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Abstract

Retinoblastoma (Rb) is a rare childhood malignancy of the developing
retina affecting 1:15,000 infants worldwide. The biallelic inactivation of the RB1
gene and the retinoblastoma protein (pRB) loss accounts for up to 98% of Rb
cases. Despite the progress in Rb treatments, standard chemotherapeutic agents
have been associated with adverse effects on the retina and defects of the retinal

pigment epithelium (RPE).

Herein, we developed two disease models through retinal organoid
differentiation of a pRB-depleted human embryonic stem cell line (H9 RB1-null
hESCs) and an Rb patient-specific induced pluripotent (hiPSC) line displaying an
RB1 biallelic mutation (c.2082delC). Both models were characterised by pRB
depletion and a significant increase in the fraction of proliferating cone precursors
(RXRy*Ki67"). The pRB-depleted retinal organoids displayed similar features to
Rb tumours, including undergoing cell growth in an anchorage-independent
manner indicative of cell transformation in vitro. Applying Rb chemotherapeutics
such as melphalan, topotecan and TW-37 significantly reduced the fraction of Rb

proliferating cone precursors.

Additionally, we established two hESC-RPE and hiPSC-RPE models to
assess the cytotoxicity of the same three drugs. Our results indicated that these
agents applied in the clinical range decreased the monolayer barrier's trans-
epithelial resistance and affected the cells' phagocytic activity. Moreover,
transcriptional analyses demonstrated an altered gene expression in melanin and
retinol processing, tight junction and apical-basal polarity pathways. None of the
drug treatments within the clinical range caused significant cytotoxicity or
changes to the apical-basal polarity, tight junction network or cell cycle. Although
standard Rb chemotherapeutics did not induce cytotoxicity in RPE, their
application in vitro led to compromised phagocytosis and strength of the barrier.

This thesis highlights the applications of retinal organoids and RPE in
disease modelling, confirming the suitability of these in vitro models for testing
novel therapeutics for Rb.



‘I must not fear. Fear is the mind-Kkiller. Fear is the little-death that brings total
obliteration. | will face my fear. | will permit it to pass over me and through me.
And when it has gone past, | will turn the inner eye to see its path. Where the fear

has gone there will be nothing. Only | will remain.”

— Frank Herbert, Dune
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Chapter 1



1 Introduction

1.1 The human retina

The retina is the light-sensitive component of the eye composed of three
layers of neurons, two layers of synapses and Miuller glial cells that stretch across
the thickness of the retina (Blond and Léveillard, 2019). There are five central
neural cell populations in the neural retina: rod and cone photoreceptors (PRs),
horizontal cells (HCs), bipolar cells (BCs), amacrine cells (ACs) and retinal
ganglion cells (RGCs) (Stenfelt et al., 2017). The mammalian retina collects
visual information and processes it as images through an internal circuitry

involving other neuronal cell populations (Busskamp et al., 2010) (Figure 1-1).

Phototransduction starts when light enters the eye, reaches the retina and
photons are absorbed by the outer segments —light-sensitive organelles that are
modified cilia— of PRs, where an isomerisation of the chromophore conjugated
with the visual pigment occurs (Sung and Chuang, 2010). The signal transduction
cascade is initiated by the photoexcited visual pigment that amplifies the signal
by activating the heterotrimeric G protein transducin (Gt), leading to the closure of
cGMP-gated cation channels on the plasma membranes and hyperpolarisation of
cells (Yau and Hardie, 2009). As a result of the change in the membrane
potential, synapses release fewer glutamate neurotransmitters. The information is
relayed to the bipolar cells to provide excitation to the ganglion cells, which
integrate the signal from bipolar and amacrine cells and forward it as electrical
responses via the optic nerve (Sung and Chuang, 2010) (Figure 1-1). In addition
to this vertical and excitatory pathway, the amacrine cells in the inner retina can
provide inhibition of both the bipolar and the retinal ganglion cells (Guo et al.,
2014).

The optic cup derived from the rostral diencephalon —a division of the
forebrain— is composed of inner and outer layers. During retinal development,
these inner walls differentiate into the neural retina (NR), while the outer layers
differentiate into retinal pigment epithelium (RPE) (Kuwahara et al., 2019). The
macula is located in the centre of the human retina, subdivided into concentric
areas with a progressive lower density of photoreceptors and poorer visual

resolution: the foveola, fovea, parafovea, and perifovea (Labhishetty et al., 2019),
2



from central to outer location, respectively. The peripheral retina is positioned
beyond the macula and consists of most of the retinal surface. The fovea is a
particular area of the mammalian retina that is a critical spatial layout of the
neuronal network (Malek et al., 2006, Jager et al., 2008). It is a specific region
characterised by a high concentration of cone photoreceptors for high-acuity
vision (Busskamp et al., 2010).

Retinal Pigment Epithelium
Rods ’
Cones =/ 5

e

/ /), '
Optic Nerve il A‘\\".§i\':

Figure 1-1. Schematic representation of the human eye, the retina, and the
location of the RPE.

The light enters the eye, reaches the retina, and then is processed as a chemical
signal starting in the photoreceptors. PRs convert light energy into membrane
potential; BCs act as interneurons depolarising and hyperpolarising according to
illumination. Finally, RGCs integrate the signal by firing action potential and
acting as output neurons that send it to the central nervous system to be
interpreted as images. The three layers of neurons and the two layers of
synapses are included in the zoomed-in region of the retina. Rod (red, green, and
light blue) and cone (navy blue) PRs are supported by another layer of cells, the
retinal pigmented epithelium (grey, integrated with cones and rods). Copyright ©
2023 by International Society For Stem  Cell Research (
https://www.closerlookatstemcells.org/stem-cells-medicine/macular-
degeneration/). In the public domain.

The mammalian retinal circuitry is constructed from approximately 100
specific neuronal cell types (Demb and Singer, 2015, Vlasits et al., 2019). These
cell types can be defined based on criteria from gene expression patterns,
morphology, anatomical connectivity, and functional response properties (Vlasits
et al.,, 2019). However, identifying a cell type or several types based on one

criterion can be misleading. Thus, the priority of the requirements for defining cell
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types must be considered as more classification schemes based on refined
criteria arise. To this end, recent single-cell RNA-sequencing (scRNA-seq)
studies have provided insights into retinal development and the emergence of the
different retinal cell lineages in the mammalian retina (Ying et al., 2021),
revealing 129 molecularly distinct retinal neurons and glia in the mouse retina
(Ying et al., 2021), 64 foveal and 71 peripheral cell types in the monkey retina
(Peng et al., 2019) and 58 foveal and 57 peripheral cell types in the human retina
(Yan et al., 2020). The retinal cells are derived from retinal progenitor cells
(RPCs) in an orderly manner, encompassing the emergence of RGCs, followed

by interneurons, photoreceptors, bipolar and Mdller glial cells.

Although human and non-human primates differ from mice in visual acuity
and colour vision, the visual system's structure is mainly maintained across
species (Bakken et al., 2021). However, as the mouse retina does not have a
fovea, there are underlying differences in the distribution and number of retinal
cells between primates and mice (Ying et al.,, 2021). These species-specific
differences include the expression of transcription factors that regulate cone
photoreceptor (PR) and horizontal cell (HC) specification and gene regulation
networks in the macula (Lu et al., 2020). Additionally, two different subtypes of
HCs were observed in the human retina in agreement with a previous study on
macaques (Peng et al., 2019), showing the conserved features between the

human and non-human primate retina.

1.1.1 Structure and function of retinal cells

1.1.1.1. Photoreceptors: cone and rod cells

Photoreceptors (PRs), cones and rods are the first layer of cell types that
develop a visual stimulus as a chemical signal to retinal bipolar cells at the start
of the neuronal network to be ultimately revealed as images in the brain
(Busskamp et al., 2010, Euler et al., 2014). Rod photoreceptors are active during
night vision and can encode single photons' absorption, making them far more
sensitive than cones. On the other hand, cone photoreceptors are functional
during daylight vision. However, there are intermediate lightning conditions where

rods and cones are active (Demb and Singer, 2015).



When light focuses on the retina, rods and cones convert the light energy
into changes in membrane potential (Demb and Singer, 2015). These
photoreceptors make synapses in the region named the outer plexiform layer
(OPL) with bipolar cells, which transmit the information to the next layer called the
inner plexiform layer (IPL) (Fain and Sampath, 2018) (Figure 1-2). PRs make
synapses as well with horizontal cells, which interconnect bipolar cells and

photoreceptors with their lateral processes (Fain and Sampath, 2018).

ON Pathways OFF Pathways

OFF
cBC

Figure 1-2. Rod and cone interactions in the mammalian retina.

(Left) ON pathways where bipolar cells (RBCs) receive the signal from cones and
rods and make excitatory glutamatergic synapses onto amacrine cells (A-Il).
(Centre) Horizontal cells (HC) receive cone and rod signals through gap
junctions. (Right) OFF pathways, where ganglion cells (GC) make inhibitory
glycinergic synapses onto OFF cone bipolar cells (CBC). Reproduced from (Fain
and Sampath, 2018). Creative Commons Attribution Non-Commercial Licence
(CC BY-NC).
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1.1.1.2. Bipolar and ganglion cells
The retina of vertebrates has two kinds of bipolar cells that act as
interneurons (Fain and Sampath, 2018): 1) ON-type, which depolarises to light in
the centre, and hyperpolarising to surrounding illumination; and 2) OFF-type,
which hyperpolarises to central illumination and depolarises to the surround. The
particular morphology of two protrusions, one going 'up' and another going
'down’, indicates their function by linking the outer and the inner retina (Euler et

al., 2014). Notably, in the mammalian retina, there are ten types of bipolar cells;



nonetheless, they typically consist of slightly more ON than OFF types, plus a
single type of rod bipolar cell (Figure 1-2).

Retinal ganglion cells are the output neurons of the retina that specify the
nature of the signal sent by the aggregate of integration of the whole retina to the
central nervous system to be interpreted as images (Euler et al., 2014, Fain and
Sampath, 2018). Although some RGCs receive only signals from cones, most
RGCs receive input from rod and cone cells, spanning a broad and dynamic

range of light intensities (Fain and Sampath, 2018).

1.1.1.3. Horizontal and amacrine cells

Horizontal cells are a primary neuronal class that receives glutamatergic
inputs from rod and cone photoreceptors in the mammalian retina (Stroh et al.,
2018) (Figure 1-3). Additionally, they return lateral feedback signals to
photoreceptors to change their glutamate release in a light-dependent manner.
The feedforward signal of horizontal cells is then transduced to bipolar cells.
However, the mode of signal transmission and the contribution of horizontal cells
to the visual processing in the temporal, spatial and contrasting tuning are still to
be elucidated (Stroh et al., 2018). Recent publications show that horizontal cells
are responsible for increasing the dynamic range of RGCs for contrast and
temporal changes contributing together with ACs to the centre and surrounding

the organisation of their receptive fields (Stroh et al., 2018).
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Figure 1-3. Schematic showing the cellular organisation of the retina,
including the layers and different cell types.

The RPE apical membrane layer (grey) faces the outer photoreceptor segments.
The first layer of neurons includes rods (dark blue) and cones (red, green, and
light blue). The next layer is (inner nuclear layer) INL, composed of bipolar cells
(brown) that receive the signal from photoreceptors and make excitatory
glutamatergic synapses onto amacrine cells (orange), which are in the IPL as one
of the two synapse layers of the retina. HCs (yellow) are synapses that receive
both PRs' signals through gap junctions. The last layer of neurons, the RGC
(violet and pink) layer, is the output section of the retina that sends the signal to
the central nervous system to be processed as images. Muller glial cells (light
grey) stretch across the retina from the inner limiting membrane to the outer
limiting membrane. Reproduced from (Lorber et al., 2016). CC BY-NC.

Amacrine cells are relevant interneurons of the IPL of the retina that
interact at the second synaptic level of the vertically direct pathways of the
photoreceptor-bipolar-ganglion cell chain (Kolb, 1997) (Figure 1-3). They have
diverse functions due to their unique patterns of size, numbers and stratification
(Masland, 2012). There are more than 40 different types of amacrine cells, so
they are divided into wide-, medium- and narrow-field cells for convenience.
Amacrine cells' diversity might also be related to RGC diversity. This division by
size is appropriate, considering that the dendritic field spread determines the

cell's function in visual processing (Masland, 2012).
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Gap junctions work as sign-conserving synapses that allow ACs to couple
to RGCs or other ACs, depending on their wide or narrow field. ACs have an
excitatory function by releasing y-aminobutyric acid or an inhibitory function by
GABA or glycine release (Masland, 2012). However, the function of medium-field
ACs is conceptually difficult to elucidate as they are too large for creating local
subunits within the dendritic field but too narrow for carrying out the contextual
functions mediated by the wide-field cells. The highly specialised geometry of
amacrine cells suggests a particular role —yet unknown— as they actively

communicate among the retinal layers (Masland, 2012).

1.1.1.4. Miiller glial cells
Muller cells are the predominant type of retinal glia present in all retinal
layers (Gallina et al., 2014) (Figure 1-3). They display a radial morphology where
their cell bodies and nuclei are located in the retina's inner nuclear layer (INL),
extending their processes to the outer and inner retinal limiting membranes and

lateral interaction with neighbouring neurons (Wan and Goldman, 2016).

These glial cells significantly contribute to retinal function by providing ion
homeostasis and structural, synaptic, and metabolic support (Gallina et al., 2014,
Jadhav et al., 2009). With appropriate stimulation, these cells can also give rise
to rod progenitors and de-differentiate to become proliferating neurogenic
progenitors when the retina is injured (Gallina et al., 2014). Their regenerative
potential for neurons in the avian and mammalian retina is limited. Although they
may potentially become stem or progenitor cells at a molecular level, they should
not be referred to or defined as stem cells in the normal retina (Gallina et al.,
2014, Jadhav et al., 2009).

The neurogenic potential of Mduller glial was first described in the chick
retina and then identified in the murine retina. Nonetheless, the evidence for
Muller cells from primate retina to become progenitor-like cells is limited to in vitro
(Gallina et al., 2014, Jadhav et al., 2009). Another activity of Muller cells carried
out in addition to the retinal pigment epithelium, is to facilitate the recycling of
photopigments via cellular retinal binding protein (CRALBP) mediated uptake and
conversion of all-trans-retinal to 11-cis-retinol (Jadhav et al., 2009).



1.1.1.5. Developmental time-courses and lineages of retinal cells

The formation of the seven different types of retinal cells is known as
retinogenesis (O'Hara-Wright and Gonzalez-Cordero, 2020). RPCs, as
multipotent cells, undergo division in a competence differentiation model to define
and differentiate retinal cell types sequentially. Different retinal cell types arise in
the early phase of differentiation, including RGCs, cone PRs, HCs and ACs,
overlapping with the late phase of the genesis of rod PRs, BCs, and Miiller glial
cells (O'Hara-Wright and Gonzalez-Cordero, 2020, Cepko et al., 1996) (Error! R

eference source not found.).

A) 111 Early-phase retinogenesis Late-phase retinogenesis B) T

IPL

A INL
Retinal
progenitor

cells \ s
R Date " * ) , = > ONL
etinal 6 1 Hcl(lucn!al (:{Tc I ;\;;xmo foﬁs ?v{pzlat Mlti:lev
NGl -4 ells cells S el (o
s P9 T @ 8 U =3
Pax6 ‘ i T
Cell-type VSX2 SNCG PROX1 RXRy*} AP2a NRL¥ PKCa CRALBP |
markers Chx10  BRN3 Lhxt  OPN1SWIl  Grr  — N~ RPe
Six6 OPN1LW/MW  Gad1 RHO§ EAATS VIMENTIN

Figure 1-4. Schematic showing the developmental time-courses and
lineages of different retinal cell types.

A. The differentiation time-course of the seven main retinal cell types starts with
RPCs, followed sequentially in an early retinogenesis wave by RGCs, HCs, cone
PRs and ACs. The next generation wave is an overlapping late-phase of rod
PRs, BCs, and Muller glial cells. Cell-type specific markers are shown below
each group of retinal cells. Underlined markers were used in Chapters 3 and 4 for
immunofluorescence staining of sections. B. Retinal cell types populate the multi-
layered retina from the basal-most GCL, IPL, INL, OPL and apical-most ONL
adjacent to the RPE. Adapted from (O'Hara-Wright and Gonzalez-Cordero,
2020). CC BY-NC.

RGCs are the first retinal neuronal cells that arise and act as outputs
connecting to the brain through the optic nerve (Cepko et al., 1996). The
development and innervation of the axonal projections of the RGCs with the optic
nerve are regulated by complex signalling pathways (Drescher et al., 1995).
Laminin is a key molecular cue alongside the expression of HUC and HUD
markers for RGC development (Dorgau et al., 2018, O'Hara-Wright and

Gonzalez-Cordero, 2020). In fact, laminin subtypes (a, B and y chain) show



temporal-spatial expression patterns during retinogenesis (Bystrom et al., 2006,
Libby et al., 2000, O'Hara-Wright and Gonzalez-Cordero, 2020).

RPCs give rise to interneuron HC populations at an early stage of
development. All HCs express homeodomain transcription factors PROX1 and
Pax6, while only axon-bearing HCs express Lhx1 and axon-less subtypes
express Isl1 (Edqvist et al., 2009, Edqvist et al., 2008, Boije et al., 2016). ACs
exhibit the highest degree of diversity in terms of morphology and function in the
retina, classified majorly based on the expressed neurotransmitter type
(Balasubramanian and Gan, 2014). Amacrine interneuron cells are specified
early along with RGCs, cone PRs and HCs. During early retinogenesis, factors
such as Pax6, Sox2, and Bclaf1 influence the competence of RPCs towards an
AC fate. Neurod4, Neurod1 and Ptfla expression are also essential for AC
genesis. Several transcription factors have a role in AC subtype specification. For
example, Barhl2 is an important regulator of the glycinergic subtype development
(Mo et al., 2004), while Isl/1 regulates cholinergic AC development (Elshatory et
al., 2007). TFAP2A (AP2a marker) and TFAP2B are key transcription factors that
belong to the TFAP2 family and are expressed in the AC of the developing retina
(Lietal., 2010).

RPC fate choices towards rod and cone PR subtypes require a complex
cascade of gene regulatory networks (Kim et al., 2019, Xie et al., 2020). CRX is
the most popular reporter gene for the characterisation of PR precursor and PR
formation in retinogenesis (Collin et al., 2016, Collin et al., 2019). Cone
precursors are detectable by the expression of retinoid X receptor gamma
(RXRy) at a mid-stage phase of retinal development. The cone PR
developmental dynamics are characterised by the expression of S-opsin-positive
cones (OPN1SW), followed by the onset of L/M-opsin (OPN1LW/MW) expressing
cones analogously to the foetal retina. Expression of the neural retina leucine
zipper (NRL) and rhodopsin (RHO) in rods determines the fate decision between
rod and cone PR cells (Eldred et al., 2018).

BCs arise in the late-phase of retinogenesis, where VSX1 and GRM6
markers can be detected (Kim et al., 2019). Additional markers such as PKCa

and EAATS are molecular cues indicative of the presence of BCs. Miller glial
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cells display their unique morphology spanning the neural retina and express
specific markers, including cellular retinaldehyde binding protein (CRALBP) and
vimentin (Capowski et al., 2019, Mellough et al., 2019a, Collin et al., 2019).

A research study from our group (Mellough et al., 2019a) analysed
alternatively spliced transcripts in the human retina, which resulted in the
identification of three key developmental windows during embryonic and foetal

retinal development:

1) 4.6-7.2 post-conception week (PCW): characterised by retinal
progenitor proliferation, RPE and lens emergence, and
upregulation of signalling pathway genes (TGF/BMP, WNT) related
to eye and retinal development.

2) 7.7-10 PCW: the emergence of RGCs, and the beginning of
transcriptional programmes for HC, AC, and cone PR
development.

3) 12-18 PCW: sequential emergence of cone and rod PRs, ACs,

BCs, and Muller glial cells.

Transcriptome analyses of the human foetal retina from another study
(Hoshino et al., 2017) reported similar results describing three major epochs of

gene expression:

1) The early stage includes the first 59 days of retinal development

characterised by the dominance of RPCs, and later by the emergence of RGCs.

2) Comprising from day 59 to 80, this stage is characterised by the switch
from proliferation to differentiation. By day 70, there is a major shift from RGCs to

inner retinal neurons, including HCs and ACs.

3) The last epoch begins from day 80 onwards. The gene expression
starting at day 90-100 was characterised by cone and rod PRs, BCs, some types

of ACs, Mller glial cells, and synapse formation.
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1.1.2 Retinal Pigment Epithelium

The retinal pigment epithelium is a pigmented polygonal cell monolayer
arranged at the outermost layer of the retina (Figure 1-5), part of the blood-retina
barrier that plays a pivotal role in vision (Strauss, 2005, Yang et al., 2021c). The
central nervous system neuroepithelium gives rise to the bilateral outpocketings
at the diencephalon from the optic anlage. Then, the invagination of the optic
vesicles generates a two-layered structure, with the inner layer forming the neural
retina and the outer layer comprising the RPE (Salero et al., 2012). In humans,
the RPE differentiates at an early stage (around day 32 to 50), becomes
postmitotic and quiescent, and remains non-proliferative throughout life. On the
contrary, the neural retinal progenitor cells further proliferate beyond the human
foetal week (FW) 23 to give rise to late-born retinal cell types (BCs, certain kinds
of ACs, rod PRs, and Mdller glial cells) to form the multi-layered retina (Salero et
al., 2012, Quinn and Wijnholds, 2019).
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Figure 1-5. Retinal cell organisation and relation to the RPE.

Localisation of RPE in the eye as part of the blood-retina barrier. Photoreceptor
outer segments (POSs) face the apical membrane of the RPE. Reproduced from
(Caceres and Rodriguez-Boulan, 2020). Copyright © 2019 by Elsevier Ltd. All
rights reserved.
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The vastly pigmented monolayer is comprised of highly polarised
hexagonal cells that rarely divide and is located between the retina and the
choroid (Milyushina et al., 2011). RPE cells have a dark brown appearance due
to their melanin content, which protects the retina from ultraviolet light along with
lipofuscin. As a typical cell barrier, the RPE monolayer guards the inside and the
outside of the retina, strictly controlling the entry and exit of substances. They
form tight junctions through ZO-1, claudin, and occludin. The monolayer acts as
the outer blood barrier between the choroidal pore capillaries and the retinal PR
layer (Yang et al., 2021c). The RPE cell junctions and polarity are vital to
maintaining the blood-retinal barrier homeostasis, as the integrity is compromised
when cell polarity and cell junctions are disrupted. The unique apical and basal
structures of the RPE cells affect the phagocytic activity and material exchange
when the stability of the RPE polarity and cell junctions are at risk (Yang et al.,
2021c).

In the adult human eye, RPE cells are highly differentiated and weakly
proliferating, but when damaged upon triggering pathological events, they can
transdifferentiate into macrophage- and fibroblast-like cells (Milyushina et al.,
2011). Typically, the RPE monolayer is closely opposed to the photoreceptors,
playing a significant role in the maintenance of these retinal cells (Tamiya et al.,
2010). The photoreceptor outer segments face the RPE's apical membrane,
where long apical microvilli surround the long-sensitive POSs, enabling a
complex and synergic structure interaction. The RPE is separated from the
endothelium of the choriocapillaris by a complex pentalaminar tissue of 2-4 um
Bruch's membrane (BrM) (Figure 1-6). BrM oversees removing metabolic waste
from the outer retina, which is faced by the basolateral membrane of the RPE
(Strauss, 2005, Lynn et al., 2017).
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Figure 1-6. RPE metabolism and interactions with photoreceptors.
Metabolism in the RPE, showing its interactions with PRs and the localisation of
BrM and choriocapillaris. Nutrients are transported from the blood to the PRs. All-
trans-retinal is reisomerised into 11-cis-retinal. Adapted from (Caceres and
Rodriguez-Boulan, 2020). Copyright © 2019 by Elsevier Ltd. All rights reserved.

Essentially, the RPE is responsible for transporting nutrients, ions, water,
and metabolic end products from the subretinal space to the choroidal blood
(Sharma et al., 2021). Similarly, nutrients such as glucose, retinol, and fatty acids
are taken from the blood and delivered to the photoreceptors (Strauss, 2005).
When PRs absorb photons as part of the retinal visual cycle, they cannot
reisomerise all-trans-retinal back into 11-cis-retinal (Figure 1-6). Therefore, the
retinal is transported to the RPE to be reisomerised and transported back to PRs
to maintain their excitability and stabilise ion composition in the subretinal space
(Strauss, 2005).

Furthermore, the RPE cells recycle essential substances such as retinal
and photoreceptor outer disks to maintain visual cells (Strauss, 2005).
Phagocytosis, a vital function of the RPE, allows engulfing and elimination of
exfoliated POSs. It is divided into three stages: binding, endocytosis, and

elimination. After binding to the shed POSs of the visual cell, the inner microvilli
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cell membranes of the RPE cells are endocytosed into the cell and then carried
by the cytoskeleton and extracellular vehicles (EVs) to the lysosomes for
degradation (Yang et al., 2021c). Additionally, the RPE secretes a variety of
growth, differentiation, and immunosuppressive factors to maintain the structural

integrity of photoreceptors and choriocapillaris endothelium (Strauss, 2005).

Other functions include removing the excessive accumulation of free
radicals from the photo-oxidative retinal environment and absorbing stray light
through pigment granules (Lynn et al., 2017, Yang et al., 2021c) (Figure 1-6).
Failure of these functions might result in retinal degeneration, loss of visual
function, and blindness. RPE's functional impairment can lead to retinopathy,
including Age-related Macular Degeneration (AMD), retinitis pigmentosa (RP),
and Stargardt disease (STGD1) as the most prevalent retinal diseases (Lynn et
al., 2017).

1.2 The hallmarks of cancer and oncogenesis

Cancer is a disease characterised by dynamic alterations in the genome.
Mutations in oncogenes with a dominant gain of function and tumour suppressor
genes with recessive loss of function determine the origin of the malignancies
(Hanahan and Weinberg, 2000). Human cancers are developed due to a
multistep process where cells acquire functional capabilities that initiate tumour
pathogenesis (Hanahan, 2022). Tumours are more than insular masses of
proliferating cells. They are complex tissues comprising multiple distinct cells

contributing to different interactions (Hanahan and Weinberg, 2011).

Research over the last decades has revealed common patterns at a
molecular, biochemical and cellular level that are shared by most -if not all- types
of human cancer. Tumourigenesis in humans starts with genetic alterations that
lead to the progressive transformation of normal cells into malignant ones with
deregulated molecular machinery. Regulation of cell processes such as
proliferation, differentiation, and death is compromised in a malignant
environment. Cancer cells exhibit multiple defects in cell proliferation and
homeostasis regulatory circuits. To this end, there are ten basic biological

alterations in cell physiology plus four proposed hallmarks and enabling
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characteristics that enable malignant growth (Hanahan and Weinberg, 2000,
Hanahan and Weinberg, 2011, Hanahan, 2022):

1)

2)

Sustaining proliferative signalling: The cornerstone of traits of cancer
cells is the capability to support chronic proliferation. Normal cells ensure
homeostasis of cell number and maintenance of tissue architecture and
function by having strict control of the production and release of growth-
promoting signals of entry and progression of the cell cycle. However,
cancer cells deregulate these signals, typically expressed by growth
factors that bind cell-surface receptors, which usually contain intracellular
tyrosine kinase domains. These signals also influence other cell
properties, such as cell survival and energy metabolism. Neoplastic cells
can develop the capability of proliferative signalling in different ways:
producing growth factor ligands themselves or sending signals to
stimulate normal cells within the supporting tumour-associated stroma,
supplying the cancer cells with diverse growth factors. Additionally,
components of the signalling pathways operating downstream of the
receptors may contribute to growth factor independence. Somatic
mutations in certain tumours can activate additional downstream
pathways. Disruptions to negative-feedback mechanisms that attenuate
various types of signalling can enhance proliferative signalling. These
disruptions may contribute to developing adaptative resistance toward

drugs targeting mitotic signalling.

Evading growth suppressors: Neoplastic cells also circumvent robust
programmes that negatively regulate cell proliferation, many of them
depending on tumour suppressor genes. Some of these tumour
suppressors act by limiting cell growth and proliferation. Examples include
TP53 and retinoblastoma proteins, which operate as central control nodes
of key complementary cellular regulatory circuits that dictate the decision
of either proliferate or activate senescence and apoptotic programmes.
Retinoblastoma protein (pRB) transduces inhibitory growth signals that
originate outside the cell, while TP53 receives inputs from stress and

abnormality sensors within intracellular operating systems. If alarm
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3)

signals indicate irreparable damage, TP53 can trigger apoptosis. Cell-to-
cell contact allows inhibition of further cell proliferation to ensure normal
tissue homeostasis, which can be evaded by cancer cells during
tumourigenesis. One mechanism to achieve this inhibition is the loss of
the product of the NF2 gene, which is a tumour suppressor that generates
contact inhibition. A second mechanism involves LKB1 epithelial polarity
protein, which keeps the epithelial integrity and the normal tissue
structure. LKB1, as a tumour suppressor, overrules the mitogenic effects
of Myc oncogene, but when lost, the epithelial integrity is compromised,
and epithelial cells become susceptible to Myc-induced transformation
(Partanen et al., 2009, Hezel and Bardeesy, 2008, Shaw, 2009).
Alternatively, cancer cells can evade the antiproliferative effects of TGF-3
and redirect away its signalling to activate the epithelial-to-mesenchymal
transition, conferring high-grade malignancy to neoplastic cells (Ikushima
and Miyazono, 2010, Bierie and Moses, 2006).

Enabling replicative immortality: Cancer cells need unlimited replicative
potential to generate tumours. Normal cells can replicate only a limited
number of successive growth-and-division cycles. The two main
limitations to proliferation are senescence, which is an irreversible
entrance into a viable but nonproliferative state, and crisis, which involves
cell death. Some cells can circumvent these events and emerge from a
population in crisis and manifest unlimited replicative potential, which has
been termed in cell culture as immortalisation. Evidence suggests that
telomeres protecting the ends of chromosomes are involved in the
unlimited proliferative potential (Blasco, 2005, Shay and Wright, 2000).
Telomeres are multiple tandem hexanucleotide repeats that protect the
ends of chromosomal DNA from end-to-end fusions and are progressively
shortened in nonimmortalised cells in culture. In fact, the length of the
telomeric DNA determines the number of successive cell generations
before telomeres are eroded and trigger the entrance into crisis. Human
cancer cells and most immortalised cells express telomerase, a

specialised DNA polymerase that adds telomere repeats segments to the
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ends of telomeric DNA. Progressive telomere erosion is countered by the
extension of telomeric DNA, which is correlated with the resistance to the
induction of both proliferative barriers, senescence and crisis/apoptosis.
These two barriers to proliferation have been thought to be crucial
anticancer defences as they impede the outgrowth of neoplastic cells.
Immortalised and tumour cells have achieved the ability to upregulate the
expression of telomerase or alternative recombination-based telomere

maintenance mechanism to avoid triggering senescence or apoptosis.

Tumour-promoting inflammation: Inflammatory conditions are
enhanced in tumours by cells from the innate and adaptative arms of the
immune system (Dvorak, 1986). Studies have shown that every
neoplastic lesion contains immune cells at a different range of densities
that paradoxically enhance tumourigenesis and progression instead of
exhibiting antitumoural conditions. Hence, immune cells show tumour-
promoting effects by supplying bioactive molecules to the tumour
microenvironment that include: growth factors sustaining proliferative
signalling, survival factors limiting cell death, proangiogenic factors,
extracellular matrix-modifying enzymes that facilitate angiogenesis,
invasion and metastasis, and inductive signals that activate endothelial-to-
mesenchymal transition (DeNardo et al., 2010, Grivennikov et al., 2010,
Qian and Pollard, 2010, Karnoub and Weinberg, 2007). Also, pro-
inflammatory cells can release mutagenic reactive oxygen species for
cancer cells, accelerating their evolution toward a higher malignancy state
(Grivennikov et al., 2010).

Activating invasion and metastasis: Carcinomas emerging from
epithelial tissues progressed to higher pathological grades of malignancy,
showing local invasion and distant metastasis. Cancel cells associated
with these features show alterations in shape and attachment to other
cells and the extracellular matrix (ECM). The most characterised alteration
is the loss of E-cadherin, a critical molecule for cell-to-cell adhesion that

maintains the cells' quiescence. Upregulation of E-cadherin expression is
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an antagonist of invasion and metastasis, while downregulation
potentiates these phenotypes (Berx and van Roy, 2009, Cavallaro and
Christofori, 2004). Genes expressing other cell-to-cell and cell-to-ECM
adhesion molecules, especially those favouring cytostasis, have been
reported to be altered during tumourigenesis. Interestingly, adhesion
molecules associated with cell migrations (for example, N-cadherin),
occurring during embryogenesis and inflammation, are upregulated
(Cavallaro and Christofori, 2004). The term invasion-metastasis cascade
is a multistep succession of cell-biologic changes (Talmadge and Fidler,
2010, Fidler, 2003): 1) local invasion; 2) intravasation of cancer cells into
nearby blood and lymphatic vessels; 3) transit of cancer cells through the
lymphatic and haematogenous systems; 4) escape of cancer cells of the
lumina of such vessels into the parenchyma of distant tissues; 5)
formation of small nodules of cancer cells; and 6) the growth of
micrometastatic lesions into macroscopic tumours. The epithelial-to-
mesenchymal transition programme has been involved as transformed
epithelial cells acquire the ability to invade, resist apoptosis, and
proliferate (Klymkowsky and Savagner, 2009, Polyak and Weinberg,
2009, Thiery et al., 2009, Yilmaz and Christofori, 2009, Barrallo-Gimeno
and Nieto, 2005). Transcriptional factors such as Slug, Snail, Twist, and
Zeb1/2 influence the epithelial-to-mesenchymal transition during
embryogenesis. During tumourigenesis, these transcriptional regulators
are expressed in different combinations as part of invasion and
metastasis (Micalizzi et al., 2010, Taube et al., 2010, Schmalhofer et al.,
2009, Yang and Weinberg, 2008). Several cell-biologic traits involved in
invasion and metastasis include the loss of adherens junctions and
associated conversion from a polygonal/epithelial to a spindly/fibroblastic
morphology, expression of matrix-degrading enzymes, increased motility,
and heightened resistance to apoptosis. Some of these transcription
factors can repress E-cadherin gene expression in neoplastic epithelial
cells (Peinado et al.,, 2004). Transcription factors inducing epithelial-to-
mesenchymal transition are involved in most of the steps of the invasion-

metastasis cascade as they programme malignant traits in tumours.
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There are two principal phases in metastasis: 1) the physical
dissemination of neoplastic cells from the primary tumour to distant
tissues; and 2) the adaptation of these cells to foreign tissue
microenvironments, resulting in successful colonisation. Different types of
cancer cells must develop their specific adaptation as part of the
colonisation programme in the microenvironment of the foreign tissue
(GUPTA et al., 2005).

Inducing or accessing vasculature: Both normal and cancer cells
require nutrients and oxygen and the ability to export metabolic end
products and carbon dioxide. Angiogenesis fulfils these requirements by
inducing neovasculature in tumours. During embryonic development, new
endothelial cells assemble into tubes (vasculogenesis), followed by the
sprouting of new vessels from existing ones, known as angiogenesis.
After this process, the normal vasculature becomes largely quiescent. In
adults, angiogenesis is transiently turned on for physiologic processes
such as wound healing and female reproductive cycling. Nonetheless,
angiogenesis is switched on during tumourigenesis, forcing normally
quiescent vasculature to sprout new vessels that help sustain tumour
development and neoplastic outgrowth (Hanahan and Folkman, 1996).
Some factors either induce or oppose angiogenesis, such as signalling
proteins that bind to stimulatory or inhibitory cell-surface receptors
expressed by vascular endothelial cells. Examples of these angiogenesis
factors include vascular endothelial growth factor-A (VEGF-A) inducer and
thrombospondin-1 (TSP-1) inhibitor. VEGF-A induces the generation of
new blood vessel growth during embryonic and postnatal development, as
well as for endothelial homeostatic survival and physiological and
pathological situations in adults. Additionally, Fibroblast Growth Factor
(FGF) family members act as proangiogenic signals when chronically
upregulated by supporting tumour angiogenesis (Baeriswyl and
Christofori, 2009). When angiogenesis is chronically activated within
tumours, the new blood vessels are aberrant and characterised by

capillary sprouting, complex and exacerbated vessel branching, distorted
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and enlarged vessels, erratic blood flow, leakness and abnormal levels of
endothelial cell proliferation and apoptosis (Nagy et al., 2010, Baluk et al.,
2005). Angiogenesis is induced early during the multistage development
of invasive cancer, contributing to the microenvironment and premalignant
phase of neoplastic progression. Some studies have shown that innate
immune system cells such as macrophages, neutrophils, mast cells, and
myeloid progenitors infitrate premalignant lesions and tumours and
assemble at the margin of the lesions (Qian and Pollard, 2010, Zumsteg
and Christofori, 2009, Murdoch et al., 2008, De Palma et al., 2007). As a
result, the angiogenic switch is activated from a quiescent state to
ongoing angiogenesis associated with tumour growth and facilitating local

invasion.

Genome instability and mutation: Certain genotype mutations confer
the advantage of subclones of cells that allow their outgrowth and
dominance in a specific tissue environment. Tumour progression is a
multistep process of clonal expansions that can be triggered by the
acquisition of a mutant genotype. Epigenetic changes can also acquire
manifestation of a cancer phenotype. Cancer cells often increase the
rates of mutations kept very low in normal cells for genome maintenance.
One strategy to achieve a higher mutability rate is to increase sensitivity
to mutagenic agents by breaking down one or several components of the
genomic maintenance machinery. Additionally, compromising the
surveillance systems that typically monitor genomic integrity and repair is
another strategy to prevent genetically damaged cells from senescence or
apoptosis (Jackson and Bartek, 2009, Kastan, 2008, Sigal and Rotter,
2000). Also, the loss of telomeric DNA is another causative factor of
karyotypic and genomic instability, as some chromosomal fragments are
amplified and deleted (Artandi and DePinho, 2010). Amplifications and
deletions of particular sites of the genome likely harbour genes that favour
tumourigenesis when altered (Korkola and Gray, 2010). Additional
telomere-independent functions have been attributed to telomerase,

including enhancement of cell proliferation and/or resistance to apoptosis

21



8)

9)

(Kang et al., 2004), involvement in DNA-damage repair (Masutomi et al.,
2005), and RNA-dependent RNA polymerase function (Maida et al.,
2009).

Resisting cell death: Programmed cell death by apoptosis has been the
natural barrier to cancer development. Apoptosis is a complex multistep
process integrating upstream regulators and downstream effector
components (Adams and Cory, 2007). Regulators, on one side, receive
and process extracellular death-inducing signals, and on the other, a
variety of intracellular signals. Each terminates in activating a latent
protease (caspases 8 and 9, respectively), initiating a cascade of
proteolysis where cells are disassembled and ultimately consumed by
phagocytic cells. The trigger for apoptosis that transmits the signal
between regulators and effectors is controlled by pro- and anti-apoptotic
members of the Bcl-2 family of regulatory proteins, broadly described in
subsection 1.6.4 TW-37. When notable DNA damage is detected, TP53
triggers apoptosis by upregulating the expression of the Noxa and Puma
BH3-only proteins, which stimulates the pro-apoptotic members of the
Bcl-2 family. Tumours develop multiple strategies to limit apoptosis, the
most common being the loss of the TP53 tumour suppressor. Another
alternative for tumours is increasing the expression of anti-apoptotic
regulators (Bcl-2, Bcl-xL) or survival signals (Igf1/2), downregulating pro-
apoptotic factors (Bax, Bim, Puma), or short-circuiting the extrinsic ligand-
induced death pathway.

TW-37

Deregulating cellular metabolism: Normal cells process glucose to
pyruvate via glycolysis in the cytosol and then to carbon dioxide in the
mitochondria under aerobic conditions. On the other hand, glycolysis is
favoured under anaerobic conditions as little pyruvate is dispatched to the
oxygen-consuming mitochondria. Nonetheless, neoplastic cells can
reprogram their glucose metabolism and energy production by limiting
their energy metabolism primarily to glycolysis. These cells upregulate

GLUTA1, a glucose transporter that allows glucose import into the cytosol
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(Jones and Thompson, 2009, DeBerardinis et al., 2008, Hsu and Sabatini,
2008). Cancer cells must compensate for the 18-fold lower efficiency of
adenosine triphosphate (ATP) production afforded by glycolysis relative to
mitochondrial oxidative phosphorylation. Activation of oncogenes like RAS
and MYC and mutant tumour suppressor such as TP53 has been
associated with glycolytic fueling (Jones and Thompson, 2009,
DeBerardinis et al., 2008) in tumour cells, where cell proliferation,
cytostatic control avoidance, and apoptosis attenuation capabilities are
acquired. These conditions can be exacerbated in a specific hypoxic
tumour microenvironment, where glucose transporters and enzymes of
the glycolytic pathway are upregulated (Semenza, 2010, DeBerardinis et
al., 2008) (Jones and Thompson, 2009). When glycolysis is increased,
and glycolytic intermediates are diverted into various biosynthetic
pathways, nucleosides and amino acids are generated, facilitating the
biosynthesis of macromolecules and organelles for assembling new cells
(Potter, 1958, Vander Heiden et al.,, 2009). Two subpopulations of
neoplastic cells differing in their energy-generating pathways have been
found in some tumours. One subpopulation is glucose-dependent cells
that secrete lactate, while the cells from the other subpopulation import
and utilize lactate produced by neighbours as the primary source of
energy (Kennedy and Dewhirst, 2009, Feron, 2009, Semenza, 2010)
(Kennedy and Dewhirst, 2009, Feron, 2009, Semenza, 2008). Alterations
to the energy metabolism are a core characteristic of cancer cells

alongside other well-established core hallmarks.

10) Avoiding immune destruction: Normally, cells and tissues are
constantly under immune surveillance to detect and eliminate most
developing cancer cells. Therefore the immune system acts as a barrier to
tumour formation and progression. However, solid tumours have avoided
recognising the immune system or limited the extent of the immunological
killing. Highly immunogenic cancer cells evade immune destruction by

disabling immune system components designed to eradicate them.
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New hallmarks and enabling characteristics (Hanahan, 2022):

1)

2)

Unlocking phenotypic plasticity: Cellular differentiation is terminated
when cells assume their homeostatic functions in tissues after their
development, determination and organisation. As this result is, in most
cases, antiproliferative, it constitutes a barrier for the necessary
proliferation in neoplasia. Unlocking the phenotypic plasticity of cells is a
crucial component of cancer pathogenesis. Plasticity can be achieved in
several manifestations:

a. Dedifferentiation: Normal cells that follow their differentiation
pathway reverse their course back to a progenitor-like state.

b. Blocked differentiation: Cancer cells arising from a progenitor cell,
whose fate leads to end-stage differentiation, short-circuit the
process, maintaining the neoplastic cells in a partially differentiated
progenitor-like state.

c. Transdifferentiation: Committed «cells to a determined
differentiation pathway switch to a different developmental
programme, acquiring specific traits not predetermined by their

normal cells-of-origin.

Non-mutational epigenetic reprogramming: Instrumental gene-
regulatory circuits and networks in tumours can be controlled by corrupted
and co-opted mechanisms independent of genome instability and gene
mutations. Aberrant physical properties of the tumour microenvironment
may cause broad changes in the epigenome, which is beneficial to some
hallmark capabilities resulting in the outgrowth of cancer cells with
proliferative expansion potential. Because of insufficient vascularisation,
hypoxia in tumours is a common feature that enables changes in the
methylome, particularly hypermethylation. As the bioavailability of critical
blood-borne nutrients is limited in a hypoxic environment, nutrient
deprivation can enhance the malignant phenotype in some cancer cells.
The invasive growth capability of cancer cells is another characteristic of
the epigenetically regulated microenvironment. For example, the reversible

induction of invasiveness in neoplastic cells at the margins of solid
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tumours, where a developmental regulatory programme of epithelial-to-
mesenchymal transition occurs (Bakir et al., 2020, Gupta et al., 2019,
Lambert and Weinberg, 2021). Also, intratumoural heterogeneity is critical
in generating the fittest cells for proliferation and invasion, which can be
epigenetically regulated. One example is the repression of the linker
histone H1.0 in cancer cells, allowing them to exhibit stem cell-like
features and enhancing a tumour-initiating capability. Lastly, it is
hypothesised that accessory (stromal) cells in solid tumours do not suffer
genetic instability but are epigenetically reprogrammed to support tumour

development functionally.

Polymorphic microbiomes: The microbiota is the collection of
microorganisms that symbiotically associate with the barrier tissues of the
body exposed to the external environment. Some of these tissues include
the epidermis, the internal mucosa, the lung, the breast, and the urogenital
system. This symbiotic association has an impact on health and disease.
For example, there is evidence that polymorphic variability in the
microbiomes between individuals within a population can impact cancer
phenotypes (Dzutsev et al., 2017, Helmink et al., 2019). The gut
microbiome and its importance for the function of the colon are currently of
research interest. The role of the gut microbiome in degrading and
importing nutrients into the body is critical in maintaining metabolic
homeostasis, as distortions to microbiome populations can lead to
physiologic diseases. The susceptibility, development and pathogenesis of
colon cancer are highly influenced by the gut microbiome, as there are
cancer-protective and tumour-promoting microbiomes that can modulate

the incidence and development of the tumours (Sears and Garrett, 2014).

Senescent cells: Cellular senescence is an irreversible form of
proliferative arrest. It is likely an evolutionary trait for maintaining tissue
homeostasis and a complimentary mechanism to apoptosis. The
senescence programme allows inactivation and removes diseased,

dysfunctional or unnecessary cells. It changes the cell morphology and
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metabolism and activates a senescence-associated secretory phenotype
that releases bioactive proteins, including chemokines, cytokines and
proteases, depending on the tissue origin type. Different conditions can
induce cells into senescence, including microenvironmental stresses such
as nutrient deprivation and DNA damage, organelle damage and cellular
infrastructure, and imbalances in signalling networks (Birch and Gil, 2020,
Gorgoulis et al., 2019). Although senescence protects cells by limiting
malignant progression, evidence suggests it can stimulate tumour
development and malignant progression (Kowald et al., 2020, Wang et al.,
2020). Senescent cancer cells on cancer phenotypes can switch from
reversible and transitory senescent states of a nonproliferative condition to
cell proliferation and the manifestation of oncogenic capabilities,

commonly observed in therapy resistance cases (De Blander et al., 2021).

1.3 Retinoblastoma

1.3.1 Aetiology

Retinoblastoma (Rb) is a retinal malignancy affecting children younger
than five years with a prevalence of around 1:15,000 infants worldwide that can
cause death within 1-2 years if left untreated (Stenfelt et al., 2017, Valverde et al.,
2005, Saengwimol et al., 2018). The retinal tumour is initiated by the biallelic
inactivation of the RB7 tumour suppressor gene, which accounts for up to 98% of
Rb cases (Kaewkhaw and Rojanaporn, 2020). On average, 40% of patients have
bilateral (germline) disease, while the remaining 60% of patients present
unilateral (of which 15% are germline and the rest somatic) disease (Liu et al.,
2019, Collin et al., 2021).

Rosettes are round clusters of cells that are found in tumours and serve as
diagnostic features in pathology. They typically consist of a central cellular lumen
surrounded by a spoked circle of cells resembling gothic cathedrals' rose
casements (Das et al.,, 2014). The identification of rosettes aids in the tumour-
diagnosing process in pathology, as there are clusters of different kinds of
rosettes and different names (Das et al., 2014, Eagle Jr, 2009, Eagle et al.,
1989). Flexner-Wintersteiner rosettes, named after pathologist Simon Flexner

and ophthalmologist Hugo Wintersteiner, are a diagnostic feature of Rb. Similarly,
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Homer Wright rosettes (named after James Homer Wright, the first director of the
Massachusetts General Hospital in Boston) are frequently observed in Rb,
medulloblastoma, neuroblastoma, and primitive neuroectodermal tumours
(Anthony, 1990, Eagle Jr, 2009). The difference between Flexner-Wintersteiner
and Homer Wright rosettes is that the latter lacks a central lumen, and their
constituent cells surround a central tangle of neural filaments (Figure 1-7) (Das
et al., 2014, Anthony, 1990, Nork et al., 1995).

Figure 1-7. Schematic showing an affected human eye with Rb.

(A) A retinoblastoma-affected human eye with an Rb tumour and seeding. (B)
Ocular fundoscopy image of Rb; adapted from (Aerts et al., 2006) CC BY-NC. (C)
Haematoxylin and eosin (H&E)-stained section of a retinal tumour showing a
Flexner-Wintersteiner rosette (marked with a dashed ellipse) with a clear lumen at
the centre. (D) H&E-stained section of a retinal tumour showing a Homer Wright
rosette (marked with a dashed ellipse) with no clear lumen at the centre.
Reproduced from (Das et al., 2014) CC BY-NC. Scale bars; 50 um.

Near-complete cure rates of Rb are possible, with patients retaining
normal vision in at least one eye when the condition is diagnosed early and
treated with standard protocols of systemic chemotherapy and focal consolidative

therapy (Sachdeva and O’Brien, 2012). Confinement of the malignant mass to
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the eye in the early stages and correct diagnosis in developed countries result in
high cure rates of up to 95% (Parulekar, 2010). However, in developing countries,
spread beyond the eye is associated with poor prognosis, lowering the cure rates
below 5-10% (Parulekar, 2010). Tumour dissemination might be throughout the
retina, optic nerve, brain parenchyma, and systemically (Sachdeva and O’Brien,
2012). Despite the progress in treatments, Rb survivors are left with impaired
vision having an adverse effect on correct motion processing, depth perception,
and judging distances. Enucleation is an important treatment to reduce mortality
in patients with advanced Rb; it leads to total loss of vision and severe
impairment of the quality of life (Wong et al., 2022). Patients under Rb treatment
can suffer hearing loss, cataracts, cosmetic deformities, and impaired

neurocognitive development (Belson et al., 2019, Ing et al., 2012).

Currently, the strategies for Rb treatment aim to salvage not only the
patient's life but also the ocular globe and the visual function (Saengwimol et al.,
2018). Advanced Rb includes associated vitreous and subretinal tumours (known
as "vitreous" and "subretinal seeds") in addition to the individual retinal tumour
(Saengwimol et al.,, 2018). The standard Rb chemotherapeutic treatment
protocols include two or three-drug treatments with alkylating, DNA-damaging
agents and/or cytoskeletal inhibitors, which have been associated with significant
toxicity (Sachdeva and O’Brien, 2012).

1.3.2 Retinoblastoma protein

Rb is initiated in response to biallelic RB1 inactivation and the loss of the
retinoblastoma protein (pRB), which is a 928 amino acid protein and functional
tumour suppressor (Xu et al., 2014, Dimaras et al., 2015). pRB plays a significant
role in regulating cell proliferation, differentiation, senescence, apoptosis, and
genome maintenance by direct and indirect gene suppression and protein
expression (Sachdeva and O’Brien, 2012). RB1 gene is located on chromosome
13q14.2; it has 27 exons and spans 180 kb (Stenfelt et al., 2017). The most
recurrent causes of RB7 inactivation are deletions and nonsense mutations,
accounting for approximately 40% of RB71 gene mutations in sixteen hot points
(Valverde et al., 2005). Nonetheless, in a research study (Tomar et al., 2017), 61
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point mutations were identified among the Rb patients. The different mutation
types included: nonsense (55.7% of all cases), frameshift (24.6%), splicing

(9.8%), missense (8.2%), and promoter alterations (1.64%) (Figure 1-8).
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Figure 1-8. Sequence mutation hotspots across RB1 gene.

Schematic representation of identified mutations spanning the entire RB7 gene.
The pocket domains are highlighted in orange (Pocket A) and purple (Pocket B),
while exons are numbered sequentially. Exons known to be mutational hotspots
are highlighted with yellow boxes. The spectrum of different mutation types
among point mutations includes nonsense (red circle), missense (yellow circle),
frameshift (green triangle), splicing (blue moon), and promoter alterations (brown
circle). Gross RB1 deletions are shown in blue for paternal and pink for maternal
loss of allele, while grey is unknown inheritance. The respective gross deletion
frequencies are shown in brackets. Reproduced from (Tomar et al., 2017). CC
BY-NC.

RB1 mutations are transmitted in an autosomal-dominant fashion,
meaning that almost all children with one mutated germline copy of the gene will
develop the disease (Sachdeva and O’Brien, 2012). The first (heterozygous) hit is
a somatic mutation in the RB1 gene, then predisposing for a second hit and to Rb
tumour development with biallelic mutations (Knudson, 1971, Draper et al., 1992,
Kamihara et al., 2017). Analysis of sporadic and heritable Rb led to the
development of Knudson's Two-Hit Hypothesis, which states a predisposition in
the RB1 gene to the growth of tumours with biallelic mutations (Mendoza and

Grossniklaus, 2015) (Figure 1-9). As pRB loss initiates cancer in the retina, the
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function of RB1 can be lost with progression in almost all cancer types (Dimaras
et al., 2015). RB1 mutations also increase the risk of second malignancies of the
bladder, lung, bone, soft tissue, skin, and brain throughout life, especially if the

children are treated with radiation (Dimaras et al., 2012).

In heritable Rb, the first hit is in the germ cell and is carried in every cell in
the body, making them susceptible to Rb and other secondary malignancies (Rao
and Honavar, 2017). Usually, the mutation of the second allele occurs within the
developing retina when the initial mutation is present in the family or when it may
have arisen de novo in the parental gametes (Sachdeva and O’Brien, 2012). In
non-heritable Rb, both hits occur in the retinal cell, limiting the mutation to only
one retinal cell (Rao and Honavar, 2017). Non-heritable Rb accounts for 60-70%
of all Rbs, while the rest 30-40%, are heritable. As most Rb cases are non-
heritable, both mutations occur locally within the affected retina, leading to
unilateral Rb. All bilateral cases have been shown to result from heritable
germline mutations (Sachdeva and O’Brien, 2012, Naik et al., 2016, Dimaras and
Corson, 2019), whilst only 10-15% of unilateral Rb patients carry a germline

mutation (Rao and Honavar, 2017).
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Figure 1-9. The inherited and non-heritable forms of Rb.

Mutation of the RB17 gene is transmitted in an autosomal-dominant fashion.
Timing of the first RB71 gene mutation as described by Knudson’s Two-Hit
Hypothesis with a predisposition of a second mutation for the growth of a tumour
with homozygous mutations. A. The first mutation appears in the germ line, while
the second mutation develops after birth. B. The first mutation occurs after
fertilisation, and the second happens after birth. C. Both mutations take place any
time after birth. In all three cases, the child develops Rb. Reproduced from
(Lohmann, 2011). Copyright © 2011 by Springer-Verlag Berlin Heidelberg.
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1.3.3 pRB and other pocket family proteins

pRB plays a vital role in the cell cycle by repressing the E2F1 transcription
factor and SKP2 (S-phase Kinase Associated Protein 2) during the G1/S
transition and binding to chromatin remodelling proteins (Reis et al., 2012,
Mendoza and Grossniklaus, 2015, Kaewkhaw and Rojanaporn, 2020). E2F
transcription factors regulate gene expression through G1- and S-phase, DNA
metabolism, and cell proliferation (Sachdeva and O’Brien, 2012). Phosphorylation
of pRB by proline-directed, serine/threonine cyclin-dependent kinases (Cdks)
inhibits its association with E2F, thus allowing cell cycle progression (Sachdeva
and O’Brien, 2012, Zarkowska et al., 1997) (Figure 1-10). Underphosphorylated
active forms of pRB dominate during G1-phase, while hyperphosphorylated

inactive forms are dominant in G2/M-phases (Buchkovich et al., 1989).
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Figure 1-10. The role of pRB in the cell cycle.

pRB associates with E2F factors and blocks their transactivation domain in GO-
and early G1-phase. Then, in the late G1-phase, phosphorylated pRB releases
E2F, allowing gene expression that encodes vital products for S-phase
progression. Adapted from (Giacinti and Giordano, 2006) using Biorender.
Copyright © 2006 by Nature Publishing Group.
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Hypermethylation of pRB and promoter region can also affect transcription
and continue tumour progression because of epigenetic changes (Dyson, 2016,
Reis et al., 2012). It is interesting to outline that Rb lacks mutations in p53 -a
tumour suppressor protein-, a common feature of tumours (Boije et al., 2016).
When the TP53 tumour suppressor gene is mutated, tumourigenesis is initiated,
and p53 mutant proteins gain additional oncogenic functions (Rivlin et al., 2011).
TP53 is the most commonly mutated gene in human cancer, as it is found in over
half of human cancers (Zhu et al., 2020). Some malignancies initiated after the
p53 mutation include hepatocellular carcinoma, prostate, colorectal, lung,

oesophageal, and bladder cancer (Rivlin et al., 2011, Olivier et al., 2010).

The p107 (also known as RBL1) and p130 (RBL2) proteins are structurally
and functionally similar to pRB, as they have "pocket" domains and binding sites
for interacting proteins (Sachdeva and O’Brien, 2012). These pRB family
members regulate the cell cycle at the G1/S transition by modulation of the E2F
transcription factors (Stengel et al., 2009, Haigis et al., 2006). p107 and p130
phosphorylation by G1 cyclins and Cdks allow E2Fs dissociation. The inhibition of
the cell cycle progression starts when E2F target gene expression is silenced.
p107 and p130 preferentially bind to E2F4 and E2F5 repressors, essential for
regulating different E2F-responsive genes. Conversely, pRB binds to E2F3b
repressor and E2F activators such as E2F1, E2F2, and E2F3a (Cobrinik, 2005)
(Figure 1-11).
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Figure 1-11. Interactions of pocket family proteins and E2F transcription
factors.

pRB preferentially binds to the activator E2Fs: E2F1, E2F2, and E2F3a; and
E2F3b repressor. p107 and p130 favourably bind to the repressor E2Fs: E2F4
and E2F5. E2F6 and E2F7 form transcriptional repressor complexes but do not
bind pocket family proteins. Adapted from (Cobrinik, 2005). Created in Biorender.
Copyright © 2005 by Nature Publishing Group.
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The key portion to the biological effects of the pocket family proteins is a
~45K ‘pocket’ region, which consists of the A and the B boxes. This region is
where most pRB-binding proteins make their primary contact and the main target
of genetic alterations during tumourigenesis (Lee et al., 1998, Hu et al., 1990,
Kaelin et al., 1990). Structurally-wise, the A and the B boxes contain the cyclin
fold, a five-helix structural motif present in cyclins and the basal transcription
factor TFIIB (Lee et al., 1998, Jeffrey et al., 1995). The pocket region contains 10
helices of the two cyclin folds, 8 other helices, a B-hairpin, and an extended tail.
The A-B interface is part of the overall pocket structure with a hydrophobic core
that is continuous with that of the B box. Interactions between the A and the B
boxes are mediated by a compact hydrophobic core of about 20 side chains and
networks of backbone and side-chain hydrogen bonds (Lee et al., 1998). The B
box binds to linear LXCxE sequence motif in viral oncoproteins, such as E7 from

human papillomavirus (HPV), via its cleft (Zhou et al., 2022).

Surface residues of pRB are conserved in the p107 and p130 family
members across species. One of them is the LxCxE binding site on the B box,
which is crucial to the cellular function of pRB. The second residue is the A-B
interface that participates in the binding to E2F and to other proteins that mediate
transcriptional repression by pRB (Figure 1-12). The two end regions of the E2F
peptide make extensive contact with pRB. The targeting of these conserved
interface residues by tumourigenic missense mutations leading to transcriptional
repression (Xiao et al., 2003) takes place in the hydrophobic core (Alanine 562)
and hydrogen-bond networks (Arginine 661 and Serine 567) (Lee et al., 1998).
The C-terminal domain of pRB is crucial for mediating growth arrest and
recruitment of specific cyclin/cdk complexes as it also contains several residues
whose phosphorylation leads to the deactivation of the pRB tumour suppressor
function (Xiao et al., 2003).
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Figure 1-12. Crystal structure of the interaction of pRB pocket domain and
E2F/E7 transcription factors.

Schematic ribbon representation showing two orthogonal views of the
mechanistic interaction between A and B boxes of the pRB pocket domain and
E2F/E7 transcription factors. The helices of the A domain are shown in red
cylinders, while those of the B domain are shown as blue cylinders. The a10 helix
corresponds to the A-B interface. The main-chain trace of (A) E2F 409-426) and (B)
the human papillomavirus (HPV) E721-29) protein are shown as yellow and green
worms, respectively. Certain oncogenic viruses, like HPV, responsible for cervical
cancer, produce specific proteins for pRB phosphorylation. Adapted from (Xiao et
al., 2003). Copyright © 2003 by The National Academy of Sciences.
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In addition to the wide-range effects of E2F-mediated regulation of the cell
cycle transitions, pocket proteins modulate these transitions through E2F-
independent mechanisms. p107 and p130 bind and inhibit cyclin E/cdk2 and
cyclin Alcdk2 kinases, which are crucial for S-phase entry regulation (Cobrinik,
2005).

Phosphorylation of pRB at multiple residue sites induces site-specific and
diverse global conformational changes to modulate pRB functional outputs, which
affects its interaction with E2F LxCxE motif-containing proteins (Zhou et al.,
2022). One of these pRB residue sites is serine 608, an authentic
phosphorylation site by cyclin A/cdk2 and cyclin D1/cdk4 kinases that occurs
prior to entry into the S-phase as part of the cell cycle regulation of the tumour
suppressor (Zarkowska et al., 1997). Consequently, E2F1 binding is inhibited,
dependent on the presence of the pRB N-terminal domain (Rubin et al., 2005,
Knudsen and Wang, 1997).

In the early G1-phase, phosphorylation of the C-terminal domain of pRB
(PRBC) at serine 788/serine 795 by cdk4-CyclinD induces dissociation of
pRBCrss-800, reducing the overall affinity of the C-terminal domain of pRB and the
E2F-DP heterodimer complex (Rubin et al., 2005), and disrupts the interaction of
the pocket domain of pRB and E2F (Zhou et al., 2022). Phosphorylation at serine
608, 788, and 795 residues shows the molecular relevance of these sites in the

overall regulation of the cell cycle and tumour suppressor function of pRB.

Furthermore, p107 and p130 have a role to play in cell differentiation. A
study (Cobrinik et al., 1996) reported that p707 and p730 homozygous mutant
mice had differentiation defects in cartilages and bones and failed to develop
terminally differentiated keratinocytes. These results demonstrate the ability of
p130 and p107 to regulate chondrocyte proliferation during limb development
(Cobrinik et al., 1996).

Although all three proteins negatively control cell cycle progression, only
pRB meets the criteria to be a bona fide tumour suppressor as it is commonly
expressed in both proliferating and nonproliferating cells (Tedesco et al., 2002,
Cobrinik, 2005). Despite being structurally related, these pocket family proteins

are differentially regulated during the cell cycle. p107 is predominantly in
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proliferating cells, while p130 is more commonly expressed in arrested cells
(Cobrinik, 2005). Thus, their biological activity and expression for cell proliferation
and differentiation tasks depend on cell type and development stage (Tedesco et
al., 2002).

Pocket family proteins and their interactions with Rb may have different
mechanisms among mammals. For example, in heterozygous RB71*- mice, a pRB
loss is partially compensated by upregulation of p107 expression, which has not
been observed in humans yet (Sachdeva and O’Brien, 2012, Haigis et al., 2006).
However, heterozygous mice do not develop Rb, whilst homozygous die before
the 16" embryonic day due to an abnormal haematopoietic system, confirming

that pRB is essential for normal development (Lee et al., 1992).

Together these findings indicate different underlying mechanisms in Rb
between humans and mice. The complete pathophysiological role of RB17 still
needs to be elucidated once a reliable human disease model is delineated
(Zheng et al., 2020).

1.3.4 Cell of origin of retinoblastoma

In the murine model, Rb71 knock-out does not lead to tumour formation,
which suggests that p107 or p130 may compensate for the lack of Rb1. As a
result, pRb;p107- or pRb;p130-deficient mice develop tumours in the retina
(MacPherson and Dyer, 2007). However, in humans, pRB deficiency primarily
drives tumourigenesis since no p107 or p130 compensation has been reported,

suggesting differences between human and murine Rb.

Defining the cell type of origin for Rb is relevant to understand tumour
development and designing effective therapeutic treatments. Mouse bulk RNA-
seq studies suggested that mouse Rb tumours (MacPherson and Dyer, 2007)
have features of ACs, HCs (Qi and Cobrinik, 2017), PRs, and RPCs (Zhang et
al., 2004, Donovan et al., 2006). (Singh et al., 2018) reported in their in vitro
study using murine retina cultures that only pRb-depleted immature (Arr3-) cone
precursors entered the cell cycle and failed to progress from the S- to the M-
phase. In contrast, pRB-depleted maturing (ARR3") but not immature (ARRS3")
human cone precursors entered the cell cycle, proliferated and were able to form
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Rb-like lesions, including Flexner-Wintersteiner rosettes. These results pointed to

pRB-depleted maturing ARR3* cone precursors as the cell of origin in human Rb.

The first seminal studies were performed by Cobrinik’s group (Xu et al.,
2009, Xu et al., 2014), who used RNA interference to model pRB depletion by
RB1 knockdown in isolated human foetal retinal populations revealing that cone
precursor populations were remarkably enriched compared to other cell types.
The authors also reported that two events collaborated for pRB loss: 1) high
expression of MYCN and MDM2 oncoproteins; 2) cone lineage factors (thyroid
hormone receptor TRB2 and RXRy), and SKP2-mediated p27 downregulation
(Xu et al., 2014). SKP2 plays a significant role in binding the pRB pathway with
cone-specific signal circuitry as it is a crucial survival signal in pRB-deficient
tumours (Kaewkhaw and Rojanaporn, 2020). These cone precursors are induced
to form differentiated Rb tumours and probably obtain non-cone features. This
suggests the human cone precursor population might be the cell type of origin
since its circuitry is primarily needed for Rb proliferation, where tumour cells take

advantage of the cancer-predisposing cone circuitry (Xu et al., 2014).

Tumours originating from pRB-depleted cone precursors exhibited
differentiated histology but lacked gross DNA aberrations (Xu et al., 2014),
resembling early Rb elements (Dimaras et al., 2008). These results suggest a
model where pRB-deficient cone precursors form differentiated Rbs, followed by
dedifferentiation and possible acquisition of non-cone features (Xu et al., 2014).
In our recent work (Rozanska et al., 2022), scRNA-seq analyses reported starting
cone precursors acquiring HC markers upon entry into the cell cycle, as we
observed an increase of proliferating HCs (PROX1*Ki677) in two different pRB-
depleted retinal organoid models. Our scRNA-seq data supports the idea of cone
precursors acquiring non-cone features. These findings for cone precursors in Rb
development have been corroborated by recent scRNA-seq studies (Liu et al.,
2020, Kanber et al., 2022, Li et al., 2022, Yang et al., 2021b, Wu et al., 2022).

Neoplastic cells, possibly originating from pRB-depleted cone precursors,
orchestrate tumourigenesis by exploiting the cone precursor circuitry. The human
cone-specific signalling circuitry is cancer-predisposing as it is susceptible to the
oncogenic effects of RB7 mutations (Xu et al., 2009). The cone precursor circuitry
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directs the expression of the oncogene MDM2 in cones and Rb cells.
Bioinformatic analyses of the MDMZ2 P2 promoter matched the RXRy homodimer
binding site, a cone-specific transcription factor (Danko et al., 2007, Xu et al.,
2009). Additionally, ARF-induced apoptosis is impaired because of MDM2
amplification, particularly during cone cell maturation. MDM2 abrogates E2F- and
ARF-mediated responses by inhibiting p53 and is crucial for Rb cell proliferation
and survival. The cone-specific thyroid hormone receptor B2 isoform (TRB2)
alongside RXRy contributes to Rb cell proliferation and survival. N-Myc, a
proliferation-related protein, is also highly expressed in cone precursors during
Rb tumourigenesis. MDM2 and MYCN amplification in cone precursor and Rb
cells suggests the role of these proteins in tumourigenesis and propagation (Xu
et al., 2009).

A recent study from our group (Collin et al., 2021) performed the first
scRNA-seq and the assay for transposase-accessible chromatin with sequencing
(ATAC-Seq) analyses of primary tumour tissues. This study aimed to profile the
transcriptional and chromatin accessibility heterogeneity of proliferating cone
precursors in human Rbs, revealing the prevalent presence of proliferating cone
precursors at different cell cycle stages in the tumours and identifying the G2/M

cone precursors as the cell of origin for human Rb.

Similarly, a single-cell transcriptome profiling study by (Yang et al., 2021b)
sequenced 14,739 cells from two human Rb samples revealing the heterogeneity
and the fundamental mechanisms of tumour progression. The results showed two
major cell types with different transcriptomic profiles in Rb: cone precursors and
Rb cells. However, in opposition to results from scRNA-seq studies in the murine
model, the cell trajectory analysis identified cone precursors as the cell of origin
required for the differentiation and malignancy of human Rb. Moreover, in this
publication (Yang et al., 2021b), the group described the predominant expression
of the UBE2C gene in differentiated tumour cells, which is reported as a potential
novel ‘switch gene’ marker during the early critical stages of human Rb
development. Additionally, the authors suggested that retinoma-like cells could

be an intermediate cell stage between cone precursors and tumour cells.
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Lastly, a recent single-cell transcriptomic and whole-exome sequencing
study by (Wu et al., 2022) used Rb samples from seven patients to profile more
than 70,000 cells. The results revealed two major cell types: cone precursor-like
and proliferating cone precursor cells. They also identified the large clonal
heterogeneity of the Rb samples, where proliferating cone precursor cells
displayed larger copy number changes. The conversion of cone precursor-like
cells to proliferating cone precursor cells resulted in the loss of function in PRs
and increased cell proliferating ability. Together these studies point to

proliferating cone precursors as the cell of origin for human Rb.

The hallmarks of cancer (Hanahan, 2022), described in a previous
subsection of this thesis (1.2 The hallmarks of cancer), are observed in Rb

oncogenesis, including the following:

Evading growth suppressors and resisting cell death: loss of

pRB protein as a tumour suppressor.

e Activating invasion and metastasis and senescent cells:
generation of retinal tumours and recurrent seeds for an active
invasion, while metastasis is triggered if Rb is untreated and cancer
cells disseminate throughout the retina, the optic nerve, and
systemically (Sachdeva and O’Brien, 2012).

e Genome instability and mutation, and non-mutational
epigenetic reprogramming: alterations in the absence of pRB
including upregulation of some oncogenes, RB71 promoter
hypermethylation, chromothripsis, chromosome abnormalities
among others, which are broadly described in subsection 1.3.5
Retinoblastoma in the absence of RB1 gene mutations.

e Sustaining proliferative signalling and enabling replicative
immortality: cell cycle alterations leading to proliferation
deregulation and tumour progression when pRB is lost.

e Deregulating cellular metabolism: amplification of oncogenes like

MYC (Benavente and Dyer, 2015, McEvoy et al., 2011), which has

been associated with glycolytic fuelling (Jones and Thompson,

2009, DeBerardinis et al., 2008).
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¢ Unlocking phenotypic plasticity: cone precursors following a
dedifferentiation fate, potentially acquiring HC markers, and
blocking differentiation of other retinal cells (Rozanska et al., 2022)

are examples of phenotypic plasticity observed in Rb.

1.3.5 Retinoblastoma in the absence of RB1 gene mutations

Additional genetic and epigenetic changes might initiate Rb even when
RB1 is intact. A recent estimation (Benavente and Dyer, 2015) reports that 2.7%
of Rb tumours have no RB7 inactivation but are characterised by MYCN
oncogene amplification. Particularly, 1.5% of Rbs with MYCN amplification
express the wild-type RB71 (McEvoy et al., 2014). MYCN is essential in regulating
cell growth, proliferation, apoptosis, and activation of the E2F1, E2F2, and E2F3
genes as RB1 does (Rushlow et al., 2013, Benavente and Dyer, 2015). These
unilateral RB1** Rbs with MYCN amplification are characterised by distinct
histological features, including only a few genomic copy-number changes and the
very early age of diagnosis (Rushlow et al., 2013). Most importantly, they do not
show genomic aberrations other than MYCN amplification, which indicates that
epigenetics is the driver of tumour progression in Rb and that E2F transcriptional
targets might be the mediators in the process (Benavente and Dyer, 2015). Rb
tumours originating from MYCN amplification (Singh et al., 2022) arise at an
earlier stage than pRB-depleted tumours (median age 4.5 months vs 24 months,

respectively), respond less well to chemotherapy, and are more metastatic.

MYCN Rbs are characterised by pRB phosphorylation and lack Flexner-
Wintersteiner rosettes (Ewens et al., 2017). pRB phosphorylation as an alternate
mechanism of RB17 inactivation is necessary for initiating tumourigenesis in Rb,
especially when driven by MYCN amplification. The alterations in the structure of
pRB by phosphorylation at multiple serine (S) residues, particularly S608/S612,
cause conformational changes that inhibit the association to E2F, allowing cell
cycle progression needed for DNA replication. Additionally, pRB phosphorylation
at S795 inhibits binding to the marked box domain of E2F1. The observation of
pRB phosphorylation at serine 608 (S608) and/or serine 795 (S795) residue
(Ewens et al., 2017) is a specific mechanistic link of MYCN-amplified Rbs in the

41



absence of RB71 mutations. These two residues are key to determining the
interaction with the E2F family of transcription factors (Ewens et al., 2017) crucial
for cell cycle progression. In fact, (Liu et al., 2015) showed that after a pRB loss
in Rbs by RB7 inactivation, there is Myc-dependent E2F3 accumulation and
exacerbated cell proliferation and factors such as MYCN and E2Fs are modified

to support unregulated cell proliferation (Osorio, 2015).

A recent study (Singh et al., 2022) showed that overexpressed N-Myc
protein in explanted cultured retinae induces cell cycle entry in cells expressing
markers of several retinal types. Nonetheless, induced continuous proliferation
and tumourigenesis were uniquely observed in cone precursors. Furthermore, N-
Myc—overexpressing retinal cells were also found to be occasionally co-
expressing the cone precursor marker (RXRy) with the rod-specific (Nrl),
amacrine-specific (AP2a), the progenitor and Muiller cell-specific (SOX9), or the
RGC-specific BRN3 and GAP43 markers. These results indicate that these cone
precursor cells overexpressing N-Myc lose cell lineage constraints and
opportunistically use an undifferentiated retinal or neurogenic progenitor feature

to drive Rb tumourigenesis (Singh et al., 2022).

Moreover, several gene candidates different to RB71 promote tumour
progression defined by minimally overlapping regions of each common gain or
loss. These include MDM4, KIF14, DEK, E2F3, ID4, SOX4, CHD11, and RBL2
(Kaewkhaw and Rojanaporn, 2020). MDM2, or its homolog MDMX, genes are
amplified in about 75% of human Rb, suppressing p53-mediated cell death
(Laurie et al., 2009). MDMX binds to pRB and promotes its degradation, thus
exerting oncogenic activity. Specifically, the MDMX C-terminal ring domain binds
to the pRB C-pocket and enhances MDM2-pRB interaction. In vivo silencing of
MDMX using short hairpin RNA in a study (Zhang et al., 2015) revealed pRB
accumulation induction, cell cycle arrest and senescence-like phenotypes, which
are reverted by simultaneous pRB knockdown. Additionally, MDM4 is responsible
for the inhibition of cell cycle arrest and apoptosis since it binds to and inhibits the
activity of the transcriptional domain of the p53 tumour suppressor protein
(Benavente and Dyer, 2015). It has been shown that the q31-q32 region of
chromosome 1 is a typical region for gains (Benavente and Dyer, 2015).
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pRB has also been implicated in regulating epigenetic processes,
including microRNA (miRNA) regulation, DNA methylation, and histone
modification (Benavente and Dyer, 2015). The loss of pRB causes ATP-
dependent chromatin  reorganisation and remodelling required for
tumourigenesis, where oncogenes switch to active chromatin while usually
transcribed tumour suppressors become repressed. These recent discoveries of
epigenetic changes as a major cancer driver in the absence of other genetic
lesions have led to the identification and design of novel therapeutic targets
against Rb (Benavente and Dyer, 2015). A recent research study of
epigenetically modified hub genes associated with Rb (Karmakar et al., 2022)
identified three genes (E2F3, ESR1 and UNC5D) significantly deregulated by
modified DNA methylation, mMRNA and miRNA expression in Rb tumours. ESR1
codes for oestrogen receptor alpha (ERa), which is a nuclear receptor agonist for
oestrogen hormone involved in breast cancer treatment, was found to be
downregulated. E2F3 encodes the E2F3 transcription factor that drives cell cycle
progression, while UNC5D is a potent tumour suppressor. Both were found to be
upregulated. These three genes have the potential to act as Rb therapeutic

targets and biomarkers.

miRNAs regulate gene expression by transcriptional and
posttranscriptional regulation leading to gene silencing via translational
repression or target degradation (Chen and Rajewsky, 2007). As miRNA
deregulation is associated with Rb, several miRNAs are potential candidates for
oncogenic and tumour suppressor networks, including (Benavente and Dyer,
2015): 1) members of the let-7 family involved in repressing members of the Ras
family, HMGA2 (High Mobility Group AT-Hook 2), and c-Myc oncogenes
(Johnson et al., 2005, Mayr et al., 2007, Sampson et al., 2007); 2) miR-34a
tumour suppressor, which is transcriptionally activated by p53 and of interest for
therapeutic development (Yang et al., 2019); and 3) the overexpressed
oncogenic miR-17~92 cluster (OncomiR-1) in Rb, which promotes proliferation,
inhibits differentiation, increases angiogenesis and sustains cell survival (Dal Bo
et al., 2015). All these miRNAs are potential new therapeutic targets that aim to
decrease the oncogenic activity, increase tumour suppressive functions, and

promote cell differentiation in patients.
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Regarding DNA methylation, hypermethylation of the RB7 promoter was
correlated to decreased gene expression when methylation of a CpG island (CpG
106) overlaps the RB1 promoter and exon 1 (Benavente and Dyer, 2015). Other
nine tumour suppressor genes involved in Rb have been examined for their
promoter methylation status: p716INK4A, MGMT, GSTP1, RASSF1A, APC,
DAPK, RARg, CDH11, and CDH13. For example, MGMT hypermethylation has
been associated with advanced-stage Rb, while functional relationships of some

of these genes remain to be elucidated (Benavente and Dyer, 2015).

On this basis, groups of epigenetic drugs have been approved for cancer
treatment, mainly histone deacetylase (HDAC) inhibitors. For example,
Trichostatin A is an HDAC inhibitor that reduces Rb cell survival by triggering
morphological changes and apoptosis of Rb cells (Karasawa and Okisaka, 2004).
Vorinostat is another drug that regulates c-Myc expression, increases p53
expression and apoptosis, and activates the caspase signalling pathway.
Entinostat increases caspase-3/7 activity, induces G1 arrest and reduces Rb cell
survival (Dalgard et al., 2009, Chai et al., 2022). DNMT inhibitors are another
group of epigenetic drugs that target DNMT enzymes to achieve DNA
hypomethylation as a therapeutic strategy to reactivate aberrantly silenced
tumour suppressor genes (Guzman et al.,, 2020). Decitabine induces a
methylation decrease in the corresponding promoter regions and increases the
expression of tumour suppressor genes [(TP53, HINT2, MGMT and CDKNZ2B
(p15)] (Jones and Baylin, 2002, Daskalakis et al., 2010, Christman, 2002), thus
enhancing the apoptosis of Rb cells (Chai et al., 2022). Potential new therapeutic
targets include the histone methyltransferase inhibitors, GSK126 and SAH-E2H2.
Their mechanism of action is impairing intracellular ATP production in Rb cells in
a dose-dependent manner (Khan et al., 2015). These drugs inhibit E2H2, which
supports cell proliferation and is highly expressed in Rb cells (Chai et al., 2022).

Recently, it has been documented that chromothripsis contributes to RB1
inactivation in humans by shattering a chromosome and its mechanism of
uncoupled DNA replication in micronuclei as part of a random reassembly (Dyer,
2016). These genomic rearrangements might go from tens to hundreds in a
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single event in localised and confined genomic regions in one or more

chromosomes (Benavente and Dyer, 2015).

Recurrent chromosomal abnormalities include the unique isochromosome
6p reported in 45% of Rbs, the gain of regions of chromosome 1q (44%),
monosomy of chromosome 16 (18%), the gain of 1p (13%), and less common
loss of sex chromosome, and alterations in chromosomes 17 and 19 (Benavente
and Dyer, 2015). Mainly, gains of 6p are the most common changes in Rb, with
the band p22 characterised as the minimal region of gains. Gene expression of
this region pointed to DEK and E2F3 as the potential targets of 6p gains in Rb
(Grasemann et al., 2005, Orlic et al., 2006, Benavente and Dyer, 2015). E2F3 is
a transcription factor regulated by pRB and overexpressed in cancer, as
discussed previously in section 1.3.3 pRB and other pocket family proteins.
DEK is involved in chromatin reconstruction and gene transcription, which plays a
significant role in apoptosis and various human malignancies (Benavente and
Dyer, 2015, Hu et al., 2007). The second most common changes in Rb are 1q
gains, where the minimal common region gained spans 1931-q32 with validated
KIF14 and MDM4 genes in this region. KIF14 plays a role in cell division and
intracellular transport, but also it is overexpressed in human Rb (Benavente and
Dyer, 2015, Dimaras et al., 2008, Madhavan et al., 2007). Loss of whole
chromosome 16 or 16q was identified in 32% of Rb cases, where CDH11 was
reported as the candidate tumour suppressor in this region (Corson and Gallie,
2007). CDH11 encodes cadherin-11, an integral membrane protein that mediates
calcium-dependent cell-cell adhesion (Benavente and Dyer, 2015). When CD11
protein is lost in Rb, it may lead to tumour progression and optic nerve invasion
(Laurie et al., 2009).

A research study (van Harn et al.,, 2010) using triple knock-out mouse
embryonic fibroblasts (TKO MEFs) lacking RB1, p107, and p130 tested cell cycle
control by mitogen deprivation and addition. Results showed accumulated DNA
damage, chromatid breaks, chromatid cohesion defects, and aneuploidy. Some
chromosomal aberrations include the gain of chromosome 15 and the partial loss
of chromosome 12. A lack of G1/S-phase control resulted in genomic instability in
the descendent cell populations (van Harn et al., 2010).
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Another example of epigenetic alteration is the deregulation of the spleen
tyrosine kinase (SYK) proto-oncogene after RB1 inactivation, which is expressed
at high levels and prevents apoptosis through MCL1. This could explain the quick
progress of Rb after RB1 inactivation (Dyer, 2016). Targeting SYK by using
small-molecule inhibitors induces Rb tumour cell death in vivo and in vitro by the
degradation of MCL1 (Zhang et al., 2012).

1.3.6 Retinoma

Retinomas are benign retinal tumours that do not proliferate and can
coexist with Rb (Kaewkhaw and Rojanaporn, 2020, Dimaras et al., 2008). They
can be found in 2% of individuals who carry at least one mutation in the RB1
allele. It is hypothesised that retinoma is a precursor of Rb with both mutated
copies of RB1 but lacking other events that could drive progression to Rb as
retinoma cells express senescence proteins, p16'NK4A and p130, incapable of
proliferating, thus blocking malignant transformation. Cone circuitry might be
affected by cumulative genetic and epigenetic changes that lead to premalignant
cells becoming highly proliferative Rb cells (Kaewkhaw and Rojanaporn, 2020,
Dimaras et al., 2008). Clinical evidence shows that diagnosed retinoma has
progressed to Rb as the clonal change includes major alterations in proliferative
markers and increased genomic instability involving tumour suppressor genes

and specific oncogenes (Dimaras et al., 2008).

1.3.7 Disease models of retinoblastoma

1.3.7.1 Animal model

The retina has an uneven density distribution of cones between
mammalian species, particularly in the periphery (Hendrickson, 2005). The main
difference between mammalian retinas is that primates, including humans, have
a fovea where 99% of the cones reside. However, the mouse eye lacks the fovea
and has fewer photoreceptors covering a specific area of the visual scene. These
features make the entire mouse retina like the peripheral retina of primates,
which appropriates its use for low-acuity studies but not high-contrast and high-
acuity studies (Huberman and Niell, 2011). Therefore, these anatomical
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differences in the eye limit a murine retinal model compared to a human retinal

model.

As discussed previously, there are underlying differences in the disease
mechanisms of Rb in mammals, particularly between humans and mice. In
humans, heterozygous RB1 mutations predispose to Rb tumour development
with homozygous mutations (Knudson, 1971). pRb-depleted mouse cone cells do
not develop tumourigenesis, even when MDM2 and MYCN are ectopically
expressed. Thus, different susceptibilities to tumourigenesis exist between
humans and mice. Given this, candidate drugs may show therapeutic effects in
preclinical murine models, which might not be effective in humans as the

epigenetic landscape between human and mouse tumours differs.

The complete pathophysiological role of RB1 still needs to be elucidated
once a reliable human disease model is established (Zheng et al., 2020). To this
end, an RB1 knockdown disease model would help understand the nature of Rb.
Using human foetal retinal cells in vitro, (Xu et al., 2011) showed that when RB1
is knocked down by RNA interference, proliferation (Ki67*) is explicitly induced in
L/M opsin* and Crx* cone precursors. Additionally, apoptosis is induced in Muller
glia and RPCs. Thus, cone precursors proliferate and form tumours that resemble
human Rb at histological, structural, retinal marker and molecular cytogenetic
levels (Xu et al., 2014).

1.3.7.2 Orthotopic Patient-Derived Xenografts

Xenografts are exogenous living cells, tissues or organs from individuals of
species that are transplanted into another species (Cascalho and Platt, 2008).
These can be created through orthotopic or subcutaneous implantations of
patient-derived tumour cells into immunodeficient animals (Kaewkhaw and
Rojanaporn, 2020). Mainly, xenotransplantation refers to the transplantation of
xenografts. Regarding the origin of xenografts, it is a priority to obtain them from
genetically similar species to minimise the immunological barrier and risk of
rejection, thus improving the viability and functionality of the transplantation
(Cascalho and Platt, 2008).

Xenografts from solid tumours can be used to establish new preclinical

models of Rb. Understanding Rb has led to the development of the first
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orthotopic patient-derived xenografts (O-PDXs), which are obtained by collecting
cells after surgery and orthotopically implanting them in immunocompromised
mice by injection into the vitreous of the eye. These xenografted tumours are
then passaged from mouse to mouse as they retain a patient's tumour's
molecular, cellular, and genetic features (Dyer, 2016). These Rb O-PDX tumours
grow as a disorganised mass with intercellular regions of neuronal plexus
reflecting their retinal origins and retaining the genomic features of the patient
tumours (Stewart et al., 2017, Dyer, 2016). Contrary to the established
knowledge in the field, Rb O-PDXs have remarkably stable genomes, as studies

have shown (Dyer, 2016), indicating a lack of genomic abnormalities.

O-PDX models provide translational relevance for new therapies to treat
Rb tumours (Dyer, 2016). A xenograft could deliver genetic material in complex
metabolic pathways to highly express heterologous genes (Cascalho and Platt,
2008). Today, xenografts have been developed as advanced systems that

compete with differentiation into functional tissues and organs of stem cells.

Nonetheless, xenografts are not exempt from biological barriers that
include (Cascalho and Platt, 2008, Stewart et al., 2017): 1) the need for an
invasive patient surgery to obtain a source of tumour cells; 2) the graft injury to
the recipient caused by its immune system; 3) physiological incompatibility
between the recipient and the transplant; 4) the engraftment efficacy of the
tumour; 5) any possibility that the exogenous transplant might transfer an

infectious organism to the recipient (e.g. herpes B and retroviruses).

O-PDXs are usually consistent in genome and karyotype stability. Still, Rb
O-PDXs have been reported to be genomically unstable as they undergo
molecular, cellular, and histological characterisation concurrently with the patient
tumour (Zhang et al., 2012, Stewart et al., 2017). It is important that O-PDXs are
developed in patients with recurrent disease to retain the patient tumour's
molecular and cellular features and the epigenetic landscape of their
developmental origins (Stewart et al., 2017). Nonetheless, this genomic instability
is not a hallmark of Rb, and it is insufficient to thoroughly explain the progression
of tumour growth in Rb (Zhang et al., 2012). Therefore, Rb O-PDXs might not be
suitable for chemotherapeutic drug testing in Rb disease modelling.
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1.4 Stem cells

Stem cells are responsible for building and maintaining the body as they
are the foundation of mammalian life (Clevers, 2019). Depending on their
capacity to differentiate into different tissues, embryonic stem cells are the
prototypical stem cells due to their ability to give rise to progenitors of the three
embryonic germ layers: ectoderm, endoderm and mesoderm (Sylvester and
Longaker, 2004). The primary characteristic that a cell must show to be
considered a "stem cell" is the capacity for symmetrical and asymmetrical cell
division. There are two types of symmetrical division: a proliferation division
resulting in two stem cells and a differentiation division generating two
differentiated cells. Conversely, the asymmetric division produces an exact
multipotent replica cell and an additional progeny cell capable of a more
specialised function (Sylvester and Longaker, 2004, Shahriyari and Komarova,

2013). There are two basic types of stem cells (Clevers, 2019):

I.  Adult stem cells: This group comprises multipotent and unipotent stem
cells that replace the tissue damaged or lost due to wear and tear,
trauma, or disease. As these cells are highly specialised, they can only
produce the tissue in which they reside, accordingly to the idea that every
organ in the body contains its dedicated stem cells (Clevers, 2019).
Therefore, these cells have a 'multipotency’ (multiple cell types) or
‘'unipotency' (only one cell type, their own) feature, depending on their
ability to develop specific tissue. Examples of multipotent stem cells
include bone marrow, haematopoietic, mesenchymal, and neural stem
cells. Unipotent cell examples include muscle stem cells and epithelial
progenitor cells (A and B, 2011).

[I. Pluripotent stem cells: The main characteristic of these cells is
harbouring the potential to build every tissue type in the body that can be
grown in vitro indefinitely. Due to their origin, two kinds of cells are
discerned: embryonic stem cells and induced pluripotent stem cells,

further described in the following section.
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1.4.1 Embryonic Stem Cells

Human embryonic stem cells (hESCs) are pluripotent cells derived from
the inner cell mass of the developing blastocyst (Boyer et al., 2005). They have
the potential to build and develop every tissue in the body and can be grown in
vitro indefinitely in an undifferentiated state (Clevers, 2019). They are briefly
present in the embryo a few days after fertilisation. They can give rise to all of the
fully developed organism's somatic and germ-line cells (Sylvester and Longaker,
2004).

1.4.2 Naive Embryonic Stem Cells

Naive embryonic stem cells allow increased developmental potential as
they can robustly differentiate all three germ lineages (Ware et al., 2014) and give
rise to the trophectoderm lineage (Cinkornpumin et al., 2020). The naive stem
cells represent the early stage of the preimplantation inner cell mass, which
specifies both the hypoblast and the pluripotent epiblast that gives rise to all
embryonic tissues (ectoderm, mesoderm, and endoderm) of the organism
(Cinkornpumin et al., 2020). On the contrary, the mouse epiblast stem cells and
hESCs represent the "primed" state of embryonic stem cells (Ware et al., 2014).
Changes in the epiblast, including epithelialisation, increased DNA methylation,
and expression of new genes and cell surface receptors, prime the epiblast to
differentiate rapidly. Thus, the epiblast is transitioning from the naive pluripotent
state to the primed pluripotent state (Cinkornpumin et al., 2020). Maintenance of
naive cells is particularly challenging due to their nature of getting differentiation
stimuli. However, their culture is possible if they are maintained in medium with
leukaemia inhibitory factor (LIF), extracellular signal-regulated kinase (MEK) and
glycogen synthase kinase 3 (GSK3) inhibitors (2i) (Sim et al., 2017). Also,
hypomethylation is an epigenetic hallmark of a naive state that is valuable for an
epigenetic reprogramming model (von Meyenn et al., 2016). Moreover, in vitro
studies have reported different approaches for maintaining the naive ground state
of T cells by overexpression of let-7 miRNAs (Pobezinskaya et al., 2019) or by
inhibiting T cell receptor (TCR) signalling by adenosine through adenosine Aza
receptor (Cekic et al., 2013).
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Mouse embryonic stem cells (MESCs) can also be maintained in culture
using MEK/GSKS inhibitors and LIF in the medium (Ware et al., 2014). mESCs
can be isolated from the blastocyst inner cell mass and be differentiated into all
embryonic lineages due to their exhibited pluripotency (Nichols and Smith, 2009).
Murine trophoblast stem cells (mTSCs) can be obtained from blastocysts or early
post-implantation embryos to form all placental lineages (Tanaka et al., 1998).
The human counterparts of these stem cells have been challenging to achieve as
their behaviour does not always match that of the murine part. Although hESCs
can be obtained from pre-implantation blastocysts, they still have an epithelial
morphology and a transcriptome typical of primed post-implantation epiblasts
(Cinkornpumin et al., 2020).

It has been challenging to capture the in vitro naive stage in human cells.
Induced pluripotent stem cells (iPSCs) can be maintained in the naive state if the
pluripotency-inducing transgenes are not silenced, as has been reported (Ware
et al.,, 2014). Furthermore, hESC lines in the later primed state can be
conditioned to the naive stage by exposure to histone deacetylase inhibitors
before naive culture (Ware et al., 2014). A study by (Cinkornpumin et al., 2020)
has reported that naive hESCs can differentiate into the trophoblast lineage and
form human trophoblast stem cells (hnTSCs). The results show that naive hESCs
can be transdifferentiated to an extraembryonic lineage to model human
trophoblast specification and placental methylome establishment (Cinkornpumin
et al., 2020).
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1.4.3 Induced Pluripotent Stem Cells

Induced pluripotent stem cells were initially somatic adult cells that were
conditioned to return to an undifferentiated stage to replicate the properties of
ESCs (Clevers, 2019). De-differentiation involves reversion to an immature state
(Gallina et al., 2014). Reprogramming of murine somatic cells to iPSCs —and
similar genetic manipulation for human iPSCs— occurs after ectopic expression of
four transcription factors: Oct4, Kif4, Sox2 and c-Myc (Zhou et al., 2009) (

Figure 1-13). iPSCs are closely similar to ESCs, easier to create, much
less controversial in the case of human cells, and adequate for clinical
applications and research, particularly for generating retinal disease models.
iPSCs have normal karyotypes, express cell surface markers and normal

telomerase activity and show a transcriptional program akin to human ESCs (Yu
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Figure 1-13. Diagram of differentiation of iPSCs.

Adult somatic cells are reprogrammed into induced pluripotent stem cells that can
be differentiated into multiple cell types. Reprogramming of adult fibroblast cells
is possible in the presence of factors that include Klf4, Sox2, c-Myc, Nanog, Oct-
4, and Lin-28. Reproduced from (Amabile and Meissner, 2009). Copyright © 2009
by Elsevier Ltd. All rights reserved.
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1.4.4 Retinal organoids

hESCs and hiPSCs can be differentiated into different types of tissues

(neuronal, retinal, intestinal, epithelial, kidney, lung, and blood vessel, among

other examples) (Kim et al.,, 2020) that can potentially give rise to three-

dimensional tissue organoids reflecting a developmental environment closely

related to the in vivo environment (Llonch et al., 2018). Initially, the term organoid

(Smith E Fau - Cochrane and Cochrane, 1946) referred to a teratoma and its

histological features. Today (Lancaster and Huch, 2019), an organoid is an

artificial self-organising tissue resembling an organ. It must satisfy the criteria

defining an organ:

1)

A 3D structure: recapitulate the developmental programme to
result in the proper identity of the modelled organ.

Multiple cell types: involve more than one key cell type, as in the
organ.

Function: exhibit the specialised function of the organ.
Self-organise: develop and mature according to intrinsic spatial

organising principles, as in the organ.

Pluripotent stem cells (PSCs) can be guided towards a specific organ fate

by mimicking early human embryonic development. PSCs and/or adult-tissue

cells can give rise to the three primary germ layers to form (Lancaster and Huch,

2019):

a)

Ectoderm organoids: PSC-derived 3D aggregates that can form
cerebral, brain-region specific, retinal, and inner ear organoids,
while adult-tissue-derived biopsies can generate mammary and
salivary gland organoids.

Mesoderm organoids: PSC-derived 3D aggregates can be derived
into kidney organoids, while adult-tissue biopsies can be derived
into bone, fallopian tube, and endometrial organoids.

Endoderm organoids: PSC-derived 3D aggregates can form gut,
thyroid, stomach, liver bud, and lung organoids. Adult-tissue
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biopsies can also be derived from the pancreas, gut, stomach, liver,

and lung organoids.

Nonetheless, one fundamental difference between in vivo tissues and
organoids is the lack of vasculature and immune cells (Augustyniak et al., 2019).
Other limitations include organoid growth restriction to low-adhesion plates,
variability in structure, difficulties achieving maturity in some cases, and absence
of surrounding tissue for tissue cross-communication (Augustyniak et al., 2019,
Yin et al., 2016). Although organoids are not precisely like adult organs, they are
the best tool for in vivo research into disease mechanisms, drug discovery and

toxicology studies.

Retinal organoids (ROs) are three-dimensional cellular structures
comprising all the key retinal cell types organised in a laminated structure akin to
the human retina. These complex organoids recapitulate retinal development,
morphology and maturation (Fernando et al., 2022). Work from our group (Hallam
et al., 2018, Mellough et al., 2019b, Chichagova et al., 2019, Dorgau et al., 2022)
and others (Cora et al., 2019, Zhong et al., 2014, Capowski et al., 2019,
Fernando et al., 2022, Saha et al., 2022, Samimi et al., 2022, Wahlin et al., 2017)
have shown that pluripotent stem cell-derived retinal organoids contain light-
sensitive photoreceptors at the apical layer. These retinal organoids are effective
in vitro models (Kim et al., 2020) and can be generated from ESCs and iPSCs,
cancer- and patient-derived cells, including unaffected controls and cells affected
by diseases (Figure 1-14). Due to the evolutionary divergence, human biology
and disease mechanisms have multiple features that cannot be accurately
modelled in animals. Single-cell data from (Cowan et al., 2020) revealed that
human retinal organoids are morphologically and transcriptomically closer to
peripheral than to foveal retina (Afanasyeva et al., 2021). Although results from
another group (Sridhar et al., 2020) also showed that retinal organoids are closer
to human foetal than the adult retina in terms of cell composition, they still
reproduced the adult’s retina five-layered structure and aspects of the cell type
and function. However, they are the most optimal platform to date to mimic the

retina’s unique features.
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Figure 1-14. Potential applications for retinal organoids.

ESCs and iPSCs from mammals can be differentiated into retinal organoids for
different applications, including developmental biology analysis, drug
testing/screening, retinogenesis, in vitro disease modelling and establishing a cell
therapy for retinal diseases. Reproduced from (Llonch et al., 2018). CC BY-NC.

Cell-fate specification and neuronal differentiation mechanisms have been
better understood through RNA-seq technologies for transcription network
analyses (Finkbeiner et al., 2022). The genome-wide approaches have provided
insights into retinal development and the trajectories that lead to cell fates.
Although retinal organoids are currently a prominent model for studying retinal
development, long-term cultures from the human foetal retina have been
traditionally of interest for understanding retinal lamination. There are differences
between human retinal organoid and long-term foetal retina (also known as
retinosphere) cultures. To this end, Table 1-1 summarises the advantages and

disadvantages of both models.
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Table 1-1. Comparison between the human retinal organoid and foetal retina

cultures.

Model

hiPSC-derived
retinal organoids

Long-term retinal
cultures from the
human foetal
retina
(retinospheres or
organoid-like
cultures)

Advantages

Similar cellular composition at
equivalent ages as foetal
retina.

All major retinal cell types are
present.

Increased proportion of retinal
cell progenitors (Sridhar et al.,

2020).
ROs are an expandable
source suitable for high-

throughput drug screening and
testing (Kaewkhaw and
Rojanaporn, 2020).

Better inner retinal lamination
than retinal organoids,
maintaining neuron proportion
for amacrine, horizontal and
bipolar cells.

Extensive development of the
IPL and outer plexiform layer
(OPL) (Sridhar et al., 2020).

Disadvantages
Differences in gene expression in
some cell types, such as
amacrine, horizontal and bipolar
cells. This limitation is related to
the lack of endothelial cells and
microglia.

A reduced proportion of RGCs
and other retinal cell types
(Llonch et al., 2018).

Lower levels of Notch signalling
and a reduced rate of AC and HC
genesis (Finkbeiner et al., 2022).
Inner retinal lamination s
disrupted and less characterised
at more advanced stages than
the foetal retina, but not due to
culture conditions.

Variability is due to the specific
cell line used to differentiate.
Tissue reaches the stage where
vasculature perfusion is critical
for normal development,
particularly for the inner plexiform
layer (IPL) development (Sridhar
et al., 2020).

They are derived from the human
foetal retina, limiting the source
availability to obtain
retinospheres.

A large development gradient
accounts for differences in
developmental time between the
central and peripheral retina
(Sridhar et al., 2020).

The early stages of in vitro retina modelling started with two-dimensional

(2D) differentiation. The retinal progenitors derived from stem cells in 2D
conditions have been reported in some studies (Zhong et al., 2014, Zheng et al.,
2020) to be reliable and efficient but only generated certain retinal cell types,
such as RGCs and PRs, as they are commonly found within mixed cell
populations that lack tissue architectural characteristics. These 2D cell culture
systems lacked the appropriate cell-cell contact environment typically observed in
2020). Additional
differentiation from hESCs (Lamba et al., 2006) and PRs from mouse foetal

vivo (Zheng et al., studies achieved retinal neuron

retinas and mice, monkey and human ESCs (Osakada et al., 2008). Furthermore,
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other groups (Eiraku et al., 2011, Nakano et al., 2012, van Harn et al., 2010)
generated retinal aggregates and 3D optic cups from hESCs and hiPSCs.

The advancement of organoids as a 3D in vitro model to study the
development of complex tissues and disease pathomechanisms started in 2013
with Yoshiki Sasai’s pioneering work. His study (Sasai, 2013) of mimicking
embryonic development in 3D by inducing organogenesis from stem cells in
culture was a milestone for the retinal organoid field. Organogenesis was induced
by aggregating mouse or human ESCs in suspension with minimal medium for
efficient retinal differentiation. Then, the ESC-derived epithelia evaginate to form
optic-vesicle-like structures that undergo invagination to build optic cups without
any external forces or cues. As seen in the embryo, the optic cups have two
walls: outer pigment epithelium and inner neural retina. In long-term culture,
these retinal organoids are laminated, containing all six components (PRs, BCs,
ACs, HCs, RGCs and Miiller glial cells) of the retinal structure. These cells are
correctly located in the layers corresponding to their position in the postnatal
retina (Sasai, 2013).

Further studies (Nakano et al., 2012, Zhong et al., 2014) based on Sasai’s
work allowed the development of three-dimensional human ESC and iPSC-
derived retinal progenitor cultures with all major retinal cell types and Muller glial
cells arranged in their respective layers. The new differentiation protocols
enabled the generation of 3D retinal cups with all major retinal cell types in proper
layers obtained from hiPSCs (Zhong et al., 2014). Other groups (Kuwahara et al.,
2015, Lakowski et al., 2018, Kuwahara et al., 2019, Brooks et al., 2019, Akhtar et
al., 2019, Regent et al., 2020, West et al., 2022), including ours (Hallam et al.,
2018, Chichagova et al., 2019, Mellough et al., 2019b, Chichagova et al., 2020),
developed 3D PSC-derived retinal organoids by modulating different pathways
(WNT, FGF, TGFB, and BMP using chemical compounds like BMP-4, IGF-1,
retinoic acid, levodopa, triiodothyronine, y-secretase inhibitor DAPT,

docosahexaenoic acid and fibroblast growth factor 1).

The development of novel and improved protocols from other groups
(Zhong et al., 2014, Capowski et al., 2019, Cora et al., 2019, Fernando et al.,
2022, Saha et al., 2022, Samimi et al., 2022) and ours (Hallam et al., 2018,
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Mellough et al., 2019b, Chichagova et al., 2019, Dorgau et al., 2022) for organoid
differentiation enabled the generation of organoids containing light-sensitive
photoreceptors. Different methods for retinal tissue and organoid differentiation

are summarised in Table 1-2.

Nonetheless, there are current disadvantages and limitations in the retinal
organoid model when using different pluripotent stem cell lines, including the
following (Llonch et al., 2018): 1) high heterogeneity of cell composition and
areas that were properly patterned in retinal nuclear layers; 2) extended culturing
times; 3) incomplete maturation of PRs with outer-segment-like structures but not
fully mature outer segments (Lowe et al., 2016), making it challenging to mimic
the ageing-related phenotype; 4) lack of vascularisation and absence of
inflammatory cell types (Aasen and Vergara, 2019); 5) lack of juxtaposition of a
polarised RPE (Aasen and Vergara, 2019); 6) variability between iPSC lines and
differentiation efficiency (Aasen and Vergara, 2019); 7) formation of correct
number and location of interneuron synapses between retinal cells in long-term
cultures even though synaptic proteins have been observed (Dorgau et al., 2019,
Llonch et al., 2018).

Despite the current drawbacks and limitations, ROs are the closest model
of recapitulation of in vivo organogenesis with retinal development in self-
organising pluripotent stem cell (PSC) cultures. As a robust modelling platform,
ROs are useful for assessing neuroretina-specific gene regulation, pathological

processes, and therapeutic manipulation (Afanasyeva et al., 2021).
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Table 1-2. Retinal tissue differentiation methods from ESCs and iPSCs.

Method

Retinal neurons derivation from
hESCs in 2D culture and co-
cultured in 3D with foetal retinas

Rod and cone PR generation in
2D from ESCs

2D/3D retinal development from
hESCs and hiPSCs

Optic-cup morphogenesis in 3D
culture

Optic cup and stratified neural
retina formation from hESCs

3D retinal tissue with functional
PRs from hiPSCs

Year

2006

2008

2009

2011

2012

2014

Description
Retinal neurons were obtained by differentiation of the H1 hESC line with a success
rate of 80%. They had a gene expression profile similar to progenitors derived from
human foetal retinas. They primarily differentiate into RGCs and ACs. Then, the
progenitors were co-cultured with retinas derived from a mouse model of retinal
degeneration. They integrated with degenerated mouse retina, then increased PR-
specific makers' expression (Lamba et al., 2006).
Cone and rod PRs were generated from mice, monkeys and hESCs in the absence
of retinal tissues. With mouse ES, the precursors were treated with a Notch signal
inhibitor. Fibroblast growth factors, Shh, taurine and retinoic acid, produced more
rhodopsin* rod PR and default cone PR generation. With monkey and hESCs, they
were cultured in feeder- and serum-free suspension cultures with Wnt and Nodal
inhibitors. This condition produced RPE cells, while treatment with retinoic acid and
taurine generated PR differentiation (Osakada et al., 2008).
hESCs were differentiated as free-floating aggregates and prompted to adhere to
laminin-coated culture dishes. A neural rosette was formed, and after 16 days of
differentiation, these colonies were removed to grow as neurospheres. Prolonged
maintenance of these neurospheres allowed maturation toward a PR phenotype.
RPE cells were obtained as well. hiPSCs were differentiated with the same protocol
into aggregates, neural rosettes and then neurospheres, which over time showed
positive PR markers (Meyer et al., 2009).
Formation of the optic cup structure from 3D mESC aggregates in serum-free floating
and growth-factor-reduced (SFEBq) culture medium with basement-membrane
matrix components (Matrigel). Spontaneous formation of the cup in the absence of a
lens or surface ectodermal tissues mimicking in vivo development (Eiraku et al.,
2011).
Optic cup structure and neural retina were formed from human ESCs in SFEBq
culture. The 3D aggregates were cultured with knockout serum replacement additive
(KOSR), then with 10% foetal bovine serum (FBS) as an effective enhancer of retinal
differentiation. These structures were much larger and thicker than the mouse ESC-
derived ones. The stratified neural retina contained cone and rod PRs, whereas cone
differentiation is rare in mESC culture (Nakano et al., 2012).
Three-dimensional retinal cups with all major retinal cell types in proper layers were
obtained from hiPSCs. For this 3D-2D-3D method, they first cultured the hiPSC in

59

Reference

(Lamba et
al., 2006)

(Osakada et
al., 2008)

(Meyer et
al., 2009)

(Eiraku et
al., 2011)

(Nakano et

al., 2012)
(Zhong et
al., 2014)



Ciliary margin-like to form retinal
tissue from 3D hESC culture

Human PR precursors from PSC-
derived retinal organoids

3D retina formation by modulation
of TGF-beta and Shh signalling
from hiPSCs

Light-responsive retinal organoids
from hiPSCs

2015

2018

2019

2018

suspension with mTeSR1 medium and 10 uM Blebbistatin to induce aggregate
formation. Then, the medium was switched to a neural-induction medium (NIM). On
day 7, the aggregates were seeded onto Matrigel-coated dishes with NIM at an
approximate density of 20 aggregates per cm? and then switched to DMEM/F12 (3:1)
NIM. After four weeks of differentiation, the horseshoe-shaped neural retina domains
were cut and cultured in suspension until they developed the 3D structure. PRs
achieved the advanced maturation stage and the beginning of outer-segment disc
formation and photosensitivity. The aggregates were cultured in a chemically defined
neural differentiation medium and attached to Matrigel-coated dishes (Zhong et al.,
2014).

Neural retina tissue differentiation was achieved using timed BMP-4 (bone
morphogenetic protein 4) treatment in hESC SFEBq culture without Matrigel. Then,
inhibiting GSK3 and FGFR (fibroblast growth factor receptor) induced the transition
from NR to RPE. Conversely, removing this inhibition facilitated the reversion of RPE
to NR aggregates with RPE at the margin of central-peripherally polarised NR. This
boundary NR-RPE tissue self-organises a niche for ciliary-margin-like stem cells
(Kuwahara et al., 2015).

PR cell precursors were obtained from hiPSC-derived retinal organoids. These
organoids were differentiated in a medium containing DMEM/F12, N2 supplement,
MEM nonessential amino acids, GlutaMAX and heparin (Lakowski et al., 2018).

An established culture protocol efficiently differentiates feeder-free iPSCs to self-
organise 3D retina formation by modulating TGF-beta and Sonic hedgehog (Shh)
signalling pathways. Inhibition of TGF-beta signalling pathways permits the
promotion of neural differentiation, while Shh signalling promotes ventralisation and
posteriorisation in neural patterning and the formation of retinal tissue (Kuwahara et
al., 2019).

Five hiPSC lines were differentiated into 3D retinal organoids with significant
variability in their differentiation efficiency. The differentiation protocol included
seeding 3000-12,000 cells into each well in a 96-well lipidure-coated U-bottom plate
in 100 pl of MTeSR1 with 10 yM Rho-associated coiled-coil protein kinase inhibitor
(ROCK:i). After 2 days, the medium was switched to a differentiation medium and
changed every 2 days. On day 6, BMP-4 was added, and media changes were done
every 2 days until day 18. Then, “pooled” retinal organoids were transferred to ultra-
low attachment 6-well plates, and the medium was changed to a maintenance
medium. Differentiated ROs exhibited outer nuclear layer PRs, connecting cilium and
outer-like segments. After five months of differentiation, ROs generated light
responses comparable to the earliest light responses recorded from the mouse
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Retinal organoid differentiation
from hESCs/hiPSCs via IGF-1
signalling

Retinal organoids derived from
hESCs/hiPSCs

Docosahexaenoic acid and
fibroblast growth factor 1 improve
mouse retinal organoid
differentiation

Contact co-culture of hiPSC-
derived retinal organoids with
mouse RPE improves
photoreceptor differentiation

2D to 3D human retinal organoid
differentiation

2019

2019

2019

2019

2020

retina, which is close to the eye opening. The multiwell plate format enhanced the
scale generation of ROs for toxicology and drug screening assays (Hallam et al.,
2018).

Retinal organoids were generated from human pluripotent stem cells (hPSCs) in 96-
well U-bottom plates. The differentiation approach is based on adding insulin-like
growth factor 1 (IGF-1) with retinoic acid and triiodothyronine for retinal development.
After 22 weeks in culture, the ROs formed a thick layer of neuroepithelium containing
PRs, BCs, HCs, ACs, RGCs, and Miller cells.

hESCs and hiPSCs are differentiated into retinal organoids by an initial phase of
embryoid body (EB) formation that allows the self-formation of optic cup structures. A
mechanical approach for EB formation with early ROCKi markedly prevents
dissociation-induced apoptosis, enhancing survival and showing that it is the most
efficient approach for producing retinal organoids compared to other derivation
methods (Mellough et al., 2019b, Kuwahara et al., 2019, Gao et al., 2019). The
organoids have been confirmed to contain the necessary structures for
phototransduction as electrophysiological properties like cGMP sensitivity have been
demonstrated in photoreceptors compared to the eye-opening period) (Mellough et
al., 2019b).

Mouse iPSCs were differentiated into retinal organoids using the modified HIPRO
protocol (DiStefano et al.,, 2018) in 96-well U-bottom plates. Addition of
docosahexaenoic acid and fibroblast growth factor 1 to mouse organoid cultures
specifically promoted the maturation of cone and rod PRs. scRNA-seq analyses
allowed the construction of regulatory networks that revealed that adding these two
reagents improved PR differentiation and maturation (Brooks et al., 2019).

Retinal organoids were generated from hiPSCs following the differentiation protocol
described by (Zhong et al., 2014). Mouse primary RPE cells were contact co-cultured
with hiPSC-ROs with RO medium at different time points. Contact with RPE allowed
accelerated PR differentiation in ROs. ROs older than 20 weeks were cut into 4 or 5
pieces of about 500 um size prior to co-culture as the whole ROs started to die in 2D
co-culture due to diffusion-limited delivery of exogenous factors (nutrients and
oxygen) to the internal cells.

hESCs and hiPSCs were differentiated into retinal organoids following the protocol
described by (Kaewkhaw et al., 2015). hPSCs were firstly conditioned to form optic
vesicles in 6-well plates. Adherent cells from 60-mm Petri dishes were scraped into
small clumps (<5 mm?2). The resulting clumps were transferred to Petri dishes in free-
floating culture with retinal inducing medium supplemented with IGF-1 and later with
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Light-sensitive human retinal
organoids from hiPSCs

Photoreceptor outer segment
development in hiPSC-derived
retinal organoids

2020

2022

retinoic acid. Emerging optic vesicles in a free-floating condition allowed the
formation of retinal organoids between day 20 and day 30.

Multi-layered and light-responsive 3D retinal organoids were obtained from patient
hiPSCs. They displayed three nuclear and two synaptic layers, and PRs responded
to light and transmitted visual information synaptically. Single-cell transcriptomes
were obtained from dissociated ROs to build a comparative cell-type atlas of human
ROs and healthy human retinas, allowing the identification of cellular targets for
studying disease mechanisms (Cowan et al., 2020).

Retinal organoids derived from mESCs and X-linked retinitis pigmentosa type 3
patient hiPSCs were generated using an improved protocol that includes bovine
serum albumin (BSA)-bound fatty acids and antioxidants. These antioxidants
included vitamin E, vitamin E acetate, superoxide dismutase, catalase and
glutathione antioxidants, and docosahexaenoic acid for fatty acids as part of the
antioxidant-rich medium and retinal maturation medium. Outer segment-like structure
formation for rod and cone PRs, including organised stacked discs, was improved for
better retinal disease modelling (West et al., 2022).
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1.4.4.1 The developmental rate in retinal organoids vs the human retina

The developmental rate of a RO in vitro differs from that of the human
retina in vivo. Therefore, a thorough characterisation of the development of all
retinal cell lineages in ROs would require the analysis of at least three time points
corresponding to early, mid-, and late-stage retinogenesis. An early phase of day
35 of differentiation in ROs corresponds to the developmental time point of an
FW10 retina (Kim et al., 2019). Development of human ROs during 30-70 days of
culture in vitro is equivalent to embryonal development at 8-14 weeks (Li et al.,
2021). Cell-type specific markers, including CRX, VSX2 and SNCG, are
detectable at this early stage of development in both ROs and foetal retina. The
expression of these markers exhibits the consolidation of post-mitotic PR
precursors, RPCs and RGCs, respectively (Gonzalez-Cordero et al., 2017,
Mellough et al., 2015, Singh et al., 2015, O'Hara-Wright and Gonzalez-Cordero,
2020).

A recommended second time point for characterising ROs would be at day
90 of differentiation as it corresponds to a mid-stage retinogenesis of PCW14
onwards, as estimated in a scRNA-seq study (Cowan et al., 2020) where bulk
transcriptomes of human ROs and retina were crossed-correlated. At this phase,
ROs exhibit expression of NRL, PROX1, AP2a, RXRy, VSX2, SNCG, PKCaq,
VIMENTIN, and PR markers RCVRN and ARR3. These markers are expressed
in a laminar manner, indicating that retinal differentiation in the ROs mimics

embryonic retinogenesis (Kim et al., 2019).

The late-phase retinogenesis stage of the day 150 of organoid
differentiation corresponds to a time point around PCW17-19, as observed in the
same scRNA-seq study (Cowan et al., 2020). At this stage, several markers of
mature PRs, including NRL, RHO, OPN1SW, OPN1LW/MW, RCVRN, and ARR3,
are expressed alongside PROX1, AP2a, RXRy, VSX2, SNCG, PKCa, and

VIMENTIN markers observed at earlier stages.

However, transcriptome analyses have shown a progressive maturation of
retinal cells in ROs, reaching a stable state between weeks 30 and 38. These
transcriptomic changes during RO maturation are reported to be similar to the

developing human retina in vivo (Cowan et al., 2020). Similarly, in their bulk RNA-
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sequencing profiling study (Kim et al., 2019), Kim and colleagues found that 6.5
and 9-month-old ROs were increasingly similar to human adult retinas. Also, as
the retinal development is recapitulated more precisely at this mature stage by
the ROs, outer segment-like structures are reported to form and grow to 39 um
terminal length (Wahlin et al., 2017).

1.4.5 RPE differentiation

The differentiation potential of hESCs and hiPSCs is not limited to retinal
cell types, as other human eye cells, such as RPE cells, can be generated. As
some inherited retinal diseases affect the retina and the RPE, studying their
common pathological mechanisms is vital. The clinical translation of hESC and
hiPSC technologies for disease modelling of the RPE promises to accelerate
novel treatments and delivery methods. To this end, the early stages of
pluripotent stem cell (PSC)-derived RPE cells for use in clinical trials relied on
spontaneous differentiation (Klimanskaya et al., 2004, Lund et al., 2006,
Buchholz et al., 2009). Then, further research was conducted by performing
directed RPE differentiation from hESCs and hiPSCs, including factors such as
Whnt inhibitors (Dkk-1 and bFGF) and Nodal signalling inhibitors (Lefty-A) (Lund et
al., 2006, Osakada et al., 2008). Directing PSC towards a range of retinal fates is
possible by inhibiting WNT and Nodal signalling pathways. New protocols added
Activin A (Hirami et al., 2009, Ferrer et al., 2014), nicotinamide, TGFB1, fibroblast
growth factor 2 (FGF2), triiodothyronine, hydrocortisone, taurine, B27 supplement
(Hazim et al., 2017), Purmorphamine (Hallam et al., 2017), SB431542, noggin,
and CHIR990021 (Buskin et al.,, 2018, Regent et al., 2019), among other
formulations (Limnios et al., 2021). A summary of different methods of RPE
differentiation from hESCs and hiPSCs is described in Table 1-3.
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Table 1-3. RPE differentiation methods from ESCs and iPSCs

Method

Spontaneous RPE
differentiation from
hESCs

Spontaneous hESC-
RPE differentiation

Directed RPE
differentiation from
monkey and human

ESCs

Spontaneous RPE
differentiation from
hiPSCs

RPE differentiation
from mouse and
human iPSCs

hiPSC-RPE
differentiation

RPE differentiation
from integration-free
hiPSCs

Year

2004

2006

2008

2009

2009

2014

2017

Description
hESCs were spontaneously differentiated into polygonal-shaped cells surrounded by neuronal
cells after 2-3 weeks. Then, pigmented cells started to arise after 6-8 weeks. Over 6-9 months,
all cells became pigmented. RPE-specific protein expression profile correlates with previously
described ones in primary RPE cultures
Reproducible RPE monolayer batches were spontaneously generated from hESCs. The medium
was supplemented with bFGF and human LIF. Pigmentation was observed after 6-8 weeks of
differentiation. Cells show a molecular profile more closely resembling native foetal RPE.
Monkey and human ESCs were differentiated into RPE monolayers in a feeder-free system.
Dkk-1 (Wnt antagonist) and Lefty-A (nodal antagonist) were added to promote the differentiation
of retinal progenitors from mESCs. By day 40 of differentiation, pigmented cells with polygonal
morphology could be observed, and by day 90, they expressed the RPE65 marker of maturation.
Pigmentation and maturation continued up to day 200.
RPE monolayers were obtained by spontaneous differentiation from hiPSC and reprogrammed
using the Thomson factors (Oct4, Sox2, Nanog, and Lin28). Pigmentation was observed 20-35
days after removing the basic fibroblast growth factor (bFGF). Cultures were large enough for
mechanical dissection and replating after 60-90 days. The hiPSC-RPE cells were quantitatively
and functionally similar to foetal RPE and hESC-RPE cells.
Reprogrammed mouse and human iPSCs with Yamanaka factors (Oct3/4, Sox2, Klf4, c-Myc)
were differentiated into RPE monolayers. Recombinant Dkk-1 and recombinant Lefty A were
added to the medium during the suspension culture. Activin A was later added on day 5. RPE
mature cells were obtained after 80-120 days.
RPE differentiation from hiPSCs was induced by supplementing the medium with Noggin and
SB431542 for 3 days. Then, by day 5, nicotinamide and activin A were added to the
differentiation medium. Pigmented cells with cobblestone morphology started to arise at an early
stage (days 25-35). RPE colonies were picked and transferred to 24-well plates with an RPE
medium enriched with taurine, hydrocortisone, and triiodothyronine.
Human dermal fibroblasts were reprogrammed with nonintegrative RNA to iPSC and then
differentiated into RPE cells. The differentiation medium sequentially included nicotinamide,
activin A, TGFB1, and fibroblast growth factor 2. The pigmented regions in the EBs were
separated by scalpel dissection and plated in an RPE medium. Further supplementation to the
medium included triiodothyronine, hydrocortisone, taurine, and B27. Cells were mature after 2-3
months in culture. The hiPSC-RPE cells exhibited key features of native RPE.
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(Klimanskaya et
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(Lund et al., 2006)

(Osakada et al.,
2008)

(Buchholz et al,
2009)

(Hirami et al,
2009)

(Ferrer et al,
2014)

(Hazim et al,
2017)



hiPSC-RPE
differentiation from
AMD patients

hiPSC-RPE
differentiation from RP
patients
Large-scale
production of hPSC-
RPE cells

Small molecule
screening for
optimised hESC-
derived RPE
differentiation

2017

2019

2019

2021

RPE cells were differentiated from AMD-patient hiPSC lines following a feeder-free protocol.
Once hiPSC were confluent, mTeSR1 medium was switched to RPE differentiation medium
(Advanced RPMI, B27 supplement), and Purmorphamine was added from day 16 until day 21.
Media changes were performed twice weekly during the next 3-4 months until cell maturation.
RPE monolayers were differentiated from RP-patient hiPSC lines following a sequential
combination of SB431542 (days 0-5), noggin (days 5-9), Activin A (days 10-15), and
CHIR990021 (days 16-21). RPE cells were mature after 21 weeks.

Directed differentiation of RPE monolayers from hPSCs was achieved following a protocol
combining nicotinamide, activin A and CHIR99021 sequentially. RPE cells mature after 8-12
weeks. High cell purity and functionality are maintained for large batch production.

Small molecules were added in a feeder-free system to efficiently produce hESC-derived RPE
cells in 14 days, followed by cell function maturation. Their high-efficiency model aims to mimic
key RPE developmental pathways. First, SB43218, LDN193189, CKI-7 and nicotinamide were
used for RPE differentiation induction by inhibiting TGF and WNT signalling. Then, the medium
was supplemented with IDE-1/2 for Activin activation and CHIR99021 for the WNT signalling
pathways.
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1.5 Retinal disease modelling

The development of the human retina is a complex process that involves
generating multiple cell types of neurons from RPCs in a spatiotemporal-specific
fashion (Mao et al., 2019). Both hESCs and hiPSCs are fundamental tools due to
their utility for generating ROs that allow the modelling of retinal diseases such as
AMD (Yang et al.,, 2014), STGD1 (Khan et al., 2020), Rb (Liu et al., 2020), RP
(Buskin et al., 2018), and glaucoma (Teotia et al., 2017) for developing therapeutic
strategies. 3D cultures of organoids are critical strategies for organogenesis and
optic cup formation research (Figure 1-15), which is not possible otherwise due to

the lack of very early human retinal samples.

Precision Medicine

[
Genome Transcriptome
Profiling Profiling
\ / Potential Lead©

Organoid Culture

Genome Disease
Editing Modeling

Biobanrking

Figure 1-15. Drug screening and other applications of organoid cultures.
Schematic showing the generation of organoid cultures that could be used for
multiple applications, including precision medicine, genome editing, biobanking, and
disease modelling. In precision medicine, organoids could be helpful for genome and
transcriptome profiling and high-throughput drug screening in 96-well plates. Drug
screening assesses large compound libraries for activity against biological targets.
Reproduced from (Prahara;j et al., 2018). CC BY-NC.
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Glaucoma is one of the retinal degenerative diseases that can be modelled in
vitro by differentiating hiPSCs directly into retinal neurons. The disease is
characterised by progressive RGC degeneration that leads to irreversible vision loss.
To this end, as RGCs are intrinsically vulnerable to glaucoma, in a research study
(Teotia et al., 2017) using an in vitro model, the authors efficiently generated
functional RGCs from patient hiPSCs carrying glaucoma by the SIX6 risk allele.
Their results showed a significant decrease in RGC genesis and repressed
developmental expression of RGC regulatory genes. These RGCs were
characterised by simple and short neurites, reduced expression of guidance
molecules, immature electrophysiological signature, and expression of glaucoma-
associated genes CDKN2A and CDKN2B. This disease modelling study revealed the
relevance of SIX6 in RGC differentiation and its risk allele that may lead to cellular

and molecular abnormalities that make RGCs vulnerable to glaucoma.

Autosomal dominant RP is linked to 31 genes representing 20-25% of overall
cases (Hamel, 2006). Pre-mRNA Processing Factors (PRPFs) are among those
disease genes implicated in autosomal dominant RP. These PRPF genes include
PRPF3, PRPF4, PRPF6, PRPF8, PRPF31, SNRNP200 and RP9, which are involved
in the formation and maturation of the spliceosome (Rlzi¢kova and Stanék, 2017).
Since the retina is one of the highest metabolically active tissues in the body, the
burden posed on the local splicing machinery is significant (Yang et al., 2021a).
Hence, the retina is at higher risk of mis-splicing events causing differential gene
expression and protein dysfunction. To this end, PRPF-disease models have been
developed to explore the pathogenesis of autosomal dominant RP caused by the
PRPF31 (RP11) gene. Work from our group (Buskin et al., 2018) generated RP11
hiPSC-ROs from patients with severe RP. The PRs of the ROs displayed an affected
morphology with a 150% increase of apoptotic nuclei compared to controls and the
presence of stress vacuoles typical of adaptive survival. Moreover, there was a
reduced RGC spiking rate in response to the neurotransmitter GABA on multi-
electrode arrays. Interestingly, there were splicing defects where the most affected
genes were related to pre-mRNA and alternative mRNA splicing (Buskin et al.,
2018). This study from our group was the first of its kind to model RP11 with patient
hiPSC-derived retinal cells, which provided novel molecular and developmental

insights confirming that RPE cells are the primary cells affected.
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Disease modelling for Stargardt Disease (STGD1) has been achieved in a
recent study (Khan et al., 2020), where patient-specific hiPSCs were differentiated
into ROs holding the pathogenic variants that reside within the introns of the ABCA4
gene, where the biallelic mutations cause the disease. The affected gene encodes
the ATP-binding cassette, subfamily A, member 4 transporter protein. In this model,
the authors rescued the splicing defects by administrating antisense oligonucleotides
designed to block the pseudo-exon insertion. In a second study (Su et al., 2021),
STGD1 ROs were generated from hiPSCs from four patients affected by STGD1.
One patient was homozygous for the p.Gly1961Glu variant, two were compound
heterozygous, and the last one had two deleterious ABCA4 alleles. Results for this
RO disease model allowed the characterisation of the pathophysiological features of
ABCA4 mutations in patients, showing short and nascent outer segments along the
outer edge of PRs, which was not observed in control ROs. The development of this
STGD1 RO model allowed to characterise the physiological consequences of

ABCA4 mutations in individual patients, particularly the shorter outer segments.

Disease modelling for Rb has benefited from 3D RO cultures as work from our
group (Rozanska et al., 2022) and others have been recently published. The first
study by (Zheng et al., 2020) showed that pRB loss promoted cell cycle entry in
RB1-null hESC-derived ROs. Additionally, the authors reported fewer viable PRs and
decreased fractions of BCs and RGCs. Tumourigenesis was not observed in vitro or
in vivo in immunocompromised mice. Interestingly, in a subsequent study (Liu et al.,
2020), tumourigenesis was reported in vitro in RB1-null hESC-derived ROs similar to
characteristic in vivo Rb features, namely transcriptome and genome-wide
methylation and upregulation of the SYK pathway. Maturing cone precursor (ARR3")

cells were described as the cell of origin of Rb.

Interestingly, (Norrie et al., 2021) showed in vitro tumourigenesis by deriving
ROs from patient RB17- hiPSCs and maturing them to 45 days of differentiation.
Then, once the ROs were dissociated, they were injected intravitreally into
immunocompromised mice, which developed retinal tumours. MYCN and MDM4
were reported to be amplified as well. Moreover, the authors proposed an RPC or
rod cell of origin identity for human Rb, which is in opposition to scRNA-seq studies

from our group (Collin et al., 2021, Rozanska et al., 2022) and others (Liu et al.,
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2020, Kanber et al., 2022, Li et al., 2022, Yang et al., 2021b, Wu et al., 2022)

suggesting an Rb cell of origin stemming from a maturing cone precursor.

In our recent publication (Rozanska et al., 2022), we developed an Rb
disease model using pRB-depleted ROs derived from hESCs and patient hiPSCs.
We established a disease model that outlines Rb's genetic and tumourigenic
components and can be used as a robust Rb chemotherapeutic drug screening
platform. Our results showed a significant increase in the fraction of proliferating
cone precursors (RXRy*Ki67") in the homozygous mutant ROs for RB1, in addition
to starting cone precursors expressing RGC and HC markers. Further examples of
studies modelling Rb using retinal organoids are discussed in the following chapters

of this document.

RPE cells derived from PSCs are a promising therapy for treating some retinal
degenerative diseases such as AMD, RP and STGD1. Some disease modelling

studies using RPE cells derived from patient hiPSCs are discussed below.

In an AMD study (Yang et al., 2014), the disease was modelled with AMD-
RPE cultures derived from early-stage AMD patient hiPSCs. To mimic RPE cell
senescence, the authors allowed the accumulation of a pyridinium bisretinoid, A2E
fluorophore, which is one of the lipofuscin fluorophores that accumulate with age in
the RPE. As A2E generates oxidative stress by the light-mediated formation of
singlet oxygen and superoxide, it contributes to RPE ageing processes. The
antioxidant defence ability was tested by the activity of the mitochondrial SOD2,
which is responsible for oxidative stress protection. Since SOD2 was identified as
one of the downstream targets of the pathology, its decreased activity due to
ARMS2/HTRA1 risk alleles was correlated to diminished antioxidant capacity in the
AMD-RPE. These results revealed a potential therapeutic strategy by enhancing
SOD2 activity in the development of AMD pathogenesis, where the RPE is more
susceptible to oxidative damage. In a different study (Juuti-Uusitalo et al., 2015),
mature hESC-RPE cells were obtained and exposed to inflammatory cytokines (IFN-
y or TNF-a) for 24 hours or oxidative stress (hydrogen peroxide, H.O:) for 1 hour.

The results showed that cytokines induced matrix metalloproteinases (MMPs) MMP-

1 and MMP-2 gene and protein expression, while H.O. induced MMP-3 and MMP-9
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gene expression but no protein secretion. Mature hESC-RPE cells resemble their

native counterpart in the human eye regarding MMP secretion.

Our group (Buskin et al., 2018) also developed RP11-RPE derived from
severe RP patient hiPSCs. This model showed the most significant disease
phenotype, revealing that these cells are the most affected by PRPF37-mediated
disease. Likewise, splicing defects were reported in RP11-RPE as they exhibited the
most significant differential exon usage with many transcripts retaining introns and
using alternative 3’ splice sites. In fact, in another study (Georgiou et al., 2022) from
our group, the impacts of PRPF31 mutations in RP11-ROs and RP11-RPE cells
were assessed by quantitative proteomics analyses. The results showed alterations
in RNA splicing, autophagy, lysosome, unfolded protein response and visual cycle-
related pathways. In addition, the RP11-RPE cells were characterised by large
amounts of cytoplasmic aggregates containing the mutant PRPF31 and ubiquitin-
conjugated proteins, including key visual cycle and other RP-linked tri-shnRNP
proteins. Finally, the impaired waste disposal mechanisms enhanced aggregate
accumulation, which could be a therapeutic target through autophagy pathway

activation using drugs such as rapamycin to reduce cytoplasmic aggregates.

Finally, in a study by (Hu et al., 2020), recessive Stargardt patient hiPSCs
were differentiated into RPE, focusing on the role of the complement system in
disease pathogenesis. The results showed a disruption of the cellular membrane,
elevated C3/C3b/iC3b component and MAC deposition, and age-dependent cell loss
in STGD1 hiPSC-RPE cells. The conclusion points to a common inflammatory
aetiology of AMD and STGD1 pathologies.

1.6 Chemotherapeutic agents used for the treatment of retinoblastoma

The chemotherapy treatments available to date are (Yanik et al., 2015): 1)
systemic, which comprises drug injection (melphalan, topotecan, vincristine,
etoposide, and carboplatin) into a vein or oral intake to avoid complications related to
development of secondary cancers and limited to treat seeds that exhibit massive
infiltration, showing a small response to chemotherapy due to difficulty in penetration
of delivered drugs; 2) intravitreal, which involves direct injection [usually melphalan
and/or topotecan every 7-21 days depending on response and toxicity (Schaiquevich
et al., 2022)] into the vitreous humour to increase availability of drugs in-site and

71



exhibits striking control of vitreous seeds, achieving the highest concentration of the
delivered drug in the confined intraocular space; 3) intraarterial, which
encompasses an injection (usually melphalan, but also combined topotecan and
carboplatin) into the ophthalmic artery with the advantage that this approach can
impede the development of new tumours in patients with genetic Rb; 4) periocular,
which is an injection, commonly carboplatin, that allows a higher local concentration
of the drugs, as the route of delivery has varied as either subconjunctival or

subtenon's space location, circumventing the blood-retinal barrier.

Vitreous seeding is a significant problem in Rb treatment since the vitreous is
an avascular tissue, which means that the transition of chemotherapy drugs via
intraarterial administration is limited (Winter et al., 2019). If vitreous seeding is
recurrent, it may lead to enucleation of the affected eye (Susskind et al., 2016).
There has been a shift in Rb treatment over the last decade from systemic
chemotherapy infusion to intravitreal injection due to the low bioavailability of drugs
in retinal tissue and adverse toxic effects (Winter et al., 2019). The response of
vitreous seeds to intravitreal injections has an efficacy of 85 to 100% (Schaiquevich
et al., 2022).

Chemotherapy drugs extensively used alone or in combination based on the
favourable ocular disposition to treat Rb with a variable degree of success include
melphalan, topotecan, carboplatin and Bcl-2 inhibitors such as TW-37 (Saengwimol
et al., 2018).

1.6.1 Carboplatin

Carboplatin is the most widely investigated Rb management drug, and it is
reported to be less toxic than melphalan and topotecan. Its systemic treatment is
associated with haematopoietic toxicity, nephrotoxicity and ototoxicity, while local
treatment has been associated with ocular complications, including reduced motility
and optic atrophy with ischemic necrosis (Sachdeva and O’Brien, 2012,
Schaiquevich et al., 2022). It is administered via intraarterial and intravitreal injection
with concentrations between 500-1666 pg/mL and 60-120 ug/mL, respectively
(Susskind et al., 2016).
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1.6.2 Melphalan

Melphalan was first described in 1953 as the synthesis product of substituting
L-phenylalanine for the methyl group on nitrogen mustard (Bayraktar et al., 2013). It
is an alkylating agent that attaches to an alkyl group to guanine bases, forming DNA
inter-strand crosslinks, leading to apoptosis as part of the mechanism of action and
cytotoxicity (Vasquez, 2010, Mougenot et al., 2006). Due to its broad antitumour
activity, melphalan has been used to treat a range of malignancies, including breast
and ovarian cancer, lymphomas, neuroblastomas, acute leukaemias, and multiple
myeloma (Sarosy et al., 1988, Bayraktar et al., 2013). It is the most common
chemotherapy drug administered in intraarterial and intravitreal injections for
recurrent vitreous seeds following treatment of Rb. It represents complex
management that often might lead to enucleation (Shields et al., 2014). Moreover,
some degree of visual acuity is retained or regained, allowing significant tumour
reduction with salvage of the eye. Furthermore, solid tumours show excellent

responses to systemic and intraarterial methods (Shields et al., 2014).

Melphalan is administered in concentrations between 3 to 7.5 mg/30 mL with
a standard dosage of 5 mg/30 mL in intraarterial, whilst a concentration between
166-200 pg/mL (usually 20-30 pg/0.1 mL to minimise complications) for intravitreal
injection performed every 7-10 days (Susskind et al., 2016).

Unfortunately, it is associated with adverse effects such as chorioretinopathy,
electroretinographic abnormalities, RPE alterations, and retinal vasculitis, among
other complications in darkly pigmented iris (physical association to melanin),
including pupillary synechiae, iris atrophy and cataracts (Paez-Escamilla et al., 2017,
Xue et al., 2019). Moreover, reported retinal toxicity of intravitreal melphalan exhibits
a 5 pyV decrement of retinal function measured by electroretinogram for every 30 ug
of the drug (Schaiquevich et al., 2022). Due to the melanin-binding capacity of this

drug, it is uptaken and retained in the RPE, resulting in retinal toxicity.

1.6.3 Topotecan

Topotecan is an anticancer agent that targets the topoisomerase | enzyme
involved in DNA replication, and that was developed as a semisynthetic version of

camptothecin (Dennis et al., 1997). It entered clinical trials in 1989, and by 1996 it
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was approved for use by the Food and Drug Administration (FDA) in patients with
ovarian cancer previously treated (Takimoto and Arbuck, 1997). Its antitumour
activity was reported in small-cell lung cancer, hematologic malignancies, paediatric
neuroblastoma and rhabdomyosarcoma (Takimoto and Arbuck, 1997). Additionally,
pharmacologic studies of topotecan combined with carboplatin, cisplatin,
doxorubicin, and etoposide have been performed in adult and paediatric patients
with solid tumours with primary antineoplastic responses observed but with exhibited

toxicologic effects (Rowinsky and Kaufmann, 1997).

As a potent antineoplastic agent, it induces a p53 response in Rb cells (Laurie
et al., 2006). Clinically, it is used to treat Rb in systemic and intravitreal
chemotherapies and causes less cytotoxic effects, but it may also be less effective
than melphalan for persistent vitreous seeds (Winter et al., 2019, Paez-Escamilla et
al., 2017, Rao et al., 2018b). A concentration between 0.15 to 1.5 mg/30 mL is used
for intraarterial, and 133 to 333 ug/mL for intravitreal use is given every three weeks
(Susskind et al., 2016). Typically, it is administered in combination with melphalan or
carboplatin for better clinical efficacy, particularly for recurrent seeds that have been
reported to achieve complete regression (Winter et al., 2019, Saengwimol et al.,
2018). Nonetheless, the main drawback is its haematotoxicity associated with
systemic delivery. In periocular injection, there is only minimal conjunctival

congestion and eyelid chemosis (Rao et al., 2018b).

1.6.4 TW-37

TW-37 is a novel small molecule inhibitor of the Bcl-2 and Bcl-2 family (B-cell
leukaemia anti-apoptotic proteins) that induces apoptosis in cells and effectively
inhibits tumour growth, particularly in melanoma-derived tumours and a reduction in
microvessel density in angiogenesis (Zeitlin et al., 2008). The Bcl-2 family proteins
are crucial in balancing cell apoptosis regulation and proliferation (Lei et al., 2017).
These proteins can be divided into two major categories: the anti-apoptosis proteins,
Bcl-2, Bel-xL, Bel-w, and Mcl-1; and the pro-apoptotic proteins, Bim, Puma, Bid, Bad,
Bax, Bak and others. The anti-apoptosis Bcl-2 proteins have four BH regions (BH1-
BH4), while the pro-apoptosis Bcl-2 proteins only contain a BH3 region (Lei et al.,
2017).
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Since Stanley J. Korsmeyer first described the role of the Bcl-2 family of
proteins regarding cell commitment to death through the mitochondrial apoptotic
pathway a few decades ago, the Korsmeyer rheostat model has become widely
accepted (Azmi et al., 2011). This model defined the balance between pro and anti-
apoptotic Bcl-2 family proteins controlling the decision-making process and
modulating cell sensitivity to death at the mitochondrion (Azmi et al., 2011). (Chao et
al., 1995, Chao and Korsmeyer, 1998) reported that overexpression of Bcl-2, Mcl-1,
BcIXL and other members of the family of proteins contributes to the progression of
cancer. Resistance to apoptosis is conferred by standard anticancer therapies,
setting the urgent medical need to find and develop new therapies that inhibit the
function of anti-apoptotic members (Azmi et al., 2011). Preclinical studies indicate
that TW-37 reduces the tumour size in xenograft models and cell proliferation of

pancreatic and B-cell ymphomas (Mohammad et al., 2007).

The expression of high levels of Bcl-2, Mcl-1, or Bcl-xL in tumours often
makes them resistant to chemotherapeutic agents and radiotherapy as they are
essential for tumour growth (Lei et al., 2017, Zeitlin et al., 2008). Therefore, the
relevance of TW-37 as an inhibitor of the Bcl-2 and Bcl-2 family highlights its efficacy
against chemotherapy-resistant tumours. Furthermore, TW-37 binds directly to the
BH3 domain of the Bcl-2 protein family to shut down the heterodimerisation of pro-
apoptotic proteins with Bcl-2 (Lei et al., 2017), then preventing cell apoptosis
mechanisms. The most useful features shared by these Bcl-2 inhibitors are their low
overall toxicity compared to conventional chemotherapeutic drugs and their
synergising ability with other therapeutic agents to inhibit tumour cell survival (Zeitlin
et al., 2008).

1.7 Drug discovery in retinoblastoma

Novel drugs and repurposed agents are needed to develop new drug
treatments that are more effective and specific for Rb management. The availability
of preclinical models is limited to mimicking the retinal response and clinical
observations of chemotherapeutic treatments. Identifying deregulated pathways in
specific tumours is crucial for designing targeted agents and repurposing drugs as
an expedited and cheaper Rb drug discovery strategy. A comprehensive

pharmacological characterisation is needed to select the most suitable candidates
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for Rb treatment according to their selective tumour cytotoxicity (Schaiquevich et al.,
2022). However, the antitumour activity of potential candidates should not be the
main factor to prioritise. Several factors, including drug penetration across the ocular
and brain barriers, the toxicity profile, and the availability of proper formulations,
should also be considered for clinical utility (Cancela et al., 2021). To this end, large
libraries of compounds should be tested using high-throughput screens of several
cell lines for accounting for the diverse drug response observed in patients
(Schaiquevich et al., 2022). Establishing and validating a 3D in vitro retinal model for
Rb is an essential step in novel drug discovery, allowing for assessing drug response

and cytotoxicity before translation to humans.

1.8 Aims of the study

This project is aimed to:

v' Generate and characterise a disease model for Rb using PSC-derived retinal
organoids. To this end, H9 and H9 RB1-null hESC- and patient hiPSC-derived
ROs (isogenic control, heterozygous and homozygous RB71 mutants) were
established. The characterisation was assessed using immunofluorescence,
flow cytometry and soft agar assays (3 Generation and characterisation of
hESC- and patient hiPSC-derived retinal organoids).

v' Validate the Rb retinal organoid models for drug testing studies. Three
clinically used chemotherapeutic drugs (melphalan, topotecan and TW-37)
were tested on both PSC-derived Rb-deficient models. Drug responses of the
organoids were analysed for cytotoxicity, immunohistochemistry, apoptosis,
and cell cycle assays (4 Drug screening of hESC- and patient hiPSC-

derived retinal organoids).

v Investigate the impact of the three chemotherapeutic agents (melphalan,
topotecan and TW-37) on hESC- and patient hiPSC-derived RPE cells. The
characterisation was assessed by immunohistochemistry, apical-basal polarity
and tight junction markers, and flow cytometric assays. Drug response
analyses were determined by cytotoxicity, cell cycle and apoptosis assays,
phagocytic capacity and transepithelial electrical resistance (5 Generation,
characterisation, and drug screening of hESC- and hiPSC-derived RPE).
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Chapter 2



2 Materials and methods

2.1 Cell culture

2.1.1 Cell lines

Two H9 hESC lines were used in this study, H9 control and H9 RB1-null.
Collaboration with Prof. Nissim Benvenisty (Avior et al., 2017) allowed us to obtain
the H9 RB1-null line in which both copies of RB71 were inactivated by CRISPR/Cas9
gene editing. Three patient-specific hiPSC lines, including heterozygous (RB7%"),
homozygous (RB177), and isogenic control (RB1**), were derived in our lab using
CRISPR/Cas9 gene editing as described in (Rozanska et al., 2022).

The total number of heterozygous (RB7*-) hiPSC-derived clones with
c.2082delC that have been investigated for the project was 15. 3 clones (c3, ¢c10 and
c14) were selected for retinal organoid differentiation due to their low steady-state
level of pRB confirmed by Western blots (data not shown; experiments performed by
Dr Agata Rozanska). The structure of the retinal organoids generated from two of the
hiPSC clones (c3 and c14) fell apart in the long term (day 150), which led to keep the
optimal clone (c10). One isogenic (RB7**) control [wild-type (WT) clone] and one
homozygous (RB77) mutant (c61) clones were used for retinal organoid
differentiation. All clones investigated for this project showed a stable karyotype and

no genetic abnormalities, as documented in our publication (Rozanska et al., 2022).

2.1.2 Cell culture maintenance

The hESC and hiPSC lines were cultured with mTeSR™ Plus (100-0276
Stem Cell Technologies) on growth factor reduced Matrigel-coated 6-well plates
(354230 Corning® Matrigel® Growth Factor Reduced Basement Membrane Matrix;
Corning, NY). Cells were washed with DPBS 1X (14190136 Gibco®iLife
Technologies/Life Technologies) and dissociated with Versene™ EDTA (15040066
Gibco®/Life Technologies/Life Technologies) and passaged at a 1:6 ratio twice per

week.
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2.1.3 Cell culture storage

All hESC and hiPSC lines were cryopreserved in Fisherbrand™ cryovials
(11787939 ThermoFisher) in 10% DMSO in Foetal Bovine Serum (FBS) with 10 uM
Rho-kinase inhibitor (ROCK:i; Y-27632 dihydrochloride) in liquid nitrogen.

2.1.4 Mycoplasma detection

All human stem cell lines used for this project were tested for mycoplasma by
the core staff of the Biosciences Institute at the Centre for Life as part of the
mycoplasma detection service run by the Faculty of Medical Sciences of Newcastle
University. The samples were tested using the MycoAlert® Mycoplasma Detection Kit
(LTO7-118 Lonza) based on the manufacturer's instructions. The assay performs two
luminescence readings; the first (reading A) after adding 100 uyl MycoAlert™
Reagent and the second (reading B) after adding 100 pyl MycoAlert™ Substrate per
sample. The ratio of reading B to reading A determines whether a cultured cell is
contaminated by mycoplasma. A value of less than 0.9 is considered uninfected,
while values greater than 1 are infected with mycoplasma. A MycoAlert™ Positive
Control (LT07-518 Lonza) and MycoAlert™ Buffer (LT27-218 Lonza) were used as
positive and negative controls, respectively, for every experiment. The luminescence
was measured in a Varioskan™ LUX multimode microplate reader (Thermo Fisher
Scientific). The tests were done twice per cell line before setting up a new
differentiation, and the results for all five stem cell lines were negative. Afterwards,

all samples were tested every 8 to 10 weeks.

2.2 Retinal organoids differentiation

Retinal organoids were generated using the protocol developed by (Hallam et
al., 2018) by dissociating cells at ~80% confluence with Accutase (00-4555-56
Thermo Fisher Scientific, Waltham, MA) and seeding 7,000 cells into each well of a
96-well lipidure-coated U-bottom plate (AMS.LCP-A-U96 Amsbio, Boston, MA) in
100 pl of mTeSR™ Plus with 10 yM ROCK inhibitor (Y27632, Tocris, Bristol, UK). In

total, 14 x 96-well plates were seeded per cell line.

After two days, mTeSR™ Plus + 10 yM ROCK inhibitor was changed to
differentiation medium, which comprised: 41% IMDM (12440046 Iscove's Modified
Dulbecco's Medium by Gibco®/Life Technologies/Life Technologies), 41% HAM's
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F12 (1765054 Gibco®/Life Technologies/Life Technologies), 15% KOSR (A3181502
KnockOut™ Serum Replacement-Multi-Species, Gibco®/Life Technologies/Life
Technologies), 1% GlutaMAX™ (35050038 Gibco®/Life Technologies/Life
Technologies), 1% Chemically Defined Lipid Concentrate (11905031 Gibco®/Life
Technologies/Life  Technologies), 1% Pen/-Strep (15140122 Gibco®/Life
Technologies/Life Technologies) and 10 pl 1-Thioglycerol (225 pM, M6145 Sigma-
Aldrich-Aldrich).

The medium was half-replaced every two days up to day 6 when it was once
supplemented with recombinant human BMP-4 (1.5 nM; PHC9534 Bone
morphogenetic protein 4, Life Technologies) as described in (Hallam et al., 2018)
and (Kuwahara et al., 2015), followed by half-replacements every three days. At day
18, maintenance medium was introduced [DMEM/F12 (11320033 Gibco®/Life
Technologies/Life Technologies), 10% FBS (16141079 Gibco®/Life
Technologies/Life Technologies), 1% GlutaMAX™, 1% N2 (17502001 Gibco®|Life
Technologies/Life Technologies), 1% Pen/Strep, 0.1 mM Taurine (T8691 Sigma-
Aldrich), 40 ng/ml T3 (T6397-100MG Sigma-Aldrich-Aldrich), 0.25 pg/ml Fungizone
(15290026 Gibco®/Life Technologies/Life Technologies), and 0.5 yM Retinoic Acid
(R2625 Sigma-Aldrich); the latter was added fresh up to day 120 of differentiation].

Media changes were performed three times per week.

2.3 RPE cell differentiation

Retinal pigment epithelium cells were generated according to an established
differentiation protocol described in our group (Buskin et al., 2018). hESCs at ~80%
confluence were washed with DPBS (14200166 Gibco) to switch mTeSR™ Plus
medium to RPE differentiation medium [76.9% DMEM/F12 + GlutaMAX™, 20%
KOSR, 50 pM B-mercaptoethanol (M3148 Sigma-Aldrich), 1% MEM NEAA
(11140068 Gibco®/Life Technologies), 10 mM Nicotinamide (N0636 Sigma-Aldrich)]
from day O to day 7. The second RPE medium [78.8% DMEM/F12 + GlutaMAX™,
20% KOSR, 50 uM B-mercaptoethanol, 1% MEM NEAA, 100 ng/ml Activin A (120-
14E-250UG Preprotech)] was introduced from day 7 to day 14. Then, from day 14 to
day 42, media was switched to a third medium formulation [78.8% DMEM/F12 +
GlutaMAX™, 20% KOSR, 50 uM B-mercaptoethanol, 1% MEM NEAA, 3 uM
CHIR99021 (SML1046 Sigma-Aldrich)]. The medium was changed every second
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day by aspirating % of the total volume. Finally, from day 42 formulation was
changed to mature stage RPE medium [94% DMEM/F12 + GlutaMAX™, 4% KOSR,
50 pM B-mercaptoethanol, 1% MEM NEAA, 1% Pen/Strep]. The medium was
changed twice weekly by aspirating % of the total volume. Patient-specific hiPSC-
derived RPE cells were obtained from hiPSC-derived retinal organoids that
developed RPE spheroids. The organoids were cut into small pieces and seeded
into Matrigel-coated 24-well plates (5 pieces per well). The medium was switched to
B-27™ RPE medium [86% Advanced RPMI 1640 Medium (12633012 Gibco®]Life
Technologies), 10% KOSR, 2% B-27™ Supplement (50X) (17504001 Gibco®/Life
Technologies), 1% GlutaMAX™, 1% Pen/Strep]. The medium was changed twice
per week by aspirating % of the total volume. After two months, hiPSC-derived RPE
cells were transferred into 96-well plates, and transwell inserts in 24-well plates (as

described in the next section) with B-27™ RPE medium.

2.4 Transwell inserts seeding

RPE cells were washed with DPBS, dissociated with TrypLE™ Select
Enzyme (10X) (A1217701 Gibco®/Life Technologies), and incubated for 20 minutes
at 37°C. Fresh mature stage RPE medium was added, and cells were passed
through a 40 um cell strainer (11587522 Fisher Scientific) centrifuged for 5 minutes
at 300 Relative Centrifugal Force (RCF), the supernatant was aspirated, and the cell
pellets were resuspended in fresh RPE media. Cell suspension concentration was
adjusted, and 150,000 cells were seeded into each Matrigel-coated transwell insert
in 24-well plates. Cells were left undisturbed for four days, and media changes were

done twice per week.

2.5 Drug screening of retinal organoids and RPE cells

To assess the cytotoxic effect of chemotherapeutic drugs on hESC-, patient-
specific hiPSC-derived retinal organoids, and RPE cells, three agents commonly
used in intravitreal chemotherapy were added in different concentrations to the
culture medium for 72 hours under 5% CO2 in a 37°C humidified incubator. The
three agents include melphalan (16665 Cayman Chemical; final concentration of 8
M, 16 uM, 32 uM, 320 pM), topotecan (14129 Cayman Chemical, final
concentration of 5 yM, 10 yM, 15 pM, 150 pM) and TW-37 (20999 Cayman
Chemical; final concentration 0.1 uM, 0.5 pM, 1 pM, 10 uyM). Vehicle control
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consisted of 0.1% DMSO (C6164 Sigma-Aldrich). After the incubation period, retinal
organoids, the RPE cells, and the supernatants were collected for further processing,
including cytotoxicity, cryosectioning, immunostaining assays, and flow cytometry for

apoptosis, cell cycle and phagocytosis assays.

2.6 Cryosectioning and immunostaining of organoids

Organoids were collected on days 35, 90, and 150, washed with PBS, and
then fixed in 2% paraformaldehyde in PBS (sc-281692 Santa Cruz Biotechnology)
solution for 15 minutes. They were washed for 10 minutes with PBS three times
before being placed in a 30% sucrose in PBS (S0389 Sigma-Aldrich) overnight.
Organoids were placed into cryogenic embedding moulds (18985-1 Tebu-Bio UK)
and immersed in optimum cutting temperature compound (6478.1 OCT Embedding
Matrix, CellPath Carl ROTH®). 10 um slices were sectioned on a Leica cryostat
(CM1850) and mounted onto slides (10149870 Fisher Scientific).

Cut sections were washed with PBS for 10 minutes three times. Then, slides
were blocked in 0.3% Triton-X-100 (93443 Sigma-Aldrich) and 10% normal goat
serum (S-26 Sigma-Aldrich) in PBS for 1 hour. This solution was replaced with an
antibody diluent (0.3% Triton-X-100, 1% normal goat serum in PBS) with appropriate
antibody dilution (Table 2-1) at 4°C overnight. Sections were washed in PBS for 10
minutes each and incubated with secondary antibodies (Table 2-2) for 1 hour at
room temperature. Sections were rewashed as stated previously with two additional
washes in PBS for 3 minutes each and mounted in Vectashield® (H-1000-10 Vector
Labs, Burlingame, CA) with Hoechst (1:1000 dilution, 33342 Thermo Scientific). Five
images per antibody combination for each cell line were captured using Zeiss Axio

ImagerZ2 equipped with an Apotome2 (Zeiss, Germany).

Table 2-1. Primary antibody list.

Ap2a Mouse Santa Cruz SC-12726 1in 200
Biotechnology
ARR3 Rabbit Novus Biologicals NBP2-41249 1in 100
CASP3 Rabbit Cell Signaling 9661S 1in 400
Collagen IV Rabbit Abcam AB6586 1in 200
CRX Mouse Abnova H00001406-M02 1in 200
Ezrin Mouse Sigma-Aldrich- E8897-100UL 1in 100
Aldrich

Ki67 Mouse BD Pharmingen 550609 1in 50
Ki67 Rabbit Abcam AB15580 1in 200
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NRL (F2) Mouse Santa Cruz SC-374277 1in 100
Biotechnology
OPN 1LW/MW Rabbit Millipore AB5405 1in 200
OPN1SW Rabbit Millipore AB5407 1in 200
PKC-a Rabbit Sigma-Aldrich- SAB4502354 1in 50
Aldrich
PROX1 Rabbit Millipore AB5475 1in 1500
RB1 Mouse BD Pharmingen 554136 1in 400
Recoverin Rabbit Millipore AB5585 1in 1000
RHO Rabbit Abcam AB59260 1in 100
RHO (Clone ID4) Mouse Millipore MAB5356 1in 200
RXRy Rabbit _Santa Cruz SC-555 1in 500
Biotechnology
RXRy Mouse Santa Cruz sc-365252 1in 50
Biotechnology
SNCG Mouse Abnova H00006623-M01A 1in 500
SNCG Rabbit Abcam AB55424 1in 200
Vimentin Rabbit Abcam AB92547 1in 400
VSX2 Rabbit Sigma-Aldrich Atlas HPA003436 1in 50
701 Goat Laﬁgr;‘t’:rgf_t . STJ140055 1in 50

Table 2-2. Secondary antibody list.

Goat Mouse | Alexa Fluor 488 [e]€; Jackson Immuno Research 115-545-146-JIR
Goat Mouse Cy3 [e]€; Jackson Immuno Research 115-165-003-JIR
Goat Rabbit | Alexa Fluor 488 [e]€; Jackson Immuno Research 111-545-003-JIR
Goat Rabbit Cy3 [e]€; Jackson Immuno Research 111-165-003-JIR
Rabbit Goat | Alexa Fluor 488 1gG Life Technologies A11078
Rabbit Goat Cy3 1gG Jackson Immuno Research 305-165-003
Donkey | Rabbit | Alexa Fluor 546 1gG Invitrogen A10040
Donkey Goat | Alexa Fluor 488 1gG Invitrogen A32814
Donkey | Mouse | Alexa Fluor 488 [e]€; Invitrogen A21202

2.7 Immunostaining of RPE cells

The transwell inserts of vehicle- and drug-treated RPE cells were briefly

washed with PBS and fixed in 4% paraformaldehyde for 30 minutes. After the

removal of the fixative, three subsequent washes with PBS were performed. The

transwell membrane with RPE cells was removed from the insert and sliced into

small v-shaped slices. Additional steps were completed when performing ZO-1 and
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Collagen IV immunostaining. The first one is an incubation of the RPE sections at -
20°C for 4 minutes in methanol. The second one is removing melanin pigment in
cells with a melanin bleach pre-treatment kit (24883 Polysciences) by incubating the
sections in melanin bleach pre-treatment solution A for 5 minutes, three subsequent
washes with PBS, and incubation with melanin bleach pre-treatment solution B for 1
minute and three washes with PBS. Then, sections were blocked and permeabilised
for 1 hour in 0.3% Triton-X-100 and 10% Donkey Serum (7332100-LAM-500ml
Stratech) in PBS. The blocking solution was removed, and the primary antibody was
applied at concentrations shown in Table 2-1 in 0.1% Triton-X-100 and 1% Donkey
Serum in PBS. Sections were washed three times with PBS after overnight
incubation at 4°C and incubated with secondary antibodies (Table 2-2) in PBS for 1
hour at room temperature (RT). Sections were rewashed three times and incubated
with 1:1000 Hoechst in PBS for 20 minutes. Sections were washed again and
mounted in Vectashield®. Fluorescent images of the RPE sections were taken using
Zeiss Axio ImagerZ2 equipped with an Apotome2 (Zeiss, Germany). Secondary
antibody controls were performed similarly, with the primary antibody step omitted.
Qualitative analysis of immunostained sections was carried out using ZEN (Blue
edition; ZEISS) in at least three immunostained sections of RPE cells of each

biological replicate.

2.8 AQuantification analysis

All quantitative analyses of immunostained sections were carried out using
ZEN® (blue edition; ZEISS) and MATLAB® (MathWorks®) software to measure
marker-positive areas from the list (Table 2-1) as described by (Dorgau et al., 2019).
All positive cells were counted using the same thresholding in five randomly selected
fields (318.2 ymx318.2 ym each) in immunostained slices per cell line-derived
organoid. Five to ten images were obtained from six different sections per sample.
Then, the percentage of marker-positive cells was calculated by obtaining the ratio of
positive cells with the total Hoechst™ cells in the area. Co-localisation with the Ki67
proliferation marker, the rate of marker-positive cells, was calculated out of the whole
Ki67* cells using MATLAB® software.
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2.9 Lactate dehydrogenase (LDH) cytotoxicity assay

To assess the cytotoxicity of the three chemotherapeutic agents (melphalan,
topotecan, and TW-37), 90- & 150-day-old hESC-, patient hiPSC-derived ROs and
RPE cells in 96-well plates were incubated for 72 hours under 5% of COzin a 37°C
humidified incubator as described before. To perform this assay, samples were

prepared as follows:

e Spontaneous LDH Activity: 20 ul of sterile, ultrapure water was added to one
set of triplicate wells of cells.

e Maximum LDH Activity: 20 ul of Triton-X-100 was added to one set of triplicate
wells of cells. Each well was mixed by gentle tapping. The obtained value is the
total (100%) corresponding to a completely disrupted cell sample for the
cytotoxicity calculation.

e Chemical-treated LDH Activity: 1 row (12 wells) of cells was used per drug
treatment (8 yM, 16 uM, 32 uM, and 320 yM melphalan; 5 yM, 10 uM, 15 uM,
and 150 yM topotecan; 0.1 uyM, 0.5 uyM, 1 pM, and 10 ypM TW-37) and for 1
vehicle control (0.1% DMSO). The supernatant was transferred from this pool of

ROs or RPE cells for a set of triplicate wells into a 96-well flat-bottom plate.

CyQUANT™ LDH Cytotoxicity Assay Kit (C20300 Invitrogen) was used to
assess the cytotoxicity of the chemical-treated, Spontaneous, and Maximum LDH
Activity organoids and RPE cells. 50 ul of Reaction Mixture (prepared according to
the protocol of CyQUANT™ Kit) were added to each sample well and mixed. The
plate was incubated at RT for 30 minutes and protected from light. Then, 50 pl of
Stop Solution was added to each sample well and mixed by gentle tapping to avoid
creating bubbles that could prevent accurate absorbance readings. If any, bubbles in
wells were broken with a syringe needle before reading. The absorbance was
measured at 490 and 680 nm in a Varioskan™ LUX multimode microplate reader
(Thermo Fisher Scientific). To determine LDH activity, the 680-nm absorbance value
(background) was subtracted from the 490-nm absorbance value before calculating

the percentage of Cytotoxicity (%), which was calculated using the following formula:

Compound treated LDH Activity-Spontaneous LDH Activity

Maximum LDH Activity-Spontaneous LDH Activity x 100

% Cytotoxicity=
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2.10 Retinal organoid dissociation

After 72 hours of incubation with the three chemotherapeutic agents, hESC-
and hiPSC-derived 90- & 150-day-old organoids were dissociated using MACS
Neurosphere Dissociation Kit (P) (130-095-943 Miltenyi Biotec GmbH) following the
manufacturer's protocol. Firstly, organoids were collected in 15 ml Falcon tubes, the
medium was removed, and 500 ul of enzyme mix (stock solution: 3.84 ml pre-heated
Buffer X; 40 pl Buffer Y; 100 pl Enzyme P; 20 yl Enzyme A) was added per sample.
Tubes were incubated for 10 minutes at 37°C. After incubation, organoids were
mechanically dissociated using fire-polished glass Pasteur pipettes of decreasing
diameter by pipetting up and down 10-15 times slowly to avoid forming air bubbles.
Samples were incubated again at 37°C for 5 minutes. Organoids were mechanically
dissociated for a second time using the glass Pasteur pipettes. Single-cell
suspension was applied to a 40 ym Pre-Separation Filter (CC8111-0042 Starlabs)
placed on a 50 ml Falcon tube, followed by 5 ml of HBSS (14175053 Life
Technologies). The cell suspension was centrifuged at 300xg for 10 minutes at RT.
Following the supernatant removal, cells were resuspended in a 1 ml maintenance
medium and processed immediately for further applications, including determining

the cell number.

2.11 Soft agar colony formation assay

Retinal organoids at days 90 and 150 of differentiation were dissociated, as
described above. Single-cell suspensions in organoids' maintenance medium with
0.48% LB-agar (22700-025 Invitrogen) were added to 12-well plates precoated with
0.5% LB-agar in maintenance medium at a concentration of 1000/well. Cells were
maintained in a 37°C humidified incubator with 5% CO:2 for 80 days. Colony images

were taken at RT using a bright-field microscope (Zeiss AxioVert1).

2.12 Cell-cycle phase distribution and apoptosis analyses

As described before, after 72 hours of incubation, vehicle control, drug-treated
retinal organoids, and RPE cells were dissociated into single cells. The cell-cycle
assay was performed with the BD Cycletest™ Plus DNA Reagent Kit (340242 BD
Biosciences). This reagent kit involves dissolving the cell membrane lipids with a
non-ionic detergent, eliminating the cell cytoskeleton and nuclear proteins with

trypsin (solution A), digesting the cellular RNA with an enzyme, and stabilising the
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nuclear chromatin with spermine (solution B). Then, propidium iodide (solution C) is
stoichiometrically bound to the clean, isolated nuclei, which are then run on a flow
cytometer equipped with electronic doublet-discrimination capability. In contrast, the
apoptosis assay was performed with the BD PE Annexin V Apoptosis Detection Kit |
(559763 BD Biosciences), following the protocol provided with the kits. The method
of the BD PE Annexin V Apoptosis Detection Kit | precedes the loss of the cell
membrane integrity, which accompanies the latest stages of cell death resulting from
either apoptosis or necrosis. Hence, staining with PE Annexin V is used in
conjunction with the vital dye 7-Amino-Actinomycin (7-AAD) to identify early
apoptotic cells (7-AAD negative, PE Annexin V positive). Viable cells with intact
membranes exclude 7-AAD, while the membranes of dead and damaged cells are
permeable to 7-AAD. Samples were analysed by flow cytometry; 10,000 events were

collected per sample using a Special Order BD LSRFortessa™ Cell Analyzer.

2.13 RNA extraction

RNA extraction was performed using the ReliaPrep™ RNA Miniprep System
(Z6011 Promega), following an optimised protocol based on the manufacturer's
instructions. First, 350 pl of BL buffer supplemented with 1-Thioglycerol were added
to each pellet. The cells were mixed by pipetting, 120 ul of 100% isopropanol were
added, and the samples were vortexed for 5 seconds. The lysed cells were
transferred to mini-columns and centrifuged. Unless stated otherwise, all
centrifugation steps were completed at 14,000 x g for 30 seconds. The flow-through
was discarded, and the columns were washed with 500 ul of RNA wash solution. 24
ul of Yellow Core Buffer, 3 pl of 0.09M MnClI2, and 3 pl of DNase | were combined
per sample in the stated order to make up the DNase | incubation mix and mixed by
gentle pipetting. 30 pl of DNase | incubation mix were added to each mini-column to
degrade contaminating DNA. After a 15-minute incubation at room temperature, 200
Ml of Column Wash Solution were added, and the samples were centrifuged for 15
seconds. Following a further wash with 500 pyl of RNA Wash solution and
centrifugation, the collection tubes were discarded, and the mini-columns were
placed in a new collection tube. A final wash with 300 yl of RNA Wash Solution was
done, centrifuging the tubes for 2 minutes, following incubation with the wash
solution for 1 minute. The columns were transferred to the elution tubes, and 20 pl of

Nuclease-Free water were used to elute the mRNA bound to each column. The
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Nuclease-Free water was incubated on the column for 3 minutes before centrifuging
the samples for 1 minute. The concentration of the mRNA from the elution tubes was
assessed using the RNA broad range option on a Qubit™ 3 Fluorometer (Q33216

Invitrogen).
2.14 cDNA conversion

cDNA conversion from extracted RNA was performed using the Promega-
GoScript™ Reverse Transcription System (A5000 Promega), following an optimised
protocol based on the manufacturer's instructions. The volume of RNA sample to use
was calculated using the following formula: [0.2/(RNA sample concentration)]*1000.
This was supplemented with 2 pl of random primers, and the total volume was
brought up to 10 pl using Nuclease-Free water. The sample was incubated in a
heated block at 70°C for 5 minutes, then at 4°C for 5 minutes. To prepare the
reverse transcription reaction mix, the following components (multiplied by the
number of samples plus 1 to account for pipetting errors) were combined in the order
listed: 8 ul of GoScript™ 5X Reaction buffer, 6 yl of 25 mM MgCI2, 2 pl of PCR
nucleotide Mix, 1 ul of Recombinant RNasin Ribonuclease Inhibitor, 2 pl of
GoScript™ Reverse Transcriptase, and 11 ul of Nuclease-Free Water. 30 pl of the
reverse transcription reaction mix were added and mixed by pipetting to each RNA
and primer mix. The samples were first incubated for 5 minutes at 25°C for the
primers to anneal to the RNA, then for 1 hour at 42°C for the extension, and finally at
70°C for 15 minutes to inactivate the enzyme. The cDNA was stored at -20°C for

future use.

2.15 Quantitative RT-PCR

Real-time quantitative polymerase chain reactions were performed using the
Promega-GoTaqg® qPCR kit (A6001 Promega) following an optimised protocol based
on the manufacturer's instructions. Primers synthesised by Sigma-Aldrich (Table
2-3) were used to set up the gPCRs. Every reaction included 5 ul of GoTag® qPCR
Master Mix (2X), 0.5 uL of template cDNA, and forward and reverse primers at 3 uM
each. The volume was adjusted to 10 pl with Nuclease-Free Water. Samples were
amplified on an Applied Biosystems™ QuantStudio™ 7 Flex (4485701 Applied
Biosystems) according to the manufacturer's instructions and the following cycling

program: 50°C for 2 minutes, 95°C for 10 minutes; 40 cycles of denaturation at 95°C
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for 15 seconds, annealing and extension at 60°C for 1 minute; melt curve stage at
95°C for 15 seconds, 60°C for 1 minute and 95°C for 15 seconds. The data were
analysed using the 2-AACt method and plotted using GraphPad Prism v9.3.1
(GraphPad Software, LLC).

Table 2-3. Forward, reverse primers and expected product sizes used for
screened genes.

Gene Forward Primer Reverse Primer Pr:i(::ct
GAPDH 5- TGCACCACCACCTGCTTAGC 5’- GGCATGGACTGTGGTCATGAG 87 bp
Ezrin 5- GTTTTCCCCAGTTGTAATAGTGCC 5’- TCCGTAATTCAATCAGTCCTGC 101 bp
RPE65 5- TGCGTATGGACTTGGCTT 5- TCCTGCTCCTGGGCTCACC 190 bp
Transthyretin | 5'- GATGGGATTTCATGTAACCAAGAG 5- CTGCCTGGACTTCTAACATAGC 84 bp
TYR 5- ATTGGGACTGGCGGGATG 5- GCATAAAGACTGATGGCTGTTG 164 bp
Z01 5- GTCCAGAATCTCGGAAAAGTGCC 5- CTTTCAGCGCACCATACCAACC 132 bp

2.16 Transepithelial Electrical Resistance (TEER) in RPE cells

RPE cells were incubated at RT for 15 minutes prior to performing the
measurements using a Millicell ERS-2 Voltohmmeter (MERSO00002 Millipore). The
resistance of the samples was measured by immersing the electrode at a 90° angle
so that the shorter tip was in the transwell insert and the longer tip was in the outer
well. Unit area resistance (Q * cm?) was calculated by subtracting the resistance
reading across the blank from the resistance reading across the sample for each
measurement. Then the result was multiplied by the effective membrane area of the

transwell insert of a 24-well plate (0.33 cm?).

2.17 POSs-RPE Phagocytosis assay

2.17.1 FITC labelling of POSs

Bovine rod photoreceptor outer segments (POSs; 98740 InVision
BioResources) were labelled by adding 0.4 mg/ml fluorescein isothiocyanate (FITC,
20 mg/ml stock in EtOH, 1:50 dilution; F7367 Sigma Aldrich), resuspended
thoroughly, followed by centrifugation at 3000 RCF for 4 minutes. The pellet was
resuspended in 10 ml of the final stage RPE medium. POSs were incubated on a
shaker at RT for 1 hour, protected from light. They were centrifuged again, washed
three times with PBS, resuspended in 1 ml of RPE medium, and then counted and

adjusted the concentration accordingly to 10° POSs/ml. FITC labelling was
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confirmed under a fluorescent microscope. POSs were stored in 2.5% (73 mM)
sucrose (S0389 Sigma Aldrich) in PBS.

2.17.2 Phagocytosis by flow cytometry

Once the POSs vials were thawed, RPE medium + 10% FBS was added to
the POSs and centrifuged again before resuspending in the same medium in the
volume required. The 4°C control transwell plate was incubated at 4°C POSs for 10
minutes. POSs concentration was adjusted to 40 million per ml. 75 pl FITC-POSs
suspension was added per transwell insert. Samples and 4°C controls were
protected from light and incubated for 4 hours at 37°C and 4°C, respectively. After
incubation, cells were washed twice with PBS and dissociated into single-cell
suspension with TrypLE™ Select Enzyme (10X). Once TrypLE™ Select Enzyme
(10X) was aspirated, 200 ul of flow buffer (2% FBS in PBS) and DRAQ5™ (1:40;
ab108410 Abcam) were added. Cells were removed from inserts and transferred to
small 1.5 ml Eppendorf tubes for a 10-minute incubation at 37°C. 200 ul 0.4%
Trypan blue (93595-50ML Sigma Aldrich) was added to samples and incubated for
10 minutes. Samples were centrifuged at 350 RCF for 5 minutes, washed with PBS,
and resuspended in flow buffer before transferring them to flow tubes. Samples were
analysed by Fluorescence-Activated Cell Sorting (FACS), and 10,000 events were

collected per sample using a Special Order BD LSRFortessa™ Cell Analyzer.

2.18 Statistical analysis

One-way ANOVA test (Sidak's multiple comparisons test) was used to
compare the mean + SEM values between drug-treated and untreated controls in
hESC-, patient-specific hiPSC-derived retinal organoids, and RPE cells for all the
analyses, except for RO cell cycle-phase distribution analyses. The Shapiro-Wilk
normality test assessed the normal distribution of the data. An unpaired two-tailed
Student’s t-test was used to compare the mean + SEM values between pRB-
depleted and control hESC- and patient-specific hiPSC-derived retinal organoids for
the cell cycle-phase distribution analysis (Figure 3-9 and Figure 3-13). All the
statistical analyses were performed with GraphPad Prism v9.3.1 (GraphPad
Software, LLC). Values of p < 0.05 were considered statistically significant (*p <0.05,
**p <0.01, ***p <0.001, ****p < 0.0001).
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Chapter 3



3 Generation and characterisation of hESC- and patient hiPSC-

derived retinal organoids

3.1 Introduction

The human retina is the light-sensitive element of the eye comprising three
layers of neurons, two layers of synapses and Muller glial cells (Blond and Léveillard,
2019). The neural retina's five central neural cell populations include rod and cone
PRs, HCs, BCs, ACs and RGCs (Stenfelt et al., 2017). The retina collects the visual
information processed as images through an internal circuitry where other neuronal
cell populations collaborate (Busskamp et al., 2010). The visual information
collection begins with phototransduction, where the light enters the eye and photons
are absorbed by the PR outer segments for the isomerisation of the chromophore
conjugated with the visual pigment (Sung and Chuang, 2010). After this initial
process, the information is relayed to the BCs to finally provide excitation to the
RGCs, which integrate the signal from BCs and ACs and forward it as electrical

responses via the optic nerve (Sung and Chuang, 2010).

Retinoblastoma (Rb) is retinal cancer that affects children younger than five
years, with a prevalence of 1:15,000 individuals worldwide (Stenfelt et al., 2017,
Valverde et al., 2005, Saengwimol et al., 2018). The biallelic inactivation of the RB1
tumour suppressor gene, and the subsequent loss of the retinoblastoma protein
(pPRB), accounts for up to 98% of Rb cases, while the rest have been reported to
have an amplification of the MDM2, MDM4, SKP2 and/or MYCN oncogenes
(Kaewkhaw and Rojanaporn, 2020, Benavente and Dyer, 2015). High cure rates of
up to 95% have been achieved in developed countries when correct diagnosis and
treatment for the confinement of the malignant mass to the eye have been given in
the early stages (Parulekar, 2010). Nonetheless, around 50% of the cases will die of

disseminated Rb in developing countries (Chantada, 2011).

Although there has been some progress in treatments for Rb, patients can still
suffer neurocognitive development, cataracts, hearing loss and cosmetic deformities
(Belson et al., 2019, Ing et al., 2012). Enucleation has traditionally been the
treatment of choice to reduce mortality in patients with severe Rb, significantly
diminishing the quality of life (Wong et al., 2022). Current strategies for treating Rb
include two or three chemotherapeutic drugs with alkylating and DNA-damaging
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agents with cytoskeletal inhibitors, some of them with reported toxicity (Sachdeva
and O’Brien, 2012).

pRB expression pattern in the developing retina is predominantly abundant in
RPCs in the G1-, S-, and early to mid-G2/M-phases at an early stage of
development [foetal week (Fwk) 5] (Lee et al., 2005, Lee et al., 2006). Additionally,
pRB expression is not detected in the earliest identifiable RGC, AC, and BC
precursors by Fwk 9 migrating away from the ventricular layer, but then it is seen
when these precursor cells undergo further differentiation. However, it is not
detected in the earliest RXRy" cone precursors or the earliest Nrl* rod precursors
(Lee et al., 2006). Then, pRB expression rises to high levels in cones and low levels
in rods at a mid-stage of development (Fwk 12). Finally, as further differentiation of
cell types occurs at a mature stage of development (Fwk 18), pRB expression is
prominent in mature Muller glial cells when they exit the cell cycle (Lee et al., 2006).
pRB does not mediate the initial proliferative arrest of retinal neurons, but it may
induce arrest in RPCs or maintain an arrest in postmitotic precursors. The role of
pRB in RGCs, HCs, cone and rod PRs, and Muller glial cells resides in maintaining
their differentiation state. Through development, the complex pattern of pRB
expression in retinal cell types is crucial for identifying the retinal cell that depends

on the RB1 gene to suppress tumour formation (Spencer et al., 2005).

pRB loss and retinal cell type-specific circuitries are correlated with the
proliferation and development of Rb-like tumours. The maturing L/M-cone precursor
circuitry was found to be needed for tumour proliferation in Rb as these cone
populations were enriched (Xu et al., 2014). A cone precursor cell has been
proposed to be the cell of origin in human Rb, as cone lineage factors (TRB2, RXRy),
highly expressed oncoproteins (MDM2 and MYCN), and p27 downregulation likely
mediated by SKP2 contribute to pRB loss (Xu et al., 2014). Furthermore, a recent
publication from our group (Collin et al., 2021) also suggested a proliferating cone
precursor cell as the origin cell for human Rb. The study's proof-of-principle single-
cell RNA-Seq analysis of human tumours showed that cone precursors escaped cell
cycle arrest and/or p53-mediated apoptosis. Other groups (Liu et al., 2020, Yang et
al., 2021b, Wu et al., 2022) also suggested ARR3* maturing cone precursors as the
cell of origin for human Rb, as their transcriptome sequencing profiling results for Rb

cells showed abundant cone precursor markers.
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Reprogramming differentiated mouse cells to an embryonic-like state by
introducing the now well-known Yamanaka factors (Oct3/4, Sox2, c-Myc, and Kif4)
(Takahashi and Yamanaka, 2006) was a milestone that unlocked new possibilities in
stem cell research. Later, Yamanaka and colleagues (Takahashi et al., 2007)
reproduced the induction of pluripotent stem cells by reprogramming human dermal
fibroblasts using the same four factors. These findings allowed the generation of any
human cell type from reprogrammed hESCs and hiPSCs. Pluripotent stem cells can
be conditioned towards a specific organ (or organoid) fate by mimicking early human
embryonic development. An organoid is an artificial self-organising tissue resembling
an organ that satisfies criteria such as having a 3D structure, multiple cell types and
a specialised function. Reprogrammed PSCs can give rise to the three primary germ
layers to form ectoderm, mesoderm and endoderm organoids (Lancaster and Huch,
2019). The potential of these methods is relevant for regenerative medicine, disease
modelling, drug screening and repurposing, and toxicity assessment. Consequently,
Yoshiki Sasai’s pioneering work (Sasai, 2013) on establishing a 3D in vitro organoid
model to study the development of tissues and organs was a milestone, particularly

in retinal disease modelling by induced organogenesis.

Retinal organoids are functional 3D cellular structures that exhibit all the
critical retinal cell types and are organised in a laminated structure resembling the
human retina. These complex structures recapitulate the retina's development,
morphology and maturation (Fernando et al., 2022). Work from our group (Hallam et
al., 2018, Mellough et al., 2019b, Chichagova et al., 2019, Dorgau et al., 2022) and
others (Cora et al., 2019, Zhong et al., 2014, Capowski et al., 2019, Fernando et al.,
2022, Saha et al., 2022, Samimi et al., 2022, Wahlin et al., 2017) has revealed that
PSC-derived ROs have light-sensitive PRs at the apical layer as part of the
functionality of these organoid structures. As the human retina displays unique
features that differ from mammalian retinas, numerous features of human biology
and disease mechanisms are also dissimilar. Hence, human ROs are a suitable

model that accurately represents the human retina's specific characteristics.

Over the last decade, several protocols have been published regarding the
generation of 2D and 3D retinal tissue from hESCs and hiPSCs (Meyer et al., 2009)
and 3D optic cup morphogenesis from mESCs (Eiraku et al., 2011). Then, further

advances reported the development of optic cups with stratified neural retina
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containing cone and rod PRs (Nakano et al., 2012) and 3D optic cups with all major
retinal cell types (Zhong et al., 2014, Lakowski et al., 2018, Kuwahara et al., 2019,
Kuwahara et al., 2015, Meyer et al., 2009) from hESCs and hiPSCs. Protocols for
the differentiation of retinal organoids containing all the necessary structures for
phototransduction with light-sensitive PRs have been established in our group
(Hallam et al., 2018, Mellough et al., 2019b, Chichagova et al., 2019, Dorgau et al.,
2022) and others (Cora et al., 2019, Zhong et al., 2014, Capowski et al., 2019,
Fernando et al., 2022, Saha et al., 2022, Samimi et al., 2022, Wahlin et al., 2017) (as

described in the introduction section 1.4.4 Retinal organoids of this thesis).

Retinal organoid differentiation from hESCs and hiPSCs is a powerful tool
with promising results for retinal disease modelling. Establishing a 3D system using
ROs is crucial for developmental research and disease progression modelling.
Generating specific cell types that are affected is essential for drug screening with
clinical relevance for retinal disorders like AMD (Yang et al., 2014), Rb, RP (Buskin
et al.,, 2018), STGD1 (Khan et al., 2020), and glaucoma (Teotia et al., 2017).
Examples of disease modelling using retinal organoids have been discussed in the

introduction section (1.5 Retinal disease modelling) of this thesis document.

The complex expression pattern of pRB during retinal development in a cell
type and species-specific manner, in addition to the absence of a relevant animal
model, contributes to an incomplete understanding of Rb biology. To this end,
establishing an in vitro Rb disease model using ROs from hESCs and patient
hiPSCs would provide new insights to understand Rb’s pathomechanisms better and
find new treatments through drug screening. To date, some groups have developed
human Rb disease models using ROs. A research study by (Liu et al., 2020) used
hESC-derived ROs with biallelic mutagenesis of the RB1 gene, exhibiting canonical
Rb tumorigenesis in vivo. Moreover, their single-cell sequencing data suggested that
Rb originated from ARR3" maturing cone precursors. Nonetheless, this study did not
consider the patient-specific genetic background nor the epigenetic starting point of
the hiPSCs, which can influence the development of Rb. In a research study,
(Saengwimol et al., 2018) derived ROs from patient chemotherapy-naive tumours,
showing that primarily cone signal circuitry (M/L* cells) and glial tumour

microenvironment (GFAP* cells) were present. Their findings confirmed organoid
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histological features similar to retinal tumours and seeds, which retained DNA copy-

number alterations and gene and protein expression of the parental tissue.

In a subsequent study, (Norrie et al., 2021) developed hiPSC-derived ROs
from 15 patients with germline RB7 mutations. Additionally, they dissociated the ROs
after 45 days and injected them into the vitreous of eyes of immunocompromised
mice for Rb tumour growth. Their Rb patient, the hiPSC-derived RO model, provided
insights into the tumourigenic mechanism that follows RB7 inactivation and the
cellular origin of Rb. Establishing a well-characterised in vitro Rb RO model is
essential for developing reliable systems helpful in testing new chemotherapeutics
for individual patients. Interestingly, (Kanber et al., 2022) published a study using
hESC-derived ROs after RB17 inactivation by CRISPR/Cas9 mutagenesis. Their
results showed depletion in most retinal cell types except for proliferative cones after
day 130 of differentiation, supporting these as a human Rb cell of origin.
Nonetheless, RB1 knock-out organoid disintegration after day 126 of differentiation
was a limitation of this study that the authors attributed to a lack of pRB, as it was not
observed in wild-type or heterozygous RB1 ROs. Remarkably, in our recent study
(Rozanska et al.,, 2022), we were able to characterise and maintain in culture

homozygous mutant RB7 ROs beyond day 150 of differentiation.

Recently, (Blixt et al., 2022) generated the first in vitro Rb model using RB71**
hESC-derived retinal organoids that overexpressed MYCN. They also induced
tumourigenic growth using an animal model by overexpressing MYCN in RB1-
proficient chicken retinas. The relevance of this study relies on establishing an
alternative Rb disease model that does not exhibit the RB7 inactivation that is
frequently observed in established in vitro Rb models. As this overexpressing MYCN
in vitro model was tested in vivo in a chicken model, they provided insights into the
cellular and molecular pathogenesis of Rb in the absence of RB71 mutations, which is

of clinical significance for designing and testing novel Rb drugs.

The previous studies have provided evidence for the application of patient-
specific RB1 hiPSC-derived ROs for drug discovery, repurposing, and screening.
However, it is vital to establish an in vitro human RB7 organoid model that is

characterised in detail, which is the main topic of this chapter.
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3.2 Aims

The main aim of this chapter was to characterise hESC- and patient hiPSC-
derived retinal organoids. The H9 RB1-null hESC line was obtained in collaboration
with Prof. Nissim Benvenisty (Avior et al.,, 2017). Dr Agata Rozanska, from our
group, has generated patient RB717- hiPSC, and the isogenic control (RB7** hiPSC)
through CRISPR/Cas9 gene-editing from the heterozygous patient RB71*- hiPSC line
(Rozanska et al.,, 2022). Immunohistochemistry, fluorescence microscopy and
positive cell quantification from IF images were used to characterise the hESC- and
patient hiPSC-derived ROs, revealing cell-type composition and retinal lamination
variations. The most affected retinal cell types were identified by a combination of

proliferation, apoptosis, and cell type-specific markers.

3.3 Results

3.3.1 The steady-state level of pRB is highest at the early stage of

differentiation and decreases with time

Once the hESC and patient hiPSC lines were established, ROs were
generated following the protocol developed in our group (Hallam et al., 2018) (2.2
Retinal organoids differentiation section of this thesis). Characterisation of hESC-
and hiPSC-derived ROs was completed by immunofluorescence (IF) analysis to
assess the characteristics of a potential Rb disease model by analysing the
expression of the neural retina, proliferation, pRB and apoptosis markers. The
emergence of retinal cell types within the laminated neural retina was assessed at
three different time points during the differentiation process on days 35, 90, and 150.
Representative bright-field images of all cell lines differentiated into ROs for days 35,

90 and 150 showed a well-distinguished neural retina epithelium (Figure 3-1).
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Figure 3-1. Generation of hESC- and patient hiPSC-derived retinal organoids.

Light microscopy representative phase-contrast images of H9 control hESC-, H9
RB1-null hESC-, RB1** hiPSC-, RB1*- hiPSC-, and RB1/ hiPSC-derived retinal
organoids on days 35, 90 and 150 of differentiation. 5X images. Scale bars; 100 pym.
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Immunofluorescence analysis of pRB was performed in wild-type (H9 hESC-
and RB1** hiPSC-derived) ROs on three time points of differentiation as part of the
characterisation. The quantification analysis of the immunofluorescence images
using MATLAB™ software showed that in wild-type ROs, the steady state of pRB is
highest at the early differentiation stage (day 35) and then decreases with time
(Figure 3-2A, C). H9 control hESC-derived ROs showed around 60% of pRB* cells
on day 35, 43% on day 90, and only 3% on day 150 (Figure 3-2A). Then, the bar
graph for hiPSC-derived ROs revealed lower levels on day 35 of around 52% of
pRB* cells for patient RB7** hiPSC-derived ROs, and approximately a fraction of
35% for RB1*~ hiPSC-derived ROs. Then, pRB* cell percentage values decreased to
28% in RB1** ROs and 15% in RB1*- ROs on day 90. Finally, by day 150 of
differentiation, results showed around 13% and 6% of pRB* cells for RB1** and
RB1*- hiPSC-ROs, respectively (Figure 3-2C). No pRB expression was detected
throughout the differentiation of H9 RB1-null hESC- and RB7* hiPSC-derived ROs,
while reduced expression was observed in the heterozygous RB71*- hiPSC-derived
ROs (Figure 3-2B, D).
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Figure 3-2. Immunofluorescence analysis for pRB of hESC- and patient hiPSC-
derived retinal organoids throughout differentiation stages.

Bar charts showing the fraction of pRB* cells in H9 hESC- (A) and patient RB71** and
RB1*- hiPSC-ROs (C) at days 35, 90 and 150 of differentiation. Representative
immunofluorescent staining of pRB (green) counterstained with Hoechst for H9
control hESC-, H9 RB1-null hESC- (B), and patient RB1**, RB1*-, and RB1- hiPSC-
ROs (D) at days 35, 90 and 150 of differentiation. Insets show higher magnification
images. 12 ROs were used as biological replicates. 10 sections of ROs were cut and
imaged. Data are presented as mean £+ SEM (n = 10 sections from each biological
replicate). Scale bars; 50 pm.
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3.3.2 Expression of pRB in different retinal cell types in H9 control hESC-

derived retinal organoids

To identify the presence of pRB in different cell types, retinal lineage and
proliferation markers were co-stained with pRB marker in H9 control hESC-derived
ROs on days 35, 90 and 150 of differentiation (Figure 3-3, Figure 3-4). Qualitative
analysis showed pRB expression in the post-mitotic precursor (CRX*), retinal
progenitor (VSX2*), RGC (SNCG*), and proliferating (Ki67*) cells during the early
stage (day 35) of differentiation (Figure 3-3A). The analysis on later time points of
development showed co-expression of pRB marker with retinal progenitor (VSX2*),
rods and cones (RCVRNT), cone precursor (RXRy*, ARR3*), L- and M-cone
(OPN1LW/MW?*), rod PR (RHO*), HC (PROX1*), BC (PKCa*), Miller glial
(VIMENTINY), and proliferation (Ki67*) cell markers on day 90 (Figure 3-3B) and 150
(Figure 3-4) of differentiation. These results revealed the near-to-ubiquitous
expression of pRB in different retina cell types. Nonetheless, no co-localisation of
pRB was observed with the apoptotic (CASP3*) cell marker by days 90 and 150 of

differentiation.
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Figure 3-3. Imnmunofluorescence analysis of H9 control hESC-derived ROs at
days 35 and 90 of differentiation.

Representative immunofluorescence analysis of H9 control hESC-derived ROs for
pRB (red) counterstained with Hoechst. A. CRX, VSX2, SNCG, and Ki67 (green), at
day 35. B. RCVRN, ARR3, VSX2, PKCa, VIMENTIN, RXRy, CASP3, Ki67, and
PROX1 (green), at day 90 of differentiation. White arrowheads show co-localisation
of the pRB marker with the specified marker. 12 ROs were used as biological
replicates. 10 sections of ROs were cut and imaged from each biological replicate.
Scale bars; 50 um.
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Figure 3-4. Inmunofluorescence analysis of H9 control hESC-ROs at day 150
of differentiation.

Representative immunofluorescence analysis of H9 control hESC-derived ROs for
pRB (red) co-stained with RCVRN, RXRy, VIMENTIN, VSX2, ARR3, OPN1LW/MW,
RHO, PKCa, PROX1, CASP3, and Ki67 (green), counterstained with Hoechst at day
150 of differentiation. White arrowheads show co-localisation of the pRB marker with
the specified marker. 12 ROs were used as biological replicates. 10 sections of ROs
were cut and imaged from each biological replicate. Scale bars; 50 ym.
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3.3.3 pRB inactivation results in a significant increase in proliferating cone
precursor, horizontal, retinal ganglion cells, and a decrease in amacrine

cells during retinal organoid maturation

Given the reported role of pRB on cell proliferation, apoptosis, and retinal
development, the impact of pRB inactivation was assessed by characterisation of
hESC- and patient hiPSC-derived ROs in different stages of development. At the
early stage of differentiation (day 35), there was a significant decrease in the
percentage of PR precursors (CRX*) and RGCs (SNCG*), an increase in the fraction
of proliferating (Ki67*) cells and no change in retinal progenitors (VSX2*) in H9 RB1-
null hESC- compared to control H9 hESC-derived ROs (Figure 3-5A). The results
for early differentiated retinal cell types co-expressing Ki67 proliferation marker
revealed a significant increase in the fraction of proliferating RGCs (SNCG*Ki67*)
and retinal progenitors (VSX2*Ki67*) but not a significant change in proliferating PR
precursors (CRX*Ki67*) in H9 RB1-null hESC- compared to H9 hESC-derived ROs
(Figure 3-5A). In the H9 control hESC-ROs, putative RGCs were mainly located at
the basal aspect. Nonetheless, in the H9 RB1-null hESC-ROs, RGCs were found
throughout the RO structure and concentrated in the apical layer where typically PR

precursors reside (Figure 3-5B).

Figure 3-5. Immunohistochemical analysis of hESC-derived retinal organoids
at day 35 of differentiation.

A. Bar charts showing the retinal cell types (left) and Ki67* co-expressing fractions
(right). B. Representative immunofluorescence analysis for CRX, SNCG, VSX2, pRB
(red) and Ki67 (green), counterstained with Hoechst at day 35. 12 ROs were used as
biological replicates. 10 sections of ROs were cut and imaged. Data are presented
as mean = SEM (n = 10 sections from each biological replicate). Values of p < 0.05
were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001). White arrowheads point at the co-localisation of Ki67 with the specified
marker. Scale bars; 50 ym.
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The mid-stage differentiation (day 90) was characterised by a significantly
decreased fraction of ACs (AP2a*) in H9 RB1-null hESC- compared to H9 control
hESC-derived ROs. The immunohistochemistry analysis also revealed a significantly
increased fraction of RGCs (SNCGT), apoptotic (CASP3*), and proliferating (Ki67*)
cells in H9 RB1-null hESC-derived ROs. However, results showed no significant
difference in rod precursor (NRL*), HC (PROX1*), cone precursor (RXRy*), and
retinal progenitor (VSX2*) cell fractions. In parallel, a significant increase was
detected in the percentage of proliferating retinal progenitors (VSX2*Ki67%),
proliferating RGCs (SNCG*Ki67*), and proliferating cone precursors (RXRy*Ki67%) in
H9 RB1-null hESC-derived ROs. No changes were observed in the percentage of
proliferating rod PRs (NRL*Ki67*), proliferating HCs (PROX1*Ki67*), proliferating
ACs (AP2a*Ki67%), and proliferating apoptotic (CASP3*Ki677) cells (Figure 3-6A). As
observed at an early stage of differentiation, RGCs were found throughout the
different layers of the retinal structure of the H9 RB1-null hESC-derived ROs. Retinal
cone arrestin-3* (ARR3") cells were found at the apical layer of hESC-derived ROs
(Figure 3-6B).

106



>
o) N
T

(2]
o
1

N
o
1

B)

Positive cells [%]
F-Y
o
1

o
|

* %k k% %k kK

*kkk

& &

B H9control mm H9 RB1-null

H9 control

hESC Day 90

Ki67*[%]

107

80+

[=2]
o
1

5
o
1

N
o
1

o
L

&

* Kk K
* %

* %

N & A Y %] 2
QS;' v:» *gL q;‘ qs st ‘é}
- H9 control - H9 RB1-null

H9 RB1-null



B) (continued) hESC Day 90
H9 control H9 RB1-null

Figure 3-6. Immunohistochemical analysis of hESC-derived retinal organoids
at day 90 of differentiation.

A. Bar charts showing the retinal cell types (left) and Ki67* co-expressing fractions
(right). B. Representative immunofluorescence analysis for RXRy, SNCG, PROX1,
AP2a, CASP3, Ki67, ARR3, VSX2, and pRB counterstained with Hoechst at day 90.
12 ROs were used as biological replicates. 10 sections of ROs were cut and imaged.
Data are presented as mean + SEM (n = 10 sections from each biological replicate).
Values of p < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001). White arrowheads point at the co-localisation of Ki67 with
the specified marker. Scale bars; 50 um.
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Analysis at a mature stage of differentiation (day 150) revealed a significantly
increased percentage of cone precursors (RXRy*), RGCs (SNCG*), apoptotic
(CASP3*), and proliferating (Ki67*) cells in H9 RB1-null hESC-derived ROs.
Conversely, results showed a significantly decreased fraction of ACs (AP2a*),
mature S- (OPN1SW?), L- and M-cones (OPN1LW/MW), and rod PRs (RHO") in H9
RB1-null hESC-derived ROs. However, no significant difference was observed in
cone precursor (NRL*), HC (PROX1*), and retinal progenitor (VSX2*) cell fractions.
Moreover, results showed significantly increased fractions of proliferative HCs
(PROX1*Ki67*), cone precursors (RXRy*Ki67*), retinal progenitors (VSX2*Ki677),
and RGCs (SNCG'Ki67*) in H9 RB1-null hESC-derived ROs. Interestingly, no
significant difference was observed in the cell fraction of the proliferative rod
precursor (NRL*Ki67*) (Figure 3-7A). RGCs were noted in the apical and different
retinal layers in H9 RB1-null hESC-derived ROs, as reported in previous time points

of development (Figure 3-7B).
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B) (continued) hESC Day 150
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B) (continued) hESC Day 150
H9 control H9 RB1-null

Figure 3-7. Immunohistochemical analysis of hESC-derived retinal organoids
at day 150 of differentiation.

A. Bar charts showing the retinal cell types (left) and Ki67* co-expressing fractions
(right). B. Representative immunofluorescence analysis for RXRy, SNCG, PROX1,
AP2a, CASP3, Ki67, ARR3, and VSX2, counterstained with Hoechst at day 90. 12
ROs were used as biological replicates. 10 sections of ROs were cut and imaged.
Data are presented as mean + SEM (n = 10 sections from each biological replicate).
Values of p < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001). White arrowheads point at the co-localisation of Ki67 with
the specified marker. Scale bars; 50 pm.
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In addition to the immunofluorescence analysis of the proliferation marker
(Ki67) in pRB-depleted hESC-derived ROs, the cell-cycle phase distribution analyses
based on propidium iodide (PI) staining were performed for mid-stage and late-stage
retinal development. Representative data for RO cell population gating for cell cycle
assay is included (Figure 3-8). These analyses confirmed a significantly enriched
fraction of cells in the S-phase (5.26%) in 90-day-old H9 RB1-null hESC-derived
ROs compared to wild-type (1.91%) (Figure 3-9A). Likewise, the analyses for day
150 of differentiation reported the enriched fraction of cells in the S-phase (5.31%) in
H9 RB1-null hESC-derived ROs compared to wild-type (1.48%) (Figure 3-9B).
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Figure 3-8. Cell population gating for cell cycle assay in hESC- and hiPSC-
derived retinal organoids at day 90 and day 150 of differentiation.
Representative dot-plot, histogram graph, and DNA cycle statistics table of the cell
population gating of single-cell suspensions from hESC- and hiPSC-derived ROs.
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Figure 3-9. Cell cycle phase distribution analysis of hESC-derived retinal
organoids at day 90 and day 150 of differentiation.

Bar charts showing the percentage of the G1-, G2/M-, and S-phase of the cell cycle
of hESC ROs at day 90 (A) and day 150 (B) of differentiation. 24 ROs per cell line
treatment were used as a batch of biological replicates. Data are presented as mean
+ SEM (n = 3 repeats from each independently cultured batch of biological
replicates). Values of p < 0.05 were considered statistically significant (*p < 0.05, **p
<0.01, ***p <0.001, ****p <0.0001).

In summary, a common feature of H9 RB1-null hESC-derived ROs was the
increased presence of proliferating retinal progenitors (VSX2*Ki67*) from day 35 and
the increased fraction of proliferating cone precursors (RXRy*Ki67*) from day 90.
RGCs (SNCG*) were more frequent and located in the apical layer and throughout
the retinal structure in the H9 RB1-null hESC-derived ROs. Also, H9 RB1-null hRESC-
ROs were characterised by a significant increase in the fraction of proliferating RGCs
(SNCG™Ki67") throughout retinal development and proliferating HCs (PROX1*Ki67*)
at a mature stage as well as a substantial decrease in ACs (AP2a*) from day 90 of
differentiation. The expression of mature S- and M-cone and rod PR markers
(OPN1SW*, OPN1LW/MW* and RHO?*, respectively) was significantly reduced in
150-day-old H9 RB1-null hESC-derived ROs. Simultaneously, a low but significant
increase was reported in the fraction of apoptotic (CASP3*) cells in the day 90 and
day 150 H9 RB1-null hESC-derived ROs, confirming the increase of the cleaved

Caspase-3 steady-state levels. Finally, cell cycle phase distribution analyses
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reported the enriched fraction of cells in the S-phase in the H9 RB1-null hESC-
derived ROs at mid-stage (day 90) and mature stage (day 150) of development.

3.3.4 The mitotic and tumorigenic activity is limited to the homozygous RB1**
but not heterozygous RB1*- hiPSC-RO phenotype

Similar to H9 RB1-null hESC-derived ROs, the analysis showed a significant
increase in the percentage of SNCG*, VSX2* and Ki67* cells in the RB717- hiPSC-
derived ROs throughout the early differentiation time course. The fraction of pRB*
cells was significantly decreased in heterozygous (RB7*-) compared to isogenic
control (RB71**) hiPSC-derived ROs. There was no difference in the percentage of
PR precursors (CRX*) or proliferating PR precursors (CRX*Ki67*) in any patient
hiPSC-derived ROs at this stage. Although the fraction of SNCG* and VSX2* cells
was increased in both the heterozygous (RB7*-) and the homozygous (RB77)
hiPSC-derived ROs, only the homozygous ROs were characterised by an increased
percentage of proliferating SNCG* and proliferating VSX2* marked by Ki67 staining
(Figure 3-10A).
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Figure 3-10. Immunohistochemical analysis of patient hiPSC-derived retinal
organoids at day 35 of differentiation.

A. Bar charts showing the retinal cell types (left) and Ki67* co-expressing fractions
(right). B. Representative immunofluorescence analysis for VSX2, CRX, SNCG, pRB
and Ki67, counterstained with Hoechst at day 35. One hiPSC-derived clone per cell
line was used for RO differentiation. 12 ROs were used as biological replicates. 10
sections of ROs were cut and imaged. Data are presented as mean + SEM (n = 10
sections from each biological replicate). Values of p < 0.05 were considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). White
arrowheads point at the co-localisation of Ki67 with the specified marker. Scale bars;
50 um.
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The quantitative immunofluorescence analysis at day 90 of differentiation for
patient hiPSC-derived ROs indicated a significantly increased fraction of retinal
progenitor (VSX2*) cells in both heterozygous (RB71*-) and homozygous (RB77)
compared to the isogenic control (RB71**) hiPSC-derived ROs. Moreover, there is a
significant increase in the percentage of RGCs (SNCG*), apoptotic (CASP3*) and
proliferating (Ki67*) cells exclusively in homozygous (RB77) hiPSC-derived ROs.
There was a low yet significant decrease in the fraction of HCs (PROX1*) in
heterozygous RB7*- hiPSC-derived ROs. Notably, the fraction of rod precursor
(NRL*) and cone precursor (RXRy*) cells was unaffected by heterozygous or
homozygous mutation in the RB7 gene. Interestingly, the ACs (AP2a*) were
undetectable in homozygous (RB77) ROs, while they were observed in the INL in
heterozygous (RB71*-) and isogenic (RB71**) patient hiPSC-derived ROs. Although
the percentage of VSX2* cells was increased in both heterozygous- and
homozygous-derived ROs at day 90 of differentiation, only homozygous RB7"
hiPSC-derived ROs were characterised by the enrichment of proliferating retinal
progenitors (VSX2*Ki67*), proliferating HCs (PROX1*Ki67*), proliferating cone
precursors (RXRy*Ki67"), proliferating RGCs (SNCG*Ki67*), and proliferating
apoptotic (CASP3*Ki67*) cells. No changes were observed in the fraction of
proliferating rod precursors (NRL*Ki67*) in any patient hiPSC-derived ROs (Figure
3-11A).

As previously reported in H9 RB1-null hESC-derived ROs, RGCs were
primarily found in the apical layer and throughout the retinal structure in patient RB71-
~ hiPSC-derived ROs. Cone precursors (ARR3*) were observed in the apical site,
while Mdller glial (VIMENTINT) cells spanned across different retinal layers as part of
the structure of the ROs (Figure 3-11B).

117



2

Positive cells [%)]

60 vy
404

20- |7

0- ‘ -

hiPSC Day 90
60 -

L J—
) 40 - Kk Fekkk *% %

20

Ki67*[%
— S
:
O

Q-+‘\«°Q-‘\~\3'“’°Q3’-6\ & & &P L PP
e RS e 6\; & S <8_0 & o o"% S §
W Rere W Rer: W RET mm RB77+ WM RB1% WE RB1*

R B 1+/#

RB1”

118



B) (continued) hiPSC Day 90
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Figure 3-11. Immunohistochemical analysis of patient hiPSC-derived retinal
organoids at day 90 of differentiation.

A. Bar charts showing the retinal cell types (left) and Ki67* co-expressing fractions
(right). B. Representative immunofluorescence analysis for RXRy, SNCG, PROX1,
AP2a, CASP3, Ki67, ARR3, and VSX2, counterstained with Hoechst at day 90. One
hiPSC-derived clone per cell line was used for RO differentiation. 12 ROs were used
as biological replicates. 10 sections of ROs were cut and imaged. Data are
presented as mean £ SEM (n = 10 sections from each biological replicate). Values of
p < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). White arrowheads point at the co-localisation of Ki67 with the
specified marker. Scale bars; 50 pym.
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Quantitative analysis at day 150 of differentiation indicated a significantly
increased fraction of cone precursors (RXRy*), RGCs (SNCG*), HCs (PROX1%),
retinal progenitors (VSX2*), apoptotic (CASP3*), and proliferating (Ki67*) cells in
patient RB717- hiPSC-derived ROs (Figure 3-12A). No difference was observed in the
fraction of pRB* cells in the heterozygous (RB7*-) compared to the isogenic (RB1+*)
hiPSC-derived ROs. Remarkably, a complete lack of ACs (AP2a*) was observed in
RB1- hiPSC-derived ROs, which was reported since mid-stage differentiation (day
90). ACs were found in the INL in the isogenic (RB71**) control and heterozygous
RB1*- hiPSC-derived ROs (Figure 3-12B). RGCs were observed in the apical layer
and distributed across the different layers of the ROs in the homozygous RB71
hiPSC-derived ROs as in previous time points of development. Furthermore, results
revealed significantly increased fractions of proliferating cone precursors
(RXRy*Ki677"), proliferating RGCs (SNCG*Ki677), proliferating HCs (PROX1*Ki677),
and proliferating retinal progenitors (VSX2*Ki67*), in patient homozygous RB171
hiPSC-derived ROs. Finally, the fraction of proliferating cells expressing pRB
(pPRB*Ki67*) was significantly decreased in heterozygous RB7*- hiPSC-derived ROs
(Figure 3-12A).
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B) (continued) hiPSC Day 150
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Figure 3-12. Immunohistochemical analysis of patient hiPSC-derived retinal
organoids at day 150 of differentiation.

A. Bar charts showing the retinal cell types (left) and Ki67* co-expressing fractions
(right). B. Representative immunofluorescence analysis for VSX2, SNCG, PROX1,
CASP3, RXRy, pRB, ARR3, AP2a, and Ki67 counterstained with Hoechst at day
150. One hiPSC-derived clone per cell line was used for RO differentiation. 12 ROs
were used as biological replicates. 10 sections of ROs were cut and imaged. Data
are presented as mean + SEM (n = 10 sections from each biological replicate).
Values of p < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001). White arrowheads point at the co-localisation of Ki67 with
the specified marker. Scale bars; 50 pm.

Additionally, the cell cycle phase distribution analyses based on Pl staining
were performed for the mid-stage and the late stage of retinal development. The
results of the analyses confirmed a significantly enriched fraction of cells in the S-
phase (3.93%; 4.82%) and G2/M-phase (7.33%; 6.94%) in 90-day-old patient RB1+-
and RB17 hiPSC-derived ROs, respectively, compared to isogenic control (1.64;
2.71%) (Figure 3-13A). Similarly, the analyses for day 150 of differentiation reported
the enriched fraction of cells in the S-phase (6%) in patient RB77- hiPSC-derived
ROs only compared to isogenic control (0.93%) (Figure 3-13B).
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Figure 3-13. Cell cycle phase distribution analysis of patient hiPSC-derived
retinal organoids at day 90 and day 150 of differentiation.

Bar charts showing the percentage of the G1-, G2/M-, and S-phase of the cell cycle
of patient hiPSC-derived ROs at day 90 (A) and day 150 (B) of differentiation. One
hiPSC-derived clone per cell line was used for RO differentiation. 24 ROs per cell
line treatment were used as a batch of biological replicates. Data are presented as
mean £ SEM (n = 3 repeats from each independently cultured batch of biological
replicates). Values of p < 0.05 were considered statistically significant (*p < 0.05, **p
<0.01, ***p £0.001, ****p <0.0001).
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In summary, the homozygous RB7- patient hiPSC-derived ROs revealed a
high level of proliferating retinal progenitors (VSX2*Ki67*), cone precursors
(RXRy*Ki677"), proliferating RGCs (SNCG*Ki67*), proliferating HCs (PROX1*Ki67")
and a complete lack of ACs (AP2a"). Interestingly, an increased fraction of retinal
progenitor (VSX2*) cells was observed in the heterozygous RB7*- hiPSC-derived
ROs at days 35 and 90 of differentiation. Nevertheless, the higher mitotic and
tumourigenic activity was restricted exclusively to the homozygous mutant, indicating
that the inactivation of both copies of RB7 is needed to initiate tumourigenesis.
Lastly, cell cycle phase distribution analyses confirmed the enriched fraction of cells
in the S-phase in the patient RB77- hiPSC-derived ROs at mid-stage (day 90) and
late stage (day 150) of development as previously seen in pRB-deficient hESC-
derived ROs.
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3.3.5 Formation of sphere-like aggregates of pRB-depleted retinal organoids

in soft colony agar assays indicate transformation in vitro

Soft agar colony assay was performed from dissociated 90- and 150-day-old
hESC- and patient hiPSC-derived ROs (Figure 3-14). Results revealed small and
large sphere-like aggregates only in the H9 RB1-null hESC- and RB1717 hiPSC-
derived ROs, indicating cell growth in an anchorage-independent manner and cell
transformation in vitro. These results suggest that the higher mitotic activity was
restricted to the H9 RB1-null hESC- and RB171“ hiPSC-derived ROs, meaning that

inactivation of both copies of RB17 is needed to initiate tumourigenesis.
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Figure 3-14. Tumourigenic characteristics of pRB-depleted hESC- and patient
hiPSC-derived retinal organoids.

Bright-field images of soft agar colony formation assay showing the ability of pRB-
depleted retinal cells originating from day 90 (A) and day 150 (B) H9 RB1-null hRESC-
and patient RB77- hiPSC-derived retinal organoids to grow in suspension. Scale
bars; 100 ym.
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3.4 Discussion

pRB is a functional tumour suppressor and regulator of the cell cycle
progression that is affected in multiple malignancies (Di Fiore et al., 2013), including
Rb (Sachdeva and O’Brien, 2012). Inactivation of both copies of the RB7 gene is a
causative factor of Rb. Current management protocols include systemic, intravitreal,
intraarterial and periocular chemotherapeutic treatments (Yanik et al., 2015), aiming
to salvage the ocular globe and the patient's visual function (Saengwimol et al.,
2018). The current chemotherapeutic drugs include melphalan, topotecan,
etoposide, vincristine, and carboplatin (Yanik et al., 2015). Promising new Rb
treatment agents include novel molecules such as TW-37, which is reported to inhibit
tumour growth by inducing apoptosis (Zeitlin et al., 2008). Enucleation is performed
in recurrent tumour growths, and preserving the eye-sight proves challenging due to
extended retinal damage (Dimaras et al., 2015, Dyer, 2016, Berry et al., 2017, Kong
et al., 2020). Understanding Rb malignancies at the molecular, cellular, genetic, and
epigenetic levels is crucial for designing new and efficacious therapies for tumour

growth treatment.

As RO differentiation is a well-established method in Lako’s group (Hallam et
al.,, 2018, Mellough et al., 2019b), two Rb disease models were developed
(Rozanska et al., 2022) through CRISPR/Cas9 inactivation of the RB7 gene in
PSCs. ROs were derived from hESCs and patient hiPSCs from a child with
heterozygous RB71 mutation (c.2082delC) who developed bilateral tumour growths
before the age of 4. Isogenic wild-type (RB7**) and homozygous (RB717-) hiPSC
lines were genetically engineered to compare patient phenotypes within the same
genetic background. Thus, hESC- and hiPSC-derived ROs were differentiated using
the protocol developed in our group (Hallam et al., 2018). Immunofluorescence
analyses were performed to characterise the retinal cell populations in the ROs. The
emergence of the laminated neural retina was assessed at several time points,
including the early stage (day 35), mid-stage (day 90), and mature stage (day 150) of
differentiation, where the pRB-depleted ROs exhibited a lack of pRB expression

throughout development.
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Results for the characterisation of hESC- and hiPSC-derived ROs at an early
stage (day 35) of differentiation revealed common features for pRB-depleted ROs: 1)
a significant increase in proliferating RGCs (SNCG*Ki67*); and 2) an increase in
proliferating retinal progenitors (VSX2*Ki67%). It is possible to speculate that the
inactivation of RB1 at an early stage of development deregulated cell differentiation
and proliferation, which resulted in the increase in at least one or more specific
retinal cell types and proliferating cells in the pRB-depleted ROs. RGCs are the
earliest-born neurons, and it could be that the inactivation of RB17 led to an increase

in the proliferation of this cell type and early retinal progenitors.

Subsequently, results for mid-stage (day 90) and late-stage (day 150)
development revealed common features in pRB-depleted ROs: 1) a significant
increase of RGCs (SNCG*), apoptotic (CASP3* confirmed the increase of the
cleaved-caspase-3 steady-state levels), and proliferating (Ki67*) cells; 2) a decrease
of ACs (AP2a*) in H9 RB1-null hESC-derived ROs and surprisingly no AP2a* cells in
homozygous (RB1717) hiPSC-derived ROs; and 3) an increase of proliferating cone
precursors (RXRy*Ki67*) and RGCs (SNCG*Ki67).

In summary, both pRB-depleted models shared the following key features
throughout development: 1) increased fraction of proliferating cone precursors
(RXRy*Ki67*), RGCs (SNCG*Ki67*) and retinal progenitors (VSX2*Ki67%); 2) an
increased percentage of proliferating (Ki67*) and apoptotic (CASP3*) cells; 3)
decreased fraction of ACs (AP2a*) from day 90 of differentiation; and 4) a lack of
RB1 expression in homozygous (RB717) and a significant decrease of the pRB* cell
fraction in the heterozygous (RB7*-) hiPSC-derived ROs.

The pRB-depleted ROs generated from both models showed similar features
to Rb tumours. Notably, we reported cell growth in an anchorage-independent
manner in our soft colony formation assays from dissociated pRB-depleted ROs,
indicative of cell transformation in vitro, but not those derived from wild-type or
heterozygous (RB7*-) hiPSC-derived ROs. A publication from one group (Zheng et
al., 2020) did not report any Rb cells nor tumourigenicity from their human RB77- RO
models when performing the soft agar assay. None of the cells from wild-type and
RB17- ROs exhibited anchorage-independent growth and failed to form clones in the
agar. The authors hypothesise the lack of tumour formation in their RB77- RO model
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is due to the hESC origin and lack of cells sensitive to RB7 depletion. However, our
work (Rozanska et al., 2022) reported the characterisation and tumourigenicity of
pRB-depleted ROs derived from hESCs and patient hiPSCs. Additionally, their
haematoxylin and eosin (H&E) staining did not reveal any rosette-like structure
similar to Flexner—Wintersteiner and Homer Wright rosettes. Nonetheless, our work
(Rozanska et al., 2022) via transmission electron microscopy (TEM) did report
mitochondrial cristae aberrations and rosette-like structures in H&E staining of pRB-
depleted ROs. Interestingly, another group (Li et al., 2022) reported similar results to
ours by demonstrating the same ultrastructural features, tightly packed clusters of

cells and rosette-like structures of RB77- ROs as seen in Rb tumours.

Furthermore, (Saengwimol et al., 2018) reported the presence of RXRYy in
chemotherapy-naive tumour organoids and its relevance for maintaining and
developing L/M-cones. They co-stained RXRy, OPN1SW and OPN1LW/MW with
Ki67 markers and reported neoplastic L/M-cones but rarely detected S-cones and
described them as non-proliferative. These findings agree with the results presented
in this study of decreased S-cones and no proliferation in H9 RB1-null hESC-derived
ROs. The authors did not report any Nrl* or RHO* cells in tumour organoids, while
our study showed that Nrl* cells were detected on days 90 and 150 and RHO on day
150 in H9 RB1-null hESC-derived ROs. However, differences presented in our
results compared to data shown by the authors rely on the underlying completely
different origin of ROs as theirs came from chemotherapy-naive tumours while ours

were PSC-derived.

Proliferating cone precursors (RXRy*Ki67*) were a common feature of pRB-
depleted ROs, which suggests that this specific proliferating cell type forms the cell
of origin for human Rb. Multiple scRNA-seq studies performed on pRB-depleted ROs
and Rb tumours from different groups (Liu et al., 2020, Kanber et al., 2022, Li et al.,
2022, Yang et al., 2021b, Wu et al., 2022) have also suggested an Rb cell of origin
stemming from a maturing cone precursor (ARR3*) which agree with data from our
work on Rb tumours (Collin et al., 2021) and organoids (Rozanska et al., 2022)
suggesting that these G2/M precursors escaped cell cycle arrest and/or p53-
mediated apoptosis. A common finding of these scRNA-seq studies was the
excessive cluster of cone precursors in the pRB-depleted ROs that expressed

abundant cone precursor markers, ARR3 and RXRG. Furthermore, (Liu et al., 2020)
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theorised that the retinoma-like cells could be in a transition stage between
premalignant cone precursors and tumour cells, which was later suggested by our
scRNA-seq data (Rozanska et al., 2022) and by (Li et al., 2022).

In contrast, (Norrie et al., 2021) hypothesised an Rb cellular identity bias
towards RPCs or rods due to the presence of highly proliferative tumour cells with
the retinal progenitor identity, giving rise to more differentiated tumour cells with rod
and other neuron features. In fact, our study (Rozanska et al., 2022) showed that
RPCs prevail following in vitro pRB-depletion, suggesting a role of pRB in retinal cell
differentiation. However, single-cell lineage tracing studies would be required to fully
address the hypothesis of an RPC/rod identity for Rb.

Increased fractions of proliferating RGCs (SNCG*Ki67*) and HCs
(PROX1*Ki67*) were observed during the development of pRB-depleted ROs in our
study (Rozanska et al., 2022). However, we provided evidence through scRNA-seq
that the fraction of HCs and RGCs was decreased and that markers for these cells
were expressed in Rb cell clusters. Additional analyses revealed that the starting
cone precursors acquire expression of RGC and HC markers upon entry into the cell
cycle. (Liu et al., 2021) in their multi-omics research study identified two different
molecular subtypes of human Rb from patients’ tumours. Both Rb subtypes exhibited
maturing cone precursor (ARR3*) markers in agreement with a cone precursor cell
origin of human Rb. Further analyses indicated that subtype 2 tumours also had an
MDM4 and MYCN amplification and overexpression of markers attributed to RGCs
and neuronal markers (including SOX11, DCX, STMNZ2) associated with other retinal
cell types. These findings involving the expression of neuronal/RGC markers in the
less differentiated cone cells in Rb tumours support our results of acquired HC and

RGC markers in cone precursors from pRB-depleted ROs.

scRNA-seq analyses have revealed that cone precursors express RGC and
HC markers in patient Rb tumours and human pRB-depleted ROs. Interestingly, it
has been suggested in the murine model that an HC, as a fully differentiated neuron,
is the cell of origin in mouse Rb (Ajioka et al., 2007). In their study, Rb tumours in
p107-single mice did not expand by a stem cell mechanism but by a differentiated
HC clonal expansion. In addition, (Pajovic et al., 2011) showed that the cell

originating Rb in a murine model had features of differentiated Muller glial cells with
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progenitor properties. Moreover, (Xu et al., 2014) suggested that human and mouse
retinal tumours derive from different intrinsically death-resistant phenotypes, which
would support the notion that human Rbs have a different precursor cell of origin
from the murine Rb model. In fact, we reported (Rozanska et al., 2022) an increased
fraction of proliferating HCs (PROX1*Ki67*) in both pRB-depleted RO models at a
late stage of development. This could be explained by starting cone precursors
acquiring HC markers upon entry into the cell cycle, as scRNA-seq analyses
revealed. Therefore, these results point to a cell of origin different from an

interneuron for human Rb.

Kanber et al. generated homozygous, heterozygous and isogenic RB71 hESC-
derived ROs through CRISPR/Cas9 mutagenesis (Kanber et al., 2022) similar to our
pRB-depleted RO model (Rozanska et al., 2022). The authors reported enrichment
and proliferation of cone precursors and maturing cone PRs, supporting the idea of
these cone cells as the cell of origin of human Rb. These results agree with work
from our group (Rozanska et al., 2022, Collin et al., 2021). This study also described
the decrease of rods and ACs, and the expression of S- and L/M-opsins restricted
only to a few cells, which agrees with our results. Finally, their transcriptome analysis
revealed an upregulation of RBL1 (p107), MDM2, DEK, SYK and HELLS as a gain of
the Rb expression signature. These results primarily agree with work from our group
(Collin et al., 2021) reporting high expression of DEK, low expression of MDM2 but
high MDM4 expression in Rb tumours, and DEK, SYK and retinoma marker HELLS
(Rozanska et al., 2022) in pRB-depleted ROs. However, their study was limited to
pRB-depleted hESC-derived ROs that could not be kept beyond 130 days of
differentiation as they described aberrant organoid differentiation and disintegration.
Our study had pRB-depleted hESC- and patient hiPSC-derived ROs in continuous

culture after 150 days of differentiation.

Interestingly, (Norrie et al., 2021) recapitulated human Rb formation by
combining in vitro 3D RO culture and an in vivo murine model. They reported the
generation of hiPSCs from 15 patients with germline RB71 mutations and the
subsequent RO differentiation up to day 45 before dissociating and intravitreally
injecting them into immunocompromised mice. Tumour formation was observed, and
it was indistinguishable from human Rb tumours. Nonetheless, limitations to this

study include only hiPSC-derived ROs that were kept in culture until day 45, and the

130



requirement of a detailed characterisation in vitro of the patient RB71 hiPSC-derived
ROs for drug testing, which was covered in our study (Rozanska et al., 2022) as
characterised hESC- and hiPSC-derived ROs were kept viable beyond day 150.

In a recent research study using patient hiPSCs, (Li et al., 2022) generated
heterozygous and homozygous RB7 mutant hiPSC-derived ROs. Their results
exhibited tumourigenesis in vitro and a significant increase in proliferating and
maturing cone precursors (ARR3*Ki67*) in the RB717- ROs, as we also showed.
Consistent with Rb profiles in spatiotemporal transcriptomes, they reported highly
expressed PR fate-determining markers, CRX and OTX2 in the mutant RB77- ROs.
Moreover, the OTX2 marker was also observed as a key gene implicated in two Rb
tumours in the scRNA-seq analysis from our group (Collin et al., 2021). The authors
also reported abundant Flexner-Wintersteiner rosette-like structures in the pRB-
depleted ROs, similar to our results (Rozanska et al., 2022) as pathological
hallmarks of differentiated Rb. Together with our publication, these results
demonstrate the feasibility of Rb organoids for studying tumourigenesis and
developing novel Rb chemotherapeutics, as these organoid models recapitulate the

development of Rb tumours.

Remarkably, some differences were observed between our hESC- and
hiPSC-derived RO disease models. These minor differences observed between our
RO models cannot be attributed to differences in RB17 inactivation, as pRB depletion
was confirmed in both cases. They are likely due to the epigenetic starting point of
hESC versus hiPSC lines, hiPSC clonal variations or the patient's genetic
background. This matter could be addressed in a following study with a larger

number of hiPSC clones from a larger number of patients with RB71 mutations.

Still, both RO models shared the same pattern of increased apoptotic and
proliferating cone precursor cells. Our work (Rozanska et al., 2022) in pRB-depleted
ROs showing a decrease in HCs, ACs, and RGCs might indicate that pRB
dysfunction could interfere with retinal cell differentiation or survival. Reducing
specific cell populations in the absence of pRB could be a compensatory response to
an increase in the proliferation of cone precursor cells, which agrees with (Zheng et
al., 2020), where the authors reported that pRB is required for PR and BC
differentiation. Interestingly, the accumulation of RPCs (Rozanska et al., 2022) and
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the lack of ACs (AP2a*) in patient RB717 hiPSC-derived ROs from day 90 may
respond to a block in differentiation. A previous study (Li et al., 2010) showed the
incompatibility between TFAP2A (AP2a) protein expression in ACs and survival in
Rb cell lines and tumours. Our study's analyses of scRNA-Seq data (Rozanska et
al., 2022) suggested that this block in differentiation might occur either before or after
the development of transient neurogenic RPCs (T1), which are thought to give rise to
these retinal cell lineages. Furthermore, the enhanced accumulation of RPCs in
pRB-depleted ROs was at the expense of ACs, HCs, and RGCs, suggesting a key
role for pRB in retinal cell differentiation, as data revealed a block in AC

differentiation observed in Rb tumours and pRB-depleted ROs.

Moreover, a cell proliferation increase in Rb ROs agrees with an essential
increase in the steady-state level of E2F1 (Saavedra et al., 2002), as we reported
(Rozanska et al., 2022). Another common observation in our disease models was
the cell accumulation and entry to the S-phase. These features are promoted in a
loss of pRB, as studies reported in ROs (Zheng et al., 2020) and mouse cerebral
organoids (Matsui et al., 2017), which we confirmed in our pRB-depleted hESC- and
patient hiPSC-derived ROs. Cell-cycle phase distribution analyses supported an
enriched fraction of cells in the S-phase during the mid and late stages of retinal

development.

Lastly, a research study by (Blixt et al., 2022) established an Rb disease
model system using chicken retina and tumourigenic human RB7-proficient hESC-
derived ROs by overexpressing MYCN. Results showed tumourigenic cells
expressing markers of cone PR and HC progenitors. However, a cone PR of various
degrees of maturation was the dominating phenotype, which is consistent with our

results.

3.5 Conclusion

We have developed and fully characterised hESC- and patient RB1 hiPSC-
derived RO models and shown that both are defined by a significant increase in the
fraction of apoptotic cells (CASP3*), proliferating RGCs (SNCG*Ki67*) and
proliferating cone precursors (RXRy*Ki67*). pRB-depleted ROs exhibited an
enriched fraction of cells in the S-phase during the mid and late stages of retinal
development. Additionally, these ROs formed sphere-like aggregates indicating cell
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growth in an anchorage-independent manner and cell transformation in vitro. These
results suggest that the higher mitotic activity was restricted to the pRB-depleted
ROs, meaning that the inactivation of both copies of RB7 is needed to initiate
tumourigenesis. Importantly, we have demonstrated that these two models robustly
recapitulate Rb's development and malignant transformation in vivo. This work was

peer-reviewed and published in (Rozanska et al., 2022).
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Chapter 4



4 Drug screening of hESC- and patient hiPSC-derived retinal

organoids

4.1 Introduction

New chemotherapeutic agents and repurposed drugs are needed to develop
novel treatments that are more effective and specific for Rb management. The
availability of preclinical models is restricted to mimicking the retinal response and
clinical observations of chemotherapeutic treatments. A thorough pharmacological
characterisation is needed to select adequate candidates for Rb treatment according
to their specific tumour cytotoxicity (Schaiquevich et al., 2022). Nonetheless, multiple
factors should be considered for clinical application, including the antitumour activity,
drug penetration across the ocular and brain barriers, toxicity profile, and access to
formulations (Cancela et al., 2021). Chemotherapy agents broadly used alone or in
combination based on the favourable ocular disposition to treat Rb with a variable
degree of success include melphalan, topotecan, carboplatin, and Bcl-2 inhibitors
such as TW-37 (Saengwimol et al., 2018).

Melphalan is an alkylating agent that forms DNA inter-strand crosslinks
leading to a cytotoxic response and apoptosis (Vasquez, 2010, Mougenot et al.,
2006). It has been used to treat a variety of malignancies, including breast and
ovarian cancer, lymphomas, neuroblastomas, acute leukaemias, and multiple
myeloma, due to its extensive antitumor efficacy (Sarosy et al., 1988, Bayraktar et
al., 2013). It is the most often used chemotherapeutic drug delivered intraarterially
and intravitreally for recurrent vitreous seeds after Rb treatment. Unfortunately,
adverse effects such as retinal toxicity, chorioretinopathy, electroretinographic
abnormalities, RPE alterations, and retinal vasculitis, among other complications in
darkly pigmented iris (physical association to melanin), including pupillary synechiae,
iris atrophy, and cataracts are associated with melphalan administration (Paez-
Escamilla et al., 2017, Xue et al., 2019).

Topotecan is a topoisomerase | enzyme inhibitor and anticancer drug that
targets DNA replication. It was developed as a semisynthetic version of
camptothecin (Dennis et al., 1997) that induces a p53 response in Rb cells (Laurie et
al., 2006). The antineoplastic activity was first observed in small-cell lung cancer,

haematologic malignancies, paediatric neuroblastoma, and rhabdomyosarcoma
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(Takimoto and Arbuck, 1997). Pharmacologic studies of topotecan combined with
carboplatin, cisplatin, doxorubicin, and etoposide have been completed in patients
with solid tumours with documented primary antineoplastic responses but with
exhibited toxicologic effects (Rowinsky and Kaufmann, 1997). Currently, it is well
established for Rb treatment in systemic and intravitreal chemotherapies as it causes
less cytotoxic effects, but it may also be less effective than melphalan for managing
persistent vitreous seeds (Winter et al., 2019, Paez-Escamilla et al., 2017, Rao et al.,
2018b).

TW-37 is a novel small molecule inhibitor of the Bcl-2 family (B-cell leukaemia
anti-apoptotic proteins) that induces cell apoptosis, inhibits tumour growth,
particularly in melanoma-derived tumours, and reduces the microvessel density in
angiogenesis (Zeitlin et al., 2008). The Bcl-2 family proteins are crucial in balancing
cell proliferation and apoptosis regulation (Lei et al., 2017) and can be divided into
two categories: anti-apoptosis and pro-apoptotic. Preclinical studies revealed that
TW-37 reduced the tumour size in xenograft models and cell proliferation of
pancreatic and B-cell lymphomas (Mohammad et al., 2007). Thus, TW-37, as an
inhibitor of the Bcl-2 family, highlights its efficacy against chemotherapy-resistant
tumours. The most valuable features shared by these Bcl-2 inhibitors are their low
overall cytotoxicity compared to conventional chemotherapeutic agents and their

synergising ability with other drugs to inhibit tumour cell survival (Zeitlin et al., 2008).

Current chemotherapy treatments for Rb management include the following

delivery routes (Yanik et al., 2015):

1. Systemic: comprises a drug injection into a vein or oral intake.
Chemotherapeutic agents such as melphalan, topotecan, vincristine,
etoposide, and carboplatin are widely used. Their application is limited
to treating retinal seeds that exhibit massive infiltration, as penetration
of drugs is challenging in systemic delivery.

2. Intravitreal: direct injection of melphalan and/or topotecan
(Schaiquevich et al., 2022) into the vitreous humour that increases the
bioavailability of drugs in-site. This method achieves the highest
concentration of the drug in the confined intraocular space, allowing

improved control of vitreous seeds.
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3. Intraarterial: a melphalan injection that can also be combined with
topotecan and carboplatin into the ophthalmic artery. This approach
can halt the development of new tumours in patients with genetic Rb.

4. Periocular: a carboplatin injection that usually allows a higher local
drug concentration. The delivery route can be either subconjunctival or

subtenon's space location, circumventing the blood-retinal barrier.

Vitreous seeding is a substantial problem in Rb treatment since the vitreous is
an avascular tissue, meaning that the transition of drugs via intraarterial
administration is restricted (Winter et al., 2019). If vitreous seeding is recurrent, it
may lead to enucleation of the affected eye (Susskind et al., 2016). Over the last
decade, there has been a shift in Rb treatment from systemic chemotherapy infusion
to intravitreal injection due to the low bioavailability of drugs in retinal tissue and

adverse toxic effects (Winter et al., 2019).

Finally, large libraries of compounds should be assessed using high-
throughput screens of several cell lines for accounting for the diverse drug response
observed in patients (Schaiquevich et al., 2022). To this end, validating a 3D in vitro
RO model for Rb is an essential step in novel drug discovery, allowing for assessing

drug response and cytotoxicity before translation to clinical application.

4.2 Aims

The main aim of this chapter was to validate the hESC- and patient hiPSC-
derived retinal organoid models for drug testing applications. This study used two
hESC lines (H9 control and H9 RB1-null hESC) and three patient-specific hiPSC
lines (RB17, RB1*-, RB1** hiPSC) for RO differentiation as described in 3 of this
thesis document. Three clinically used chemotherapeutic agents (melphalan,
topotecan, and TW-37) were tested on both pRB-depleted RO models. Drug
responses of the ROs were evaluated for cytotoxicity, immunohistochemistry,
fluorescence microscopy, and soft agar assay. Positive cell quantification from
immunofluorescence images was used to assess the effects of the
chemotherapeutic agents on proliferating and apoptotic cone precursor cells.
Identification of the most affected retinal cell types after the drug treatments was

assessed by proliferation, apoptosis, and cone precursor cell type-specific markers.
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4.3 Results

4.3.1 Dose-dependent significant increase of cytotoxicity and cell death in

drug-treated retinal organoids

To assess the application of hESC- (Figure 4-1) and patient hiPSC-derived
(Figure 4-2) ROs for testing therapeutic agents, organoids were incubated for 72
hours with varying doses of three drugs used in current treatments of Rb tumours:
melphalan, topotecan, and TW-37. Melphalan is an alkylating agent that is highly
effective against Rb, but high concentrations (Winter et al., 2016) are needed to
reach its metronomic IC50 (50% inhibitory concentration) in vitro, attainable only
after intraarterial or intravitreal chemotherapy (Dalvin et al., 2019). Topotecan is a
topoisomerase inhibitor, which prevents topoisomerase-| from re-ligating the nicked
DNA strand, resulting in DNA damage and cell death (Rao et al., 2018a). It is
effective against Rb in combination with melphalan. Bcl-2 inhibitors such as TW-37
compete with pro-apoptotic proteins (such as Bid, Bim, and Bad) and induce

apoptosis (Zeitlin et al., 2008).

Results indicated cell death (assessed by LDH release percentage) specific to
be in 32 yM melphalan, 10-15 uM topotecan and 1-10 yM TW-37 treatments in 90-
day-old H9 RB1-null hESC-derived ROs (Figure 4-1A-C). Then, cell death was
specific in 16-32 yM melphalan and 10 uyM topotecan treatments in 150-day-old H9
RB1-null hRESC-derived ROs (Figure 4-1D-F).

Figure 4-1. Cytotoxicity assessment of chemotherapeutic agents for Rb
treatment in 90- and 150-day-old H9 control and H9 RB1-null hESC-derived
retinal organoids.

Bar graphs showing cytotoxicity of the specified agent [melphalan; 8, 16, 32, 320 uM
(A, D), topotecan; 5, 10, 15, 150 uyM (B, E), TW-37; 0.1, 0.5, 1,10 uM (C, F)
alongside vehicle-treated sample; 0.1% DMSO] measured by LDH release into the
supernatant of hESC-derived organoids. The 100% cytotoxicity value corresponds to
the Maximum LDH activity of Triton-X-100. 12 ROs per treatment were used as
biological replicates. Data presented as mean + SEM (n = 5 wells from each
biological replicate). Values of p < 0.05 were considered statistically significant (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). G. Table summarises positive
cytotoxicity response for drug-treated hESC-derived ROs at specified concentrations
in days 90 and 150 of differentiation (X’ indicates statistically significant change at
the specified condition compared to the vehicle control; cells with a green
background colour indicating specific effects of the specified drug in H9 RB1-null
hESC-derived ROs).
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Cytotoxicity analyses for day 90 (Figure 4-2A-C) patient RB717- hiPSC-derived
ROs revealed specific cell death in 16 yM melphalan, 5-10 uM topotecan and 1 yM
TW-37 treatments. Results for day 150 (Figure 4-2D-F) patient RB71-- hiPSC-ROs
revealed specific cell death in 16-32 yM melphalan, 10-150 uM topotecan, and 0.5-1
MM TW-37 treatments. Thus, data for the mature stage (day 150) confirm the
specificity of the cytotoxic effects of Rb chemotherapeutic agents when administered

within the clinical range in pRB-depleted patient hiPSC-derived ROs.

Regarding results for day 90 (Figure 4-2A-C), patient RB1*- hiPSC-derived
ROs, 16 pM melphalan and 5-10 uM topotecan treatments caused specific
cytotoxicity. Then, data for day 150 patient RB71*- hiPSC-derived ROs (Figure 4-2D-

F) revealed no specific cell death for any treatments.

Figure 4-2. Cytotoxicity assessment of chemotherapeutic agents for Rb
treatment in 90- and 150-day-old patient hiPSC-derived retinal organoids.

Bar graphs showing cytotoxicity of the specified agent [melphalan; 8, 16, 32, 320 uM
(A, D), topotecan; 5, 10, 15, 150 uyM (B, E), TW-37; 0.1, 0.5, 1,10 pM (C, F)
alongside vehicle-treated sample; 0.1% DMSO] measured by LDH release into the
supernatant of patient RB71**, RB1*- and RB1--hiPSC-derived organoids. The 100%
cytotoxicity value corresponds to the Maximum LDH activity of Triton-X-100. One
hiPSC-derived clone per cell line was used for RO differentiation. 12 ROs per
treatment were used as biological replicates. Data presented as mean £+ SEM (n =5
wells from each biological replicate). Values of p < 0.05 were considered statistically
significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). G. Table summarises
positive cytotoxicity response for drug-treated hiPSC-derived ROs at specified
concentrations in days 90 and 150 of differentiation (X’ indicates statistically
significant change at the specified condition compared to the vehicle control; cells
with a green background colour indicating specific effects of the specified drug in
RB17- hiPSC-ROs).
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4.3.2 Rb chemotherapeutic agents cause a significant decrease of

proliferating cone precursor cells in pRB-depleted retinal organoids

To assess if these chemotherapeutic agents were acting on proliferating cone
precursors in both hESC- and patient hiPSC-derived ROs, quantitative
immunofluorescence analysis was performed. Results for day 90 (Figure 4-3A) and
150 (Figure 4-4A) hESC-derived ROs revealed that 16-32 uM melphalan, 10-150
MM topotecan and 0.5-10 uM TW-37 are the most effective doses in H9 RB1-null
hESC-derived ROs as they significantly reduced the fraction of proliferating cone

precursors to similar levels found within the H9 control hESC-derived ROs.

No significant changes were detected in the proliferating cone precursors of
the normal wild-type organoids, H9 hESC-derived ROs (Figure 4-3A, Figure 4-4A).
Interestingly, 320 uM melphalan, as the 10-fold increase to the maximal clinical
dose, completely disrupted the structure of hESC-derived ROs in both time points of
differentiation (day 90 and 150). Thus, analyses for the highest dose of melphalan
were restricted to LDH cytotoxicity assay, as described in section 4.3.1 Dose-
dependent significant increase of cytotoxicity and cell death in drug-treated

retinal organoids of this thesis document.

Together these data point to 16 yM melphalan, 10 uM topotecan, and 1 yM
TW-37 as most effective in specifically lowering the level of proliferating cone
precursors in the H9 RB1-null hESC-derived RO model while retaining the wild-type
ROs unaffected.
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Figure 4-3. Proliferating cone precursor assessment of chemotherapeutic
agents for Rb treatment in 90-day-old H9 control and H9 RB1-null hESC-
derived retinal organoids.

A. Bar graphs showing the percentage of proliferating cone precursors (RXRy*Ki67+)
in immunostained sections of treated organoid agent (melphalan; 8, 16, 32 uM,
topotecan; 5, 10, 15, 150 yM, TW-37; 0.1, 0.5, 1, 10 uM alongside vehicle-treated
sample; 0.1% DMSO). 12 ROs per treatment were used as biological replicates. 5
sections of ROs were cut and imaged. Data presented as mean + SEM (n = 5
sections from each biological replicate). Values of p < 0.05 were considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). B-C.
Representative immunostaining of RXRy (green) and Ki67 (red) counterstained with
Hoechst for H9 control (B) and H9 RB1-null (C) hESC-derived ROs; vehicle-treated
sample, melphalan 32 uM, topotecan 15 uyM, and TW-37 10 uM. White arrowheads
point at the co-localisation of Ki67 with the cone precursor (RXRy) marker. Scale
bars; 50 um.
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Figure 4-4. Proliferating cone precursor assessment of chemotherapeutic
agents for Rb treatment in 150-day-old H9 control and H9 RB1-null hESC-
derived retinal organoids.

A. Bar graphs showing the percentage of proliferating cone precursors (RXRy*Ki67%)
in immunostained sections of treated organoid agent (melphalan; 8, 16, 32 uM,
topotecan; 5, 10, 15, 150 yM, TW-37; 0.1, 0.5, 1, 10 uM alongside vehicle-treated
sample; 0.1% DMSO). 12 ROs per treatment were used as biological replicates. 5
sections of ROs were cut and imaged. Data presented as mean + SEM (n = 5
sections from each biological replicate). Values of p < 0.05 were considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). B-C.
Representative immunostaining of RXRy (green) and Ki67 (red) counterstained with
Hoechst for H9 control (B) and H9 RB1-null (C) hESC-derived ROs; vehicle-treated
sample, melphalan 32 uM, topotecan 15 uyM, and TW-37 10 uM. White arrowheads
point at the co-localisation of Ki67 with the cone precursor (RXRy) marker. Scale
bars; 50 um.
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In addition to the above concentrations, 8 uM melphalan and 5 yM topotecan
treatments significantly reduced the percentage of RXRy*Ki67* cells on day 90
(Figure 4-5A) and day 150 (Figure 4-6A) patient RB717- hiPSC-derived organoids.
No significant changes were detected in the proliferating cone precursors of hiPSC-
derived wild-type ROs (Figure 4-5A, Figure 4-6A). Also, the 320 yM melphalan
treatment completely disrupted the structure of patient hiPSC-derived ROs on days
90 and 150 of differentiation.

These assays, in combination, revealed that 16 yM melphalan, 10 uM
topotecan, and 1 pM TW-37 are the most efficient treatments for specifically
reducing the fraction of proliferating cone precursors in patient RB7-- hiPSC-derived

ROs while retaining the healthy tissue unaffected.

Figure 4-5. Proliferating cone precursor assessment of chemotherapeutic
agents for Rb treatment in 90-day-old patient hiPSC-derived retinal organoids.
A. Bar graphs showing the percentage of proliferating cone precursors (RXRy*Ki67%)
in immunostained sections of treated organoid agent (melphalan; 8, 16, 32 uM,
topotecan; 5, 10, 15, 150 uyM, TW-37; 0.1, 0.5, 1, 10 uM alongside vehicle-treated
sample; 0.1% DMSO). One hiPSC-derived clone per cell line was used for RO
differentiation. 12 ROs per treatment were used as biological replicates. 5 sections of
ROs were cut and imaged. Data presented as mean + SEM (n = 5 sections from
each biological replicate). Values of p < 0.05 were considered statistically significant
(*p = 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001). B-D. Representative
immunostaining of RXRy (green) and Ki67 (red) counterstained with Hoechst for
patient RB1** (B), RB1*- (C), and RB17/ (D) hiPSC-derived ROs; vehicle-treated
sample, melphalan 32 puM, topotecan 15 uM, and TW-37 10 uM. White arrowheads
point at the co-localisation of Ki67 with the cone precursor (RXRy) marker. Scale
bars; 50 um.

Figure 4-6. Proliferating cone precursor assessment of chemotherapeutic
agents for Rb treatment in 150-day-old patient hiPSC-derived retinal
organoids.

A. Bar graphs showing the percentage of proliferating cone precursors (RXRy*Ki67%)
in immunostained sections of treated organoid agent (melphalan; 8, 16, 32 uM,
topotecan; 5, 10, 15, 150 yM, TW-37; 0.1, 0.5, 1, 10 uM alongside vehicle-treated
sample; 0.1% DMSOQO). One hiPSC-derived clone per cell line was used for RO
differentiation. 12 ROs per treatment were used as biological replicates. 5 sections of
ROs were cut and imaged. Data presented as mean + SEM (n = 5 sections from
each biological replicate). Values of p < 0.05 were considered statistically significant
(*p = 0.05, *p =< 0.01, ***p < 0.001, ***p < 0.0001). B-D. Representative
immunostaining of RXRy (green) and Ki67 (red) counterstained with Hoechst for
patient RB1** (B), RB1*- (C), and RB1/ (D) hiPSC-derived ROs; vehicle-treated
sample, melphalan 32 uM, topotecan 15 uM, and TW-37 10 uM. White arrowheads
point at the co-localisation of Ki67 with the cone precursor (RXRy) marker. Scale
bars; 50 um.
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4.3.3 Rb chemotherapeutic agents cause a significant increase of apoptotic

cone precursor cells in drug-treated pRB-depleted retinal organoids

To assess the drug specificity for cone precursors, cell killing in day 90 and
150 hESC- and patient hiPSC-derived ROs was evaluated by quantitative
immunofluorescence analysis of RXRy*CASP3* RO immunostained sections.
Results for day 90 (Figure 4-7A) and day 150 (Figure 4-8A) H9 RB1-null hESC-
derived ROs revealed that 32 yM melphalan and 150 uM topotecan did cause a
significant increase in the fraction of apoptotic cone precursor (RXRy*CASP3*) cells.
In addition to these drug concentrations, 10-15 pyM topotecan treatments significantly
increased the percentage of RXRy*CASP3* cells on day 150 H9 RB1-null hESC
ROs.

Data for day 90 (Figure 4-9A) and day 150 (Figure 4-10A) patient RB1"
hiPSC-derived ROs suggest that 32 yuM melphalan and 10-15 pM topotecan
significantly increased the fraction of apoptotic cone precursor (RXRy*CASP3%) cells.
Additionally, 10 yM TW-37 treatment did cause an increase of RXRy*CASP3" cells
in day 90 RB1+ hiPSC-derived ROs, which did not reflect by day 150. The levels of
apoptotic cone precursor cells of hESC- or hiPSC-derived wild-type and
heterozygous mutant ROs treated with Rb chemotherapeutic agents within the
clinical range remained very similar to vehicle control treatments in both time points.
However, topotecan 150 uM treatment caused cytotoxicity in 90-day-old wild-type
and heterozygous RB1 hiPSC-derived ROs, suggesting non-specific toxic effects at
this high dose manifested in similar levels of RXRy*CASP3* cells (Figure 4-9A).
Together, these results point to 32 uM melphalan and 10 pM topotecan as most
effective for killing proliferating cone precursors in both pRB-depleted hESC and

patient hiPSC models while retaining the healthy tissue unaffected.
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Figure 4-7. Apoptotic response of chemotherapeutic agents for Rb treatment in
90-day-old H9 control and H9 RB1-null hESC retinal organoids.

A. Bar graphs showing the percentage of apoptotic cone precursors (RXRy*CASP3")
in immunostained sections of treated organoid agent (melphalan; 8, 16, 32 uM,
topotecan; 5, 10, 15, 150 yM, TW-37; 0.1, 0.5, 1, 10 uM alongside vehicle-treated
sample; 0.1% DMSO). 12 ROs per treatment were used as biological replicates. 5
sections of ROs were cut and imaged. Data presented as mean + SEM (n = 5
sections from each biological replicate). Values of p < 