transduced, whereas subretinal injection of
AAV6 variant ShH10Y4%F was transducing the RPE, photoreceptor cells, MGCs, and
other cell types in the INL [22]. Interestingly, subretinal injection of AAV2/9 or
ShH10Y#F in mice were the most powerful capsids to target RPE, MGCs and
photoreceptor cells [61]. So subretinal injection of AAV2/9 seem to be different
between these mice and rats. However, in adult Sprague-Dawley rats subretinal
injection of AAV9 mainly transduced cells in the ONL, but also some (1-5 GFP positive
cells per 100um) cells in the INL [60]. Indicating that not only the species, but also the

age of rodents could cause differences in AAV tropism.
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Moreover, tropism differences between healthy and degenerated retina has
also been described for specific serotypes. A significantly enhanced cellular
transduction after intravitreal injection of AAV2 or AAV9 was observed in two-month
old diabetic retinopathy mice treated with streptozotocin (STZ) compared to
nondiabetic mice [64]. However, short duration STZ treatment (two weeks) did not
have a significant effect on the transduction patterns of AAV vectors in the retina.
Moreover, in both two weeks and two months STZ treatment diabetic mice, intravitreal
injection of AAVS5 did not show a statistically significant enhancement compared to
nondiabetic control mice [64]. This suggests that certain retinal structural changes are
needed to enhance some of the AAV capsids transduction in diabetic retinas. In
Chapter 3 healthy and Crb/ mutant brown Norway rats showed similar AAV
transduction for both subretinal as well as intravitreal injection at P5 or at P8. However,
it might be possible that when control and Crb/ mutant rats are injected at one month
of age or older, when the retinal degeneration is further advanced, that AAV

transduction of certain serotypes might be different.

Next, AAV tropism of certain serotypes (packed with GFP) was defined in human-
derived models such as retinal organoids. Transduction of AAV2/5 and ShH10Y4F
significantly outperformed AAV2/9 at transducing MGCs of DD220 retinal organoids
[23]. Moreover, Achberger et al. showed that retinal organoids transduced with self-
complementary AAV2/2 (scAAV2/2) have a relatively low eGFP fluorescence
intensity expression after 7 days of treatment at DD80 or DD300, whereas the
scAAV2/7m8 capsid variant show significantly higher eGFP expression [63]. In
Chapter 4 we show that both single-stranded AAV2/2 and AAV2/5 with the CMV
promotor and Woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) sequence transduce very efficiently photoreceptor cells and, to a lesser extent,
MGCs at DD120 retinal organoids [24]. In Chapter 5 a similar transduction efficiency
and tropism was observed when control retinal organoids were transduced with
AAV2/2 and AAV2/5 at DD135 and DD200. In accordance with this, transduction of
AAV?2/5 with the CAG promotor at DD150 retinal organoids also showed efficient
photoreceptor cell transduction [65]. In addition, efficient photoreceptor cell and MGC
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transduction was previously shown with transduction at DD220 [23]. Differences in
transduction efficiency might be caused by the maturity of the retinal organoids; it
might very well be that certain receptors responsible for taking up the AAVs are less
accessible at certain differentiation days. In conclusion, we have shown that AAV2/2
and AAV2/5 are capable of infecting Miiller glial cells and photoreceptor cells in
hiPSC-derived retinal organoids at DD120 (Chapter 4), DD135 (Chapter 5), DD200
(Chapter 5), and DD220 [23,24].

Another alternative is using human retinal explants which are derived from
(cadaveric) human donor eyes. Wiley et al. showed a variable tropism of seven AAV
serotypes (AAV2/1, AAV2/2, AAV2/4, AAV2/5, AAV2/6, AAV2/8, and AAV2/9) in
three human donor eyes [66]. This intra-donor variability was least apparent in
AAV2/8, which consistently inefficiently transduced cells in the ONL. Which is
interesting, since AAV8 is used in many in vivo transductions. Whereas AAV2/1 and
AAV2/5 were particularly efficient at solely transducing photoreceptor cells, and
AAV2/4 and AAV2/6 efficiently transduced cells in the ONL and the INL [66]. Quinn
et al. showed that AAV2/5 and ShH10Y*F have a higher potency in transducing
photoreceptor cells in the ONL then AAV2/9. No intra-donor variability was observed
here; AAV transduction of a serotype was similar in the three independent cadaveric
human donor retinal explants investigated [23]. However, they observed that the
photoreceptors of cadaveric human retinal explants were only efficiently infected in the
presence of intact photoreceptor segments, indicating a role for the segments in the
photoreceptor uptake of AAV particles [23]. The intra-donor variability on transduction

efficiency of distinct AAV capsids need to be investigated in more detail.
AAV.hCRB treatment of animal and human-derived models

For AAV-CRB mediated gene augmentation studies the correct cell type needs to be
targeted. For CrbI mutant rats mainly MGC with loss of CRB1 should be targeted, for
this reason AAV6 variant ShH10Y#45F was used for AAV-mediated gene augmentation
therapy in Chapter 3. In Chapter 4 and 5, both photoreceptor cells and MGCs with
loss of CRB1 should be targeted in the CRBI patient or knockout retinal organoids and
therefore AAV2/5.hCRB was used.
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However, the main disadvantage of AAVs is the limiting package capacity of
~4.7 kb: larger gene expression cassettes than 4.5 kb do not fit in a single stranded AAV
vector containing two inverted terminal repeats. Because of this limiting packaging
capacity, the development of AAV-mediated gene therapy is challenging. CRBI/ cDNA
plus the full length cytomegalovirus (CMV) ubiquitous promotor exceeds the package
limit. However, this problem can be circumvented by using a minimal CMV promotor.

Intravitreal injection of ShH10Y44F

with a CMV minimal promotor showed significant
levels of GFP expression in MGCs of Crb1 knockout mice [61]. Subretinal injection of
AAV9 with minimal CMV promotor or hGRK1 promotor mediated substantial levels
of Crbl protein expression at the OLM [61]. Pre-clinical studies have shown that full
length or short form of CRB1 were potentially deleterious or causing subretinal toxicity
in Crbl mutant mouse models [37,58,61]. However, both mouse models have shown
that Crb2 can compensate for the loss of Crbl in Crb/ mutant mice [37,58]. An
improved photoreceptor layer morphology and ERG response was detected in a Crbl
mutant mouse after AAV9.CRB?2 delivery targeting both photoreceptor and MGC [58].
However, no rescue was observed when either only photoreceptors or only MGCs were
targeted with CRB2 [58], indicating again the importance of targeting the correct cells.
Here, both AAV.CMVmin.hCRB! and AAV.CMV.hCRB2 were used for gene

augmentation strategies in Chapters 3, 4, and 5.

In Chapter 3, AAV-mediated gene augmentation therapy using 1 pl of a dose of 1 x
10"ge/mL ShH10Y4%F CMVmin.hCRB1 (ShH10Y.hCRBI) or
ShH10Y*F CMV.hCRB2 (ShH10Y.hCRB2) was explored in new-born Crb/ mutant
rats. Retinal function or visual function of individual Crb/ mutant rats analysed at 3-
months-old were not significantly different between ShH10Y.hCRB/ and PBS injected,
nor when treated with ShH10Y.hCRB2. Due to the absence of an enhanced retinal
function after AAV treatment, we hypothesized that (1) the intravitreally injected 1 pl
of a dose of 1 x 10" gc/mL AAV might not been a high enough dose to spread well
through the retina, (2) the injection efficiency and thereby number of AAV particles
taken up by the retinal cells might not have been optimal, or (3) the injection at postnatal

day 5 (P5) does not allow timely expression of the hCRB/ or hCRB2 transgenes to
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diminish the severe retinal degeneration. Therefore, intravitreal delivery of
ShH10Y.hCRB1 or ShH10Y.hCRB2 at P3 was explored as well. No difference was
observed in visual function response measured by OKT at 3M. However, a statistically
significant decrease in retinal function measured by ERG was observed in rats treated
with ShH10Y.hCRBI, ShH10Y.hCRB2, or PBS in comparison with non-injected eyes.
Since the PBS injection already resulted in a statistical significant decrease in ERG
response, the surgical technique at P3 might be damaging to the Crb1 rat retina. In
addition, because of the variability between untreated Brown Norway litters,
backcrossing these rats into a more defined genetic background might decrease the
observed variability. To conclude, no timely rescue of the severe retinal degeneration
was observed after AAV-mediated gene augmentation therapy in Crbl mutant rats.
Future experiments could focus on treatment with immediate expression of transgenes

or in utero gene therapy approaches.

Previously, proof-of-concept studies of AAV-mediated gene therapy for CRX-LCA and
RP2 knockout retinal organoids have been described [65,67]. Here, AAV-mediated
gene augmentation therapy was performed on hiPSC-derived CRBI RP patient-derived
as well as CRBIX° LCA retinal organoids (Chapter 4, 5). The retinal organoids were
transduced with a dose of 3,3 x 10'%gc at DD120 and were collected and analyzed at
DD210. For the CRB1 RP patient-derived retinal organoids in Chapter 4, AAV.hCRB1
as well as AAV.hCRB? transduction resulted in a significant increase in the number of
photoreceptor nuclei in a row as well as the ONL thickness [24]. Moreover,
AAV.hCRB?2 treatment resulted in a significantly decreased number of photoreceptor
nuclei above the OLM in the CRB! patient-derived retinal organoids. In addition,
scRNA-sequencing revealed a partial restoration of transcriptional effect on the
endosomal system after AAV.hCRBI or AAV.hCRB?2 treatment in CRBI patient-
derived retinal organoids [24]. In Chapter 5 a statistically significant increase in
number of photoreceptor nuclei in a row was observed at DD210 after AAV.hCRB2
treatment in CRBI%° LCA retinal organoids. To our knowledge this is the first time that
an improved phenotype after AAV.hCRB gene augmentation in CRBI RP patient-

derived and CRBIX® LCA retinal organoids is observed, providing essential
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information for future gene therapy possibilities in patients with a mutation in the CRB1

gene.

Future perspectives

Even though for some studies in vivo animal models are far from being completely
replaced by human-derived models, it is pivotal for future studies to understand and use
the knowledge of differences between rodents and humans. For instance, the subcellular
localization of CRB1 and CRB2 are different in human-derived tissue in comparison to
rodents [21-23]. In addition, mouse mRNA isoforms revealed that the CrbI-b isoform
could potentially be associated with photoreceptor death [12], whereas reassessment of
the phenotype-genotype correlation of 50 CRBI patients has shown that variations in
the canonical full length form of CRBI1 is mainly causative for retinal degeneration
[68]. Therefore, showing that the AAV-mediated gene augmentation therapy was
successful in mouse [37,58] as well as in retinal organoids (Chapter 4 and 5) [24]
provides the essential information needed to continue with future gene therapy
applications for patients with mutations in CRBI.

Nevertheless, current human-derived models can be improved to better mimic
the human situation. First, improving the differentiation efficiency of retinal organoids
is of interest. Currently, multiple groups describe a wide variability in differentiation
efficiency between distinct iPSC lines [69—72]. In our studies, we also observe a wide
variability in differentiation efficiency, even within the same line using the same
differentiation protocol (unpublished data). Eliminating the factors causing this
variability would be crucial for future studies. Moreover, the use of a bioreactor has
shown to be efficient in scaling up the manufacture of retinal organoids in combination
with an increased yield of photoreceptor cells bearing cilia and nascent outer-segment
like structures [42]. Moreover, one could use a retina on a chip to further mimic the
human situation. iPSC can be differentiated into RPE using for example small
molecules [73] or using a mix of growth factors [74-76]. If iPSC-RPE and retinal
organoids are combined on a chip (RoC), they can interact with each other and thereby
better mimic the human situation. These RoC are able to form a physiological

interaction of the iPSC-RPE and photoreceptor outer segments of the retinal organoids,
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which is essential for the visual cycle in humans [77]. In addition, the microfluidic
concept through a bottom channel and constant nutrient supply adds a vascular-like
perfusion to the RoC [77]. In addition, a choroid on a chip (CoC) model is available
which mimics the tissue vascularization, pigmentation, and immune response in the
presence of circulating immune cells [78]. Combination of these RoC with CoC further

mimic the human situation in a human-derived model system.
Conclusion

In conclusion, this thesis provides novel information on AAV.hCRB gene augmentation
therapy in multiple CRBI mutant animal and human-derived models. We show the
phenotype of (1) a novel mouse model with CRB2 ablation specifically in rod
photoreceptor cells with loss of retinal function (Chapter 2), (2) a CrbI mutant brown
Norway rat with severe and early onset progressive vision loss (Chapter 3), (3) CRBI
RP patient-derived retinal organoids (Chapter 4), and (4) CRBI*° and CRBIX°CRB2""
LCA-like retinal organoids (Chapter 5). Next, AAV-mediated gene augmentation
strategies were explored in Crb1 mutant rats (Chapter 3) and CRBI RP patient-derived
and CRBIX® LCA retinal organoids (Chapter 4 and 5). Finally, single-cell RNA-
sequencing was performed on AAV.hCRB treated and untreated CRBI RP patient-
derived retinal organoids (Chapter 4). To our knowledge this is the first time that an
improved phenotype after AAV.hCRB gene augmentation in CRB1 RP patient-derived
and CRBI®C LCA retinal organoids is observed, providing essential information for

future gene therapy possibilities in patients with a mutation in the CRB1 gene.
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Chapter 7

Summary

Crumbs homologue 1 (CRBI1) is a large transmembrane protein located in the retina. It
consists of a large extracellular domain with multiple epidermal growth factor (EGF)
and laminin-globular like domains, as well as a short intracellular domain with a
conserved PDZ binding motif. CRB1, CRB2, and CRB3 are all members of the Crumbs
family, with CRB1 and CRB2 being specifically localized in the retina. The CRBI gene
has been associated with more than 200 different mutations, leading to retinal
dystrophies such as retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA),
with no clear genotype-phenotype correlation. The clinical variability of disease onset
and severity, even among patients with the same homozygous mutations, supports the
hypothesis that other factors may modulate the phenotype. Currently, there are no

treatment options available for patients with mutations in the CRB/ gene.

Since CRBI-related RP and LCA are heterogenous diseases, various animal-derived
models have been described to mimic different aspects of the heterogeneous disease
phenotype. This diversity is represented by numerous distinct animal models previously
generated by us and other researchers, including four LCA and ten RP-like mouse

ZARods and

models. Chapter 2 introduces two additional RP-like mouse models: Crb
CrbI%OCrb2"R°% mice. In this chapter, we demonstrate that the specific loss of CRB2
from rod photoreceptors leads toretinitis pigmentosa, and that concomitant loss of
CRBI exacerbates the retinitis pigmentosa phenotype. The impaired contrast sensitivity
observe might serve as an outcome parameter to measure functional vision gain or
maintenance following adeno-associated viral vector (AAV)-mediated gene
augmentation therapy. Furthermore, in Chapter 3, we provide a more detailed
description of the phenotype observed in a rat with a spontaneous mutation in the Crb!
gene. The initial signs of retinal degeneration were observed at postnatal day 10 (p10),
and a significant decrease in retinal function was already evident at 1 month of age in
these Crbl mutant rats. Additionally, spectral domain optical coherence tomography

(SD-OCT) was employed to monitor the retinal degeneration in a single rat over time.
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To understand differences between rodent and humans, we determined the subcellular
localization of CRB1 and CRB2 using immuno-electron microscopy in Chapter 3. We
observed that the endogenous expression of CRB1 and CRB2 in rats is similar to what
has been observed in the mouse retina. However, recent studies on non-human
primates, human fetal retina, and human derived retinal organoids have shown a distinct
localization of CRB1 and CRB2. This highlights the importance of utilizing human-
derived models for gene augmentation therapies. In Chapter 4 and 5, we described the
use of human induced pluripotent cells (hiPSC) derived retinal organoids. In Chapter
4, we presented CRBI RP patient-derived, and in Chapter 5, we described CRBIX® and
CRBI®OCRB2"- LCA retinal organoids. Both the CRBI patient-derived and the
CRBIXO and CRBI®CCRB2"" retinal organoids exhibit a significant reduction in the
number of photoreceptor nuclei in a row and a significant increase in the number of
photoreceptor cells above the OLM in compared to the isogenic controls. Single cell
RNA sequencing in Chapter 4 revealed similar CRB! transcript levels in patient-
derived and isogenic control retinal organoids, while the CRB1 protein was clearly
diminished. Additionally, in Chapter S, the KO organoids showed less CRB1 protein
at the OLM compared to the isogenic control. Collectively, the CRB/ patient-derived
and CRBI®C and CRBIXOCRB2"" retinal organoids accurately mimic the phenotype
observed in patients and are, therefore, a suitable model for studying gene augmentation

therapy possibilities.

Before studying the possibility of gene augmentation therapy using AAVs, it is crucial
to determine the tropism of different capsids in rats (Chapter 3) and in retinal organoids
(Chapter 4 and 5). In rats, subretinal injection of AAV2/5 and AAV2/9 successfully
transduced the RPE and photoreceptor cells, whereas AAV6 variant ShH10Y**F was
transducing the RPE, photoreceptor cells, MGCs, and other cell types in the INL.
Intravitreal injection of AAV2/5 and AAV2/9 showed relatively poor transduction
efficiency of both photoreceptors and other cells in the INL. However, an efficient
transduction of mainly MGCs was observed after intravitreal injection of ShH10Y#4F,
Due to these observations, ShH10Y*F hCRB was used for AAV-mediated gene
augmentation therapy in rats (Chapter 3). In Chapter 4, AAV2/2 and AAV2/5 were
used to define tropism of early organoids, while Chapter 5 used AAV2/2 and AAV2/5
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to define tropism of older retinal organoids. Both AAV2/2 and AAV2/5 efficiently
transduced mainly photoreceptor cells and also some MGC and other cells in the INL,
with AAV2/5 slightly more efficiently transducing cells in the INL. To target both the
photoreceptor cells and MGC in the retinal organoids, AAV2/5.hCRB was used in
Chapter 4 and 5.

Previous research demonstrated the successful preservation of retinal morphology and
function in CrbI RP mouse models through AAV-mediated CRB2 gene augmentation
therapy. Based on these promising results, AAV-mediated gene augmentation therapy
was initially explored in an animal model with a severe and early-onset phenotype: the
CrbI mutant rat (Chapter 3). Unfortunately, timely rescue of the retinal phenotype
using retinal function and visual acuity was not observed, likely due to the severity and
early onset of the phenotype. This suggests the need for an earlier onset of recombinant
hCRB protein expression to efficiently rescue the severe retinal phenotype in Crbl
mutant rats. Next, AAV-mediated gene augmentation therapy was conducted on human
derived induced pluripotent stem cells (hiPSC) derived retinal organoids (Chapter 4
and 5). In these chapters, the RP phenotype showed partial improved after treatment
with AAV.hCRB2, as evidenced by a restored number of photoreceptor nuclei in a row.
For the CRBI RP patient-derived retinal organoids (Chapter 4), a partial improvement
was observed following treatment with AAV.hCRBI. Single cell RNA sequencing
analysis of AAV treated CRB/ patient-derived retinal organoids demonstrated a partial
restoration of transcript expression levels of genes related to the endosomal system back
to isogenic control levels. These findings indicate the potential efficacy of AAV-

mediated gene augmentation therapy for treating CRB1-related retinal dystrophies.

In conclusion, in this thesis has provided valuable insights into several aspects of CRB/
related retinal dystrophies. Specifically, we have demonstrated (1) the phenotypic
characteristics of CRBI mutant mice, rats, and human-derived retinal organoids,
shedding light of the disease progression in various models. (2) We have investigated
the distinct tropism of AAV capsids in different species, which is crucial for developing
targeted gene therapy approaches. (3) And we have achieved successful AAV-mediated
gene augmentation therapy in CRBI patient-derived as well as CRBIX® and
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CRBIXOCRB2"" retinal organoids, suggesting the potential therapeutic relevance of this
approach. Altogether, these findings represent a significant advancement in
understanding the pathogenesis and potential treatment options for patients with

mutations in the CRB1 gene.
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Crumbs-homoloog-1 (CRB1) is een groot transmembraan eiwit dat zich in het netvlies
bevindt. Het bevat een extracellulair domain met meerdere epidermale groei factor
(EGF) en laminin-A globulaire domeinen, evenals een intracellulair domein met een
geconserveerd PDZ bindingsmotief. CRB1, CRB2, en CRB3 behoren tot de Crumbs
familie, waarvan CRB1 en CRB2 zich in het netvlies bevinden. Er zijn meer dan 200
verschillende CRBI mutaties beschreven die zich over het gehele CRBI gen
verspreiden. Deze mutaties kunnen erfelijke degeneratieve aandoeningen van het
netvlies veroorzaken zonder een duidelijke genotype-fenotype correlatie; voorbeelden
zijn retinitis pigmentosa (RP) en Leber congenitale amaurosis (LCA). De klinische
variabiliteit van de start en de ernst van een netvlies degeneratie, zelfs in een familie
met dezelfde homozygote mutatie, suggereert dat er modificerende factoren betrokken
kunnen zijn bij het tot uiting komen van het fenotype. Tot op heden is er nog geen

behandelmogelijkheid voor patiénten met mutaties in het CRB/ gen.

Aangezien CRBI-gerelateerde RP en LCA een divers ziektebeeld vertonen, zijn er
meerdere diermodellen ontwikkeld die elk verschillende fenotypen van patiénten
nabootsen: vier LCA en tien RP-achtige muismodellen. In Hoofdstuk 2, worden nog
twee RP-achtige muis modellen beschreven: Crb2*R°% en Crb 1XCCrb2°R°% muizen. In
dit hoofdstuk tonen we aan dat muizen met een tekort aan het CRB2 eiwit in staafjes
fotoreceptoren RP ontwikkelen, en dat er een verergerd fenotype optreedt wanneer in
deze muizen ook het CRBI1 eiwit in Miiller Glial cellen (MGC) afwezig is. Het
verminderde zicht werd gemeten door middel van OKT contrast gevoeligheid metingen
bij deze muizen. Deze meting kan waardevol zijn voor latere experimenten met adeno-
geassocieerde virale vector (AAV)-gemedieerde gentherapie om verbeteringen in het
functionele zicht te beoordelen. In Hoofdstuk 3 hebben we het fenotype van ratten met
een spontane mutatie in het Crb/ gen beschreven. De eerste tekenen van retinale
degeneratie werden waargenomen vanaf postnatale dag 10 (p10) in het netvlies van
deze ratten. Op de leeftijd van 1 maand werd al een statistisch significante
verslechtering van de netvliesfunctie gemeten met een electroretinogram (ERG) bij

deze CrbI mutant ratten. Bovendien konden we de netvliesdegeneratie bij individuele
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ratten op verschillende tijdstippen visualiseren met behulp van spectraal-domein

Optical Coherence Tomography (SD-OCT).

In dit onderzoek was het essentieel om de verschillen tussen knaagdieren en mensen
goed te bestuderen. Daarom werd de sub-cellulaire lokalisatie van het CRB1 en CRB2
eiwit bepaald met behulp van immuno-elektronen microscopie. In Hoofdstuk 3 wordt
aangetoond dat de endogene expressie van het CRB1- en CRB2-eiwit in Brown Norway
ratten overeenkomt met eerdere bevindingen in de muis retina. Echter, recente studies
op niet-humane primaten, humaan foetaal retina, en humaan-afgeleide netvlies
organoiden tonen een andere lokalisatie van het CRB1- en CRB2-eiwit. Dit benadrukt
opnieuw het belang van het gebruik van humaan-afgeleide modellen voor gentherapie,

waar mogelijk.

In Hoofdstuk 4 en 5 werd gebruik gemaakt van humaan geinduceerde pluripotente
stamcel (hiPSC) afgeleide netvlies organoiden. Hoofdstuk 4 beschrijft netvlies
organoiden afkomstig van CRB[-patiénten, terwijl Hoofdstuk 5 zich richt op CRBIX®
en CRBIXOCRB2"" netvlies organoiden. Zowel de netvlies organoiden afkomstig van
CRBI-patiénten als de CRBIX® en CRBI®CCRB2"" netvlies organoiden tonen een
significante afname van fotoreceptor kernen in een rij, en meer fotoreceptoren boven
de buitenste limiterende membraan (OLM), in vergelijking met de isogene controles.
Single-cel RNA-sequensen in Hoofdstuk 4 toont aan dat de expressieniveaus van het
CRBI transcript vergelijkbaar zijn tussen de CRB! patiént-afgeleide netvlies
organoiden en de isogene controles, terwijl het CRB1 eiwit duidelijk verminderd is in
CRBI patiént-afgeleide netvlies organoiden. Dit geldt ook voor de CRBIXC en
CRBIXOCRB2"" netvlies organoiden in vergelijking met de isogene controle, waarbij
ook een verminderd CRBI eiwit op de OLM wordt waargenomen (Hoofdstuk 5).
Samengevat vertonen zowel de CRBI patiént-afgeleide netvlies organoiden als de
CRBIXO en CRBIXOCRB2" netvlies organoiden een vergelijkbaar fenotype als wat
wordt waargenomen bij patiénten. Dit maakt beide modellen bruikbaar voor verdere

AAV-gemedieerde gentherapie studies.
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Voordat de mogelijkheid van gentherapie met behulp van AAV kan worden bestudeerd,
is het belangrijk om de AAV-tropisme in ratten (Hoofdstuk 3) en in netvlies
organoiden (Hoofdstuk 4 en 5) te onderzoeken. Subretinale injectie van AAV2/5 en
AAV2/9 in ratten resulteerde in transductie van het retinaal pigmentepitheel (RPE) en
fotoreceptoren, terwijl de AAV6 variant ShH10Y*F zowel de RPE, fotoreceptoren,
MGOC, als andere cel types in de INL transduceerden. Intravitreale injectie van AAV2/5
en AAV2/9 toonde een relatief lage transductie efficiéntie van zowel fotoreceptoren als
cellen in de INL, maar na intravitreale injectic van ShH10Y*F werd een efficiénte
transductie van voornamelijk MGC waargenomen. Om deze reden is in Hoofdstuk 3
gebruik gemaakt van ShH10Y*F hCRB voor verdere AAV-gemedieerde gentherapie
toepassingen bij de Crbl mutant ratten. AAV2/5 en AAV2/2 zijn onderzocht in
Hoofdstuk 4 voor de transductie van jonge controle organoiden, terwijl in Hoofdstuk
5 oudere controle organoiden werden gebruikt. Zowel AAV2/2 als AAV2/5
transduceerden fotoreceptoren, MGC, en andere cellen in de INL op een efficiénte
wijze, waarbij AAV2/5 net iets efficiénter was in de transductie van cellen in de INL
(inclusief MGC). Om de doelcellen (fotoreceptoren en MGC) in de netvlies organoiden
te transduceren, is AAV2/5hCRB gebruikt in Hoofdstuk 4 en 5 voor verdere

mogelijkheden van gentherapie.

Voorafgaand onderzoek heeft aangetoond dat AAV-gemedieerde CRB2 gentherapie
succesvol was in het beschermen van netvlies degeneratie in Crb/ RP muis modellen.
Daarom werd in Hoofstuk 3 de toepasbaarheid van gentherapie onderzocht in de Crb/
mutant ratten met ernstige en vroeg beginnende netvliesdegeneratie. Helaas werd er
geen verbetering waargenomen in het degeneratieve fenotype, vanwege de ernstige
degeneratie die al op jonge leeftijd aanwezig was bij deze ratten. Dit suggereerde dat
vroegtijdige expressie van recombinant CRB-eiwitten nodig is om de degeneratie in
deze Crbl mutant ratten tegen te gaan. Daarnaast werd AAV-gemedieerde CRB
gentherapie onderzocht op humaan-afgeleide netvlies organoiden (Hoofdstuk 4 en 5).
In Hoofdstuk 4 en S werd het RP fenotype gedeeltelijk verbeterd na behandeling met
AAV.hCRB2, wat resulteerde in een herstel van de hoeveelheid fotoreceptor kernen in
een rij. Bij de CRBI patiént-afgeleide netvlies organoiden (Hoofdstuk 4) werd ook een
gedeeltelijke verbetering van het fenotype waargenomen na AAV.hCRB/ behandeling.
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Single cel-RNA sequentie analyse van AAV behandelde CRBI patiént-afgeleiden
netvlies organoiden toonde ook een gedeeltelijk herstel van de transcript expressie van

genen die gerelateerd zijn aan het endosomale systeem.

In conclusie, in dit proefschrift hebben we (1) het fenotype van CRBI mutant muizen,
ratten, en humaan-afgeleide netvlies organoiden getoond, (2) de verschillen in AAV-
tropisme in diverse modellen weergegeven, en (3) we hebben AAV.hCRB gemedieerde
gentherapie succesvol toegepast in CRBI patiént, CRBI*C, en CRBIX°CRB2"" netvlies
organoiden. De data die in dit proefschrift wordt beschreven, is van belang voor

toekomstige gentherapie studies in patiénten met een mutatie in het CRB1 gen.
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