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Abstract 

Generation of retinal cells from human induced pluripotent stem cells (hiPSCs) provides great 

opportunities for research and therapeutics. In this study, we generated hiPSC-derived retinal 

cells to evaluate their ability to be cryopreserved, shipped at room temperature (RT), and assess 

their application in disease modelling by studying the mechanisms causing Retinitis Pigmentosa 

(RP).  

To develop an effective cryopreservation protocol for the long-term storage of retinal organoids 

(ROs), previously published cryopreservation methods were used. The structure and presence 

of retinal cells in cryopreserved ROs were assessed by immunofluorescence analysis. The 

‘Master Liver Supercooling’ protocol was the most promising among all in preserving the 

overall retinal structure. However, success was limited, and only PRs survived.  

To assess whether hiPSC-derived ROs can be shipped at RT, ROs were kept at RT for 5 days 

or shipped internationally for 3 days using a commercial container. The structure, morphology 

and function of ROs were assessed by immunofluorescence, transmission electron microscopy 

and electrophysiology, indicating no differences between control, RT incubated and shipped 

organoids. This study provides an effective shipping method to facilitate the transportation of 

ROs at RT. 

To identify the disease mechanisms of RP associated with PRPF31 mutations (known as RP11), 

proteomic analyses of hiPSCs-retinal pigmented epithelium (RPE) cells from control and RP11-

patients were conducted. These showed that RNA splicing, retinoid metabolism and visual 

perception, and protein folding pathways were affected. RP11-RPE cells were characterised by 

reduced functional PRPF31 protein and the presence of insoluble aggregates containing mutant 

PRPF31, misfolded and ubiquitin-conjugated proteins. The waste disposal mechanisms were 

impaired exacerbating aggregate formation which was associated with cell death activation. 

Treatment of RP11-RPE cells with rapamycin (autophagy activator) reduced cytoplasmic 

aggregates and improved cell survival.  

This thesis highlights the applications of hiPSC-derived retinal cells and provides more insights 

in cryopreservation, transportation and potential therapeutics for RP. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

“Not everything that can be counted counts, and not everything that counts can be counted”.        

- Albert Einstein 
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Chapter 1. Introduction 

1.1. The human retina 

1.1.1. Structure and function of the human retina 

The human eye is a specialized sensory organ responsible for perceiving vision, including 

motion, colour, shape, and variable light intensities (Sung and Chuang, 2010). The light enters 

through the cornea, the transparent outer layer of the eye, and passes through the lens, which 

transmits and focuses the light to the posterior part of the eye, the retina (Figure 1-1).  

 

Figure 1-1: Diagram of the human retina. The human retina is a complex organized structure 

located at the back of the eye. It is composed of three main layers, the outer nuclear layer, the 

inner nuclear layer, and ganglion cell layer and contains five major neuronal cell types; light-

sensitive photoreceptors, horizontal, bipolar, amacrine and ganglion cells (You et al., 2021). It 

is responsible for the absorption of light and transmission of this signal to the brain. Müller glial 

cells are also present in the retina and extend their processes throughout the retina, providing 

homeostatic and metabolic support.  

 

The retina is an extension of the central nervous system and functions as a light-sensitive tissue 

to collect and transform light energy into a neural signal that is transmitted to the brain through 

the optic nerve (Mannu, 2014). It is the innermost layer of the wall of the eye (approximately 

0.2 mm thick) which lies between the vitreal cavity on the inner side and RPE and choroid on 

the outermost side (Sung and Chuang, 2010). It is a compact, organized structure composed of 

five types of neuronal sensory cells that are perfectly ordered into three main layers (Sung and 

Chuang, 2010). These layers are comprised of the light-sensitive photoreceptors (PRs) located 

in the outer nuclear layer (ONL); horizontal, bipolar and amacrine cells that are found in the 

inner nuclear layer (INL);  and ganglion cells which are located in the ganglion cell layer (GCL) 

(Nag and Wadhwa, 2006b) (Figure 1-1). The dendrites and axons of these neurons extend into 
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the outer and inner plexiform layers enabling retinal cells to synapse and form a signalling 

network. In addition to these cells, Müller glia, with their cell bodies located in the INL, have 

dendrites that span the full length of the retina (Figure 1-1). Müller glial cells are not involved 

in neuronal signal transduction but support the retina by providing structure and support. 

Additionally, Müller glial cells provide homeostatic and metabolic support as they control the 

transport of ions, water, and bicarbonate in the extracellular space (Reichenbach and 

Bringmann, 2013). 

The photosensitive cells of the retina are known as the PR cells. They convert light energy into 

electrical signals through a biochemical pathway known as phototransduction. 

PRs are classified into two types; rods which are active in dim light and cones which are 

responsible for colour vision and are activated in bright light (Kefalov et al., 2003). PRs are 

composed of several parts including the outer segment (OS), which contains the visual pigment. 

The visual pigment molecule comprises an 11-cis retinal chromophore covalently bound to an 

opsin G-protein coupled receptor (GPCR), known as opsin. It is activated by a photon of light. 

Activation of the opsin molecule induces isomerization and dissociation of the visual pigment 

resulting in the sequential activation of proteins which convert 11-cis retinal to all-trans retinal 

in the PRs (Tsin et al., 2018). However, for the continued function and survival of the PRs, all-

trans retinal is converted back to 11-cis retinal to regenerate the photosensitive visual pigment. 

This process occurs through a series of enzymatic steps known as the visual cycle (Figure 1-2) 

(Sung and Chuang, 2010).  

 

Figure 1-2: The visual cycle: Schematic representation of the biochemical reactions involved 

in the regeneration of 11-cis retinal in PR and RPE cells. 
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PR OSs are in close contact with RPE cells (Sung and Chuang, 2010) (Figure 1-1). RPE is a 

monolayer of pigmented, hexagonal, cuboidal, post-mitotic cells located between the PR cells 

on the inner side and Bruch’s membrane (BrM) and the choroid on the external side (Strauss, 

2005). Although RPE cells are not part of the neural retina, they are essential for the viability 

and functionality of PR cells (Kolb H, 1995). Specifically, RPE cells act as a selective barrier 

by regulating the transport of nutrients, ions and waste products to and from the retina. Through 

phagocytosis, RPE cells are also responsible for the clearance of OSs that are shed by PRs 

diurnally (Figure 1-3). RPE cells contain a high number of melanin granules which protect the 

PR layer from absorbing excessive high energy light. Additionally, RPE cells secrete a wide 

variety of growth factors including fibroblast growth factors (FGF), transforming growth 

factor-3 (TGF-3), insulin-like growth factor-I (IGF-I), platelet-derived growth factor (PDGF) 

and vascular endothelial cell growth factor (VEGF), that control the metabolic activity and the 

synthesis of retinoids, which are crucial for phototransduction (Figure 1-3) (Boulton and 

Dayhaw-Barker, 2001). Finally, BrM, which is a five-layered structure located between the 

RPE and the choroidal capillaries of the eye, is essential not only for the transportation of fluids, 

biomolecules, and oxygen between the blood and the retina, but it is also responsible for cellular 

migration, communication, and differentiation (Strauss, 2005). 

 

 

Figure 1-3: Diagram illustrating the major functions of RPE cells. Figure obtained from the 

retinal pigment epithelium in visual function (Strauss, 2005). 
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1.2. Mammalian eye development and formation of retinal cells 

In humans, the eye is derived from three embryonic tissues; the neural ectoderm, the surface 

ectoderm, and the periocular mesenchyme (Heavner and Pevny, 2012). The neural ectoderm 

gives rise to the retina, RPE, optic nerve, ciliary body and iris, whereas the neural crest gives 

rise to the sclera and cornea. Specifically, the neural crest gives rise to the corneal stroma and 

cornea endothelium but not to the corneal epithelium as it derives from the surface ectoderm. 

Also, the vitreous humour and blood vessels derive from mesoderm (Heavner and Pevny, 2012). 

Development of the eye begins at around day 22 of embryonic development with the appearance 

of optic sulci (optic primordium), otherwise known as the eye field. Consequently, the 

evagination of optic sulci commences forming optic vesicles (OVs). The OVs then enlarge and 

invaginate to create the optic cup by embryonic day 32 (Figure 1-4) (O'Rahilly and Gardner, 

1975). The optic cup formation is regulated by several signalling pathways, such as Notch, IGF-

1 and Wnt, which regulate local gene expression before neurogenesis. Once the optic vesicles 

have invaginated, the surface ectoderm becomes thicker and forms the lens vesicle behind the 

surface ectoderm, which later forms the lens (Kwan et al., 2012). At the beginning of the 7th 

foetal week (FW), the inner layer of the optic cup proliferates and differentiates to form a 

multilayered neural retina, whereas the outer layer remains a single layer giving rise to the RPE 

(Quinn and Wijnholds, 2019).  

 

Figure 1-4: Schematic diagram of embryonic eye development. The surface ectoderm 

thickens and together with the neuroepithelium of the optic vesicle (OV), invaginates. The inner 

layer of the optic cup gives rise to the neural retina, whereas the outer layer becomes RPE. The 

mature retina comprises of three main layers containing the photoreceptors, the interneurons 

and the ganglion cells (Mellough et al., 2014). 

 

The generation of different retinal cells is a regulated procedure that occurs at different time 

points during development and is regulated by intrinsic and extrinsic factors that differentiate 

common retinal progenitors into different retinal cell types (Table 1-1) (Osakada et al., 2008). 
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Several studies have identified and reported important markers of differentiation from different 

stages of retinogenesis. A common marker expressed in the optic vesicles and optic cup is 

retinal homeobox protein (RX/Rax) but as the development proceeds, Rx is limited to the neural 

retina. Additionally, paired box 6 (Pax6) is expressed throughout the optic cup but its expression 

is restricted to ganglion and amacrine cells as development continues (Meyer et al., 2009). 

Another critical marker is the Microphthalmia-associated transcription factor (MITF), which is 

expressed in all cells that will become either RPE cells or neural retina. However, repression of 

MITF by VSX2 expression gives rise to neural retina and upregulation of MITF gives rise to 

RPE cells (Meyer et al., 2009). 

 

Table 1-1: Intrinsic and extrinsic factors regulating retinal cell differentiation. 

Cell Type Intrinsic factors Extrinsic factors 

 
Transcription factors Soluble factor 

Photoreceptor cells Crx / Otx2 (+) Retinoic acid 

(+) Taurine 

(+) Thyroid hormone 

(+) Shh 

(+) FGF 

(+) CNTF 

Horizontal cells Pax6 / Six3 / Prox1 
 

Bipolar Cells Chx10 (+) CNTF 

Amacrine cells Pax6 / Six3 
 

Ganglion cells Pax6 (-) Shh 

Müller glia Rx (-) Retinoic acid 

(-) FGF 

 

Differentiation of retina begins by forming the inner neuroblastic zone at post-conception week 

(PCW) 7. At early stages in the process (4.6 until 7.2 PCW), retinal progenitors proliferate, 

RPE emerges in the external layer of the optic cup, and the lenses begin to form (Mellough et 

al., 2019a). At 7.7-10 PCW, RGCs are generated in the internal layer, followed by the initiation 

of transcriptional programmes that give rise to horizontal and amacrine cells, and cone PRs 

(Mellough et al., 2019b). Specifically, cone PRs are differentiated from the outer rows of the 

outer nuclear zone (ONZ), followed by the differentiation of rod PRs at 12 PCW (Hendrickson 

and Zhang, 2019, Mellough et al., 2019b). Mainly, PCW 12-18 is characterized by the 

sequential development of cone PRs, rod PRs, bipolar cells and Müller glial cells (Mellough et 

al., 2019a). A small projection arises from the apical end of inner segments (ISs) in cone and 

rod PRs, known as the connecting cilium (CC), between 12 and 18 PCW (Mellough et al., 
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2019a). The majority of retinal neurons are differentiated centrally and then migrate 

peripherally by 20 PCW. By that time, the axons of GCs are partially connected to the visual 

centres. All retinal layers and neurons are fully mature before birth, with the exception of PRs 

located in the fovea (a small central region in the macula responsible for chromatic and high 

acuity vision) where they continue to develop up to 5 months after birth. Retina size also 

continues to increase until the 6th postnatal year (Nag and Wadhwa, 2006a). 

In addition to the human retinal development, mouse retinal development has also been well 

studied. Many differences have been reported between the two species in regard to retinal 

structure, morphogenesis, and the number, ratio and distribution of retinal cells. For example, 

the human retina is characterized by a significant amount (5%) of trichromatic cone PRs (red, 

green, and blue for long-wavelength (LW), middle wavelength (MW), and short-wavelength 

(SW), respectively) and all the PRs are generated prenatally (Sung and Chuang, 2010). 

However, as mice are nocturnal animals, their retinal physiology is adapted to that and so mouse 

retina contains fewer cone PRs (3%) and only two types; M and S cones, are expressed (Fu and 

Yau, 2007). 

In addition to this, human retina features a section called the fovea, which is absent in mouse 

retina, and whilst all PRs are generated prenatally in human retina, mice can continue to develop 

PRs postnatally (Figure 1-5) (Swaroop et al., 2010). Due to the differences between these 

species, murine models are considered an imperfect model to study human retinogenesis. 

Therefore, there is a need for more physiologically relevant models to study the human retina.  

There are additional limitations with the use of animal models in general. In some instances of 

disease modelling, the human disease phenotype is not correctly recapitulated in the animal 

model. Another disadvantage of using animal models like mice is their short life span. This 

precludes the development of age-related disease phenotypes and thereby hinders our 

understanding of age-related diseases. As a result of these shortcomings, many researchers 

across the globe have worked to generate a more physiological and biologically relevant model. 

By understanding the basic principles of retinal development and combining this knowledge 

with pluripotent stem cell applications, it is now possible to generate and study the human retina 

in a dish using three-dimensional (3D) culture systems. 
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Figure 1-5: Neurogenesis of retinal cell types in mice and human. The sequence of retinal 

cell development is conserved between species, initiating with retinal ganglion cells, horizontal 

cells followed by cone PRs, amacrine cells, rod PRs, bipolar cells, and Müller glial cells with 

an overlap in the appearance of the cells (Osakada et al., 2008). 

 

1.3. Stem cells 

Stem cells are found in all multicellular organisms and are characterized by infinite self-renewal 

and the ability to differentiate into multiple specialized cell types of the body (Yamashita et al., 

2010). Different types of stem cells exist and vary based on their potency to differentiate into 

specialized cell types. They are classified as either totipotent, pluripotent, multipotent, or 

unipotent (Bindu A and B, 2011).  

 

• Totipotent stem cells can give rise to any cell type found in an organism, including extra-

embryonic structures such as the placenta. An example of a totipotent stem cell is the 

zygote, which can reproduce the whole organism by cell division in the uterus.  

• Pluripotent stem cells, which are located in the inner cell mass (ICM) of the blastocyst, 

are capable of differentiating into all cell types of an organism except the placenta. An 

example of pluripotent stem cells are human embryonic stem cells (hESCs), which can 

form all three embryonic germ layers (mesoderm, endoderm, and ectoderm). 

• Multipotent stem cells differentiate into lineages that could give rise to more than one 

type of cell in the body. An example of multipotent stem cells is the hemopoietic stem 

cells which can be differentiated into all blood cells in the body, including white blood 

cells, red blood cells, and platelets.  

• Unipotent stem cells can give rise only to one cell type, such as epidermal stem cells 

that produce skin cells. 
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1.3.1. Characteristics of stem cells 

• Self-renewal and asymmetric division. This is one of the most important characteristics 

of stem cells, as their constant production is fundamental for the functionality and 

homeostasis of the tissue throughout the lifetime of an organism. When asymmetric cell 

division occurs two daughter cells are formed. One daughter cell inherits the mother 

stem cell properties, and the other daughter cell is differentiated into a specialized cell. 

The daughter cells committed to differentiation undergo mitosis and DNA synthesis. 

This is followed by post-mitosis, where the cells are no longer capable of proliferating 

further and thus mature into terminally differentiated cells (Terskikh et al., 2009).  

• Give rise to specialised cells. Although stem cells are undifferentiated cells, they can 

give rise to differentiated cells through a process called differentiation. Several steps are 

involved in the process of differentiation. These steps include internal signalling 

cascades, that are controlled by genes encoding for cellular structures and functions, and 

external signals, such as cell-cell adhesion, and chemical and molecular secretion into 

the microenvironment by other cells.   

• High proliferative potential. In a steady-state condition, the rates of proliferation in stem 

cells are very low. However, in the case of cell replacement and/or injury, the 

proliferative rate is increased to meet the needs of the tissue. 

 

1.3.2. Pluripotent stem cells 

There are two classes of pluripotent stem cells (PSCs), the ESCs, and human-induced 

pluripotent stem cells (hiPSCs), capable of self-renewing and differentiating into any 

specialised cell types of the human body, holding thus a great therapeutic potential. Both ESCs 

and hiPSCs share similarities in the expression of pluripotency markers and differentiation 

ability; however, they differ in their origin and derivation ways (Robinton and Daley, 2012).  

 

1.3.2.1. Embryonic stem cells (ESCs) 

Embryonic stem cells (ESCs) are derived from embryos after in vitro fertilization of an oocyte 

with a spermatozoon (Thomson et al., 1998). The generated zygote forms a morula and then a 

blastocyst, after multiple cell divisions. The blastocyst stage, which is formed three to five days 

after egg fertilization, consists of approximately 50 to 150 cells that form an outer layer of cells 

known as the trophoblast, and an ICM (Figure 1-6). The ICM found inside the blastocyst is 
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destined to give rise to the embryo is the source of ESCs (Pera et al., 2000). ESCs are 

characterized by their origin, the ability to maintain a normal karyotype in vitro, divide 

indefinitely without losing their primitive embryonic state, and spontaneously differentiate into 

cells representative of the three embryonic germ layers, giving rise to any cell type in the human 

body (Figure 1-6) (Pera et al., 2000).  

Once cells from the ICM are isolated, they can be cultured in tissue culture plates or flasks 

coated with a feeder layer (mitotically-inactive mouse embryonic fibroblasts) in the presence 

of a culture medium that contains specific nutrients. Once ESCs attach to the surface, the feeder 

cells release nutrients to assist in the maintenance of ESC pluripotency. Secreted molecules 

subsequently activate numerous signalling pathways that help the cells to divide and expand, 

generating unlimited numbers of ESCs. Under the appropriate culture conditions, the 

differentiation of ESCs to specific lineages can be directed with future clinical potentials, which 

can be used to replace cells in disease states (Thomson et al., 1998). 

 

Figure 1-6: The origin of human embryonic stem cells. Once an oocyte is fertilised by a 

spermatozoon, the fertilised egg is developed into a blastocyst that contains the trophoblast and 

the inner cell mass (ICM).  Pluripotent stem cells in the ICM are isolated and are cultured with 

growth factors to give rise to different specialised cells (Thomson et al., 1998). 

 

The first mouse ESCs were derived approximately 40 years ago from the blastocyst of a normal 

preimplantation mouse embryo. Martin and colleagues reported the successful isolation of 

ESCs and their differentiation into various cell types. This was performed by isolating the ICM 
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that gave rise to ESCs after culturing them with ESC-conditioned medium (Kleinsmith and 

Pierce, 1964, Martin, 1981). 

Current clinical trials have used hESCs for the treatment of multiple diseases. In the context of 

retina, a phase 1 clinical trial run by Liu and colleagues focused on the safety and therapeutic 

effect of transplanted hESCs-derived RPE cells in three wet age-related macular degeneration 

(wet-AMD) patients. Preliminary data has shown the safety profile and efficacy of the 

transplantation of RPE cells in AMD patients and no adverse effects in the first 12 months after 

transplantation were recorded. However, although they reported that a new RPE-like cell layer 

developed in the damaged area, visual and physiological tests revealed that functional 

improvements were limited and varied between the patients (Liu et al., 2018c). 

Another clinical study reported the delivery of hESC-derived RPE monolayer patches into the 

subretinal space of AMD patients. The results indicated the feasibility of manufacturing an 

hESC-RPE monolayer on a synthetic basement membrane and the tolerability of  transplanted 

patches into the subretinal space of the patients. This clinical study provides a potential 

treatment for AMD patients suggesting efficacy, stability, and tolerability using an RPE patch 

for approximately 12 months (da Cruz et al., 2018). 

Although ESCs have significant therapeutic potential in producing multiple different lineages, 

and they have been used in several clinical trials providing promising results, there are some 

remaining concerns related to immunogenicity and potential tissue rejection that is always a 

possibility after transplantation. In addition to this, there are ethical issues regarding the use of 

ESCs due to their derivation from human embryos (Leist et al., 2008). 

 

1.3.2.2. Human induced pluripotent stem cells (hiPSCs) 

A hallmark discovery in stem cell research was the successful reprogramming of somatic cells 

into ESC-like cells with pluripotent properties, designated as hiPSCs (Figure 1-7). Specifically, 

Takahashi and Yamanaka in 2006 demonstrated the induction of pluripotent stem cells from 

mouse fibroblasts by inducing the expression of four key factors (Oct3/4, Sox2, c-Myc, and 

Klf4) simultaneously in the nucleus of the cell (Takahashi and Yamanaka, 2006). The generated 

iPSCs exhibited the same morphology, growth characteristics, and gene expression as in ESCs. 

A year later, Takahashi and colleagues successfully reprogrammed adult human dermal 

fibroblasts into hiPSCs using the same four key factors as before. The generated hiPSCs shared 

the same morphology, proliferation, gene expression, surface antigens, telomerase activity, and 
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epigenetic status of pluripotent cell-specific genes with hESCs (Takahashi et al., 2007). On the 

same day, another group, Thomson and colleagues, also reported the reprogramming of somatic 

cells into hiPSCs, which exhibit similar characteristics to hESCs. Their method utilised a 

combination of four different factors (OCT4, SOX2, NANOG, and LIN28) (Yu et al., 2007). 

Following on from this discovery, it was noted that several other factors can be introduced in 

combination to somatic cells for the generation of hiPSCs.    

 

Figure 1-7: Reprogramming of adult somatic cells to hiPSCs. The generation of hiPSCs is 

achieved by reprogramming adult somatic cells using key transcription factors that reset the 

transcriptional profile of somatic cells and reverts them back to their embryonic state. 

  

For the reprogramming of hiPSCs into any cell type, several methods utilising delivery vectors 

were used. Early studies used DNA-integrating viral vectors such as retroviruses and 

lentiviruses (Table 1-2), to insert transgenes into the genome. Yamanaka’s reprogramming 

method to generate hiPSCs was performed using retroviral vectors to express each 

reprogramming factor in the genome (Takahashi and Yamanaka, 2006). However, integration 

of reprogramming factors in the genome of generated hiPSCs can induce insertional 

mutagenesis. Also, residues of reprogramming factors could remain in hiPSCs and hence 

transmitted to their derivatives (Kang et al., 2015). As a result, subsequent studies have used 

non-integrating viral vectors which are capable of generating hiPSCs without inducing 

permanent genetic modifications (Table 1-2) (Han and Yoon, 2011). Non–integrating viral 

vectors, such as adenovirus, can deliver transcription factors directly without causing DNA-

related complications (Robinton and Daley, 2012). Although non-integrating viral vectors 

could be used to reprogram hiPSCs, low delivery efficiency and high cost are some of their 

disadvantages. However, in contrast to adenoviruses, the Sendai virus, another non-integrating 
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viral delivery method, has demonstrated significant improvements in efficacy over other viral 

delivery methods (Oh et al., 2012). Examples of delivery vectors and their efficiencies are 

mentioned in the table below (Table 1-2). 

 

Table 1-2: Methods for generating hiPSCs for clinical applications. Integrating and non-

integrating vectors are the main strategies to reprogram somatic cells into hiPSCs using variable 

gene delivery systems. Pig (P); rat (R); rhesus monkey (Rh); mouse (M); human (H) 

(Yamanaka, 2012). 

 

 

 

 

Vector 

Type 

Subtypes Methods Species Efficiency 

(%) 

Integrating 

 

 Retroviral vectors P, R, Rh, 

M, H 
0.01∼0.5 

Lentiviral vectors M, H 0.1∼1 

Induced lentiviral vectors P, M, H 0.1∼1 

Non-

integrating 

 

 Adenoviral vectors M, H ∼0.001 

Sendai viral vectors H 0.001∼1 

Plasmids M, H ∼0.001 

Plasmids + Nanoparticles M 0.001∼0.003 

oriP/EBNA-1 episomal vectors H ∼0.0003 

Cre/loxP recombination systems H 0.1∼1 

Minicircle DNA episomal vectors H ∼0.005 

DNA 

Free 

 

Proteins M, H ∼0.001 

RNAs H ∼1 

Chemical 

induction 

Factors + Small molecules M, H ∼2.05 

Excisible Piggybac 

transposon/transposase system 

M, H ∼0.1 
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1.3.2.3. The use of hiPSCs in disease modelling 

A key advantage of generating hiPSCs from somatic cells from any genetic background, is the 

ability to generate cell lines possessing disease-causing mutations (Singh et al., 2015). Patient-

derived hiPSCs could serve as a platform for disease modelling studies. This application has 

provided new avenues for drug development and to study the pathogenesis of various 

degenerative diseases, including retinitis pigmentosa (RP) (Figure 1-8) (Achberger et al., 

2019).  

hiPSCs have been used by several stem cell research groups to study retinal diseases. For 

example, Yoshida and colleagues generated hiPSCs from a RP patient harbouring Rhodopsin 

mutation (E181K). Following correction of the patient-derived hiPSCs using an adenoviral 

vector, corrected and mutated hiPSCs were subjected to differentiation, which showed that PR 

cells harbouring the mutation had reduced survival rate compared to the corrected cells. These 

results were also associated with an increase in the expression of endoplasmic reticulum (ER) 

markers; BIP, CHOP, and apoptotic markers; NOXA, BID. After that, Yoshida and colleagues 

demonstrated that treatment of patient-derived hiPSCs with Salubrinal, an inhibitor of eIF2α, 

increased the survival of mutant rod PR cells and reduced the levels of ER stress and apoptotic 

markers in Salubrinal-treated cells (Yoshida et al., 2014).  

Usher syndrome is a hereditary disease that involves deafness and RP - usually due to mutations 

in the USH2A gene. To model this disease in vitro and determine the pathophysiological 

mechanism of USH2A mutation, Tucker and colleagues generated eye-cup-like structures from 

hiPSCs harbouring USH2A mutation. These structures expressed PR-specific markers such as 

Recoverin and Rhodopsin and exhibited the structural characteristics of photoreceptor outer 

segments (POSs). Analysis of the PR cells revealed an increase in the expression of GRP78 and 

GRP94 when compared to the control cells, indicating protein misfolding and subsequent ER 

stress. Following this, Tucker and colleagues transplanted patient-specific PR precursor cells 

in dystrophic mice and demonstrated the ability of PR cells to integrate and develop into mature 

PR cells in the retina (Tucker et al., 2013).  

All of the above are examples of hiPSCs used in disease modelling to mimic retinal 

degeneration. Thereby, highlighting the utility of hiPSCs in understanding the mechanisms and 

pathogenesis of various human diseases.  
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Figure 1-8: Diagram of generating hiPSCs and their applications. Differentiating hiPSCs 

to specialised cells could be used as a platform for drug screening, validation studies, and 

generation of hiPSC-derived organoids to model and study diseases and cell therapies (Rowe 

and Daley, 2019). 

 

1.3.2.4. The use of hiPSCs and ESCs, and generation of retinal organoids  

Initially, hiPSCs and ESCs were differentiated as 2D monolayers and were used to study the 

molecular mechanisms underlying disease phenotype (Liu et al., 2018a). However, this 

technology cannot recapitulate the architecture of complex tissues and organ functions (Liu et 

al., 2018a) as they do not mimic cell-cell communication, cell-matrix mechanisms, and the 

unique in vivo niche environment (Brafman, 2013).   

In the last few decades, a major breakthrough occurred in stem cell research with the generation 

of three dimensional (3D) ‘organoid’ models. These organoids can recapitulate the structures 

and functions of the organs or tissues they represent (Eiraku et al., 2008). 3D modelling 

technology is essential for creating in vitro disease models to understand disease pathology and 

develop therapeutic drugs (Dutta et al., 2017). The development of organoids is achieved by 

inducing the differentiation of stem cells to develop cells of a specific lineage and generate 3D 

structures with tissue-specific properties using in vitro cell culture techniques (Liu et al., 

2018a). 
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Several studies have reported that differentiation of ESCs into retinal organoids (ROs) using a 

3D culture system could recapitulate retinal development. In 2011, Eiraku and Sasai generated 

a  fully laminated 3D neural retina from mouse ESCs, which contained all the major neuronal 

cell types, including rod and cone PRs (Table 1-3) (Eiraku et al., 2011).   

Later in 2012, Nakano and colleagues reported the generation of a 3D optic cup from hESCs 

that allowed the formation of a three-layered neural retina with RPE and a high number of PRs, 

as well as other retinal neurons and Müller glial cells. The study reported the generation and 

advanced maturation of PRs, facilitated by notch inhibitor, DAPT. However, the formation of 

OSs was not clearly observed (Table 1-3)  (Nakano et al., 2012). 

In another group, Zhong and colleagues generated 3D retinal cups from hiPSCs by enriching 

the culture media with retinoic acid (RA), which promotes differentiation of PR precursors to 

rods. This study reported the development of fully laminated 3D retinal organoids expressing 

all major cell types. The PR cells also displayed a level of photosensitivity, although a limited 

amount of PRs (2 out of 13 randomly chosen cells) responded to a light flash (Zhong et al., 

2014) (Table 1-3). This is likely due to the rarity of PR OSs which also required further 

developmental maturation, including the formation of OS discs. One limitation of this 

technology is the time-consuming nature of the method. Maturation of retinal organoids 

requires more than 200 days and loss of central ganglion cells and amacrine cells is observed 

after day 100 of differentiation.   

Several other groups (Phillips et al., 2014), including ours (Mellough et al., 2015, Hallam et al., 

2018b) (Table 1-3), are using the 3D approach to generate retinal organoids that contain all 

major retinal cell subtypes with distinct layering to reflect the structural, morphological, and 

functional properties as seen in in vivo development (Chichagova et al., 2020). Therefore, the 

development of retinal organoids from hiPSCs serves as a biologically and physiologically 

relevant platform to study retinal development (Siller et al., 2013). Recently, Hallam and 

colleagues used hiPSCs to generate retinal organoids, which respond to light in a similar way 

to neonatal mouse. However, variability in organoid efficiency was observed and was reported 

to be a consequence of nutrient availability. This suggests a link between the availability of 

nutrients with the process of cell development in retinal organoids (Table 1-3) (Hallam et al., 

2018a). 
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Table 1-3: Summary of key differentiation protocols of hiPSCs or ESCs into 3D retinal organoids.  

Publication Cell 

source 

Retinal 

organoids 

formation 

method 

Differentiation methods Protocol 

Length 

Features/ Characteristics 

Plates Medium 

(Eiraku et 

al., 2011) 

Mouse 

ES cells 

Serum-free 

floating 

embryonic 

bodies (SFEB) 

 

Day 0 - Day 7: 

96-well low-cell-

adhesion plates 

(lipidure coat) 

 

Day 7 – Day 24 

6-well plates ( 

2% matrigel) 

Day 0 – Day 7 

G-MEM 

1.5% KOSR 

0.1 mM MEM-

NEAA 

1 mM pyruvate, 

1 mM β-

mercaptoethanol 

Day 7 – Day 24 

DMEM/F12 

P/S, N2,  (foetal 

bovine serum) 

FBS 

Day 10 – 

Day 24 

0.5 retinoic 

Acid (R.A) 

1mM 

Taurine 

24 days • Formation of 3D optic cups and 3D 

organoids with further differentiated into 

retinal progenitors. 

• RPE and fully stratified neuroepithelium 

(NR). 

• Expression of NR cells PRs, BCs, GCs, 

HCs, ACs, MGCs. 

• Lamination including ONL, INL, GCL 

• Apical-basal polarity, inner portion 

invaginated with the apical site. 

 

(Nakano et 

al., 2012) 

hESCs 

 

3D 

SFEBq 

Floating SFEBq-

cultured hESC 

aggregates 

 

Balance of RPE 

and NR 

differentiation 

lead to OC 

formation 

 

Day 0- Day 12 

96-well low-cell-

adhesion plates 

(lipidure coat) 

 

Day 12 

10 cm Petri 

dishes 

 

 

Day 0 - Day 18 

DMEM/F12, 

Ν2, ΝΕΑΑ, 1% P/S 

1% antimycotic, 20% 

KOSR, RI, IWR1e 

Day 12 – Day 18 

Add FBS 

Day 15 - Day 18 

Add Chir99021, SAG 

Day 18 - Day 24 

DMEM/F12, 1% 

GlutaMax, 

N2, 1% P/S, 1% 

Fungizone 

Day 24 - 

collection 

day 

DMEM/F12

, GlutaMax, 

N2, 10% 

FBS, 

0.5 µM R.A 

 

126 days • Formation of 3D optic cups and 3D 

organoids with further differentiated into 

retinal progenitors. 

• Multi-layered neural retina with RPE and 

fully stratified NR. 

• Expression of PR-specific markers, rods 

and cones, GC, and interneuron 

precursors. 

• Increase PR (Cones and Rods) number 

and maturation. 

• Presence of IS and connecting cilium 

(CC). 

(Zhong et 

al., 2014) 

hiPSC 

 

Combination of 

2- & 3-

dimensional RO 

formation 

 

 

Day 0 - Day 7 

Suspension 

 

Day 7-28 

Adherent culture 

of hiPSCs 

aggregates 

 

Day 28 

Suspension 

Day 0 – Day 16 

DMEM/F12, 1% N2, 

NEAA, 2µg/ml 

Heparin 

At day 7 

DMEM/F12, 

2% B27, 1% MEM-

NEAA, 1% P/S, 1% 

Fungiozone 

Day 16 - 

collection day 

DMEM/F12, 2% 

B27, 1% MEM-

NEAA, 1% P/S, 

1% Fungizone, 

 

 

At day 42 

10% FBS, 

100 µM 

Taurine, 

2mM 

GlutaMAX 

 

At day 63 

0.5 µM R.A 

 

Retinal 

cup: 30-

35 days 

 

PRs: 21 

weeks 

• Formation of 3D optic cups. 

• Lamination including ONL, INL and 

GCL. 

• Expression of PR-specific markers (Rods, 

cones), GC, HC, AC, BC, and MGCs. 

• Presence of OLM, IS, cc, and OS with 

disc membranes. 

• Phototransduction and photosensitivity. 
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Publication Cell 

source 

Retinal 

organoids 

formation 

method 

Differentiation methods Protocol 

Length 

Features/ Characteristics 

Plates Medium 

(Phillips et 

al., 2014) 

Blood 

derived 

hiPSCs 

hiPSC-OV 

RPE 

Day 0 - Day 6 

Suspension 

Day 6 - Day 20 

Adherent culture 

of hiPSCs 

aggregates 

Day 28 

Suspension 

Day 0 - Day 4 

DMEM/F12, 20% KOSR, 

1% MEM-NEAA, 1 mM 

L-glutamine, and 0.1 mM 

β-mercaptoethanol 

Day 4 - Day 16 

DMEM/F12, 

1% N2, 1% 

MEM – NEAA 

2μg /mL heparin 

Day 16 –

collection 

day 

DMEM/F12

, MEM-

NEAA 

2% B27 

supplement 

1% P/S 

OV: 

20 days 

 

RPE 

40-50 

days 

• Some degree of lamination, with RGC-

like cells in an inner most layer and 

recoverin positive PR-like cells in an 

outer layer. 

• Formation of optic vesicle-like 

structures. 

• Homogenous population of proliferative 

neuroretinal progenitor cells (NRPCs). 

 (Mellough 

et al., 2015) 

hESC 

H9 

hiPSCs 

Outgrowth of 

RO positive 

spheres 

SFEB culture 

 

Day 0 - Day 37 

DMEM/F12, 

1% N2, 

MEM-NEAA 

2 μg/mL 

heparin 

IGF‐1 (5 ng/ml) 

 

 

Day 37 - Day 90 

N2, G-MEM, 5% 

KOSR, 0.1 mM 

MEM-NEAA, 1 

mM pyruvate, 

0.1 mM β-

mercaptoethanol, 

1 μM R.A 100 

μM taurine, N2 

P/S 

10 ng/ml IGF‐1 

 90 days • Formation of 3D optic-cups which 

undergo further differentiation into 

multi-layered neural retina with RPE 

and fully stratified NR. 

• Synapses (inner and outer plexiform 

layer, indicative of synaptic zones that 

connect PRs with bipolar and ganglion 

cells). 

• Enhance optic cup differentiation. 

• Acceleration of PRC maturation. 

• Multilayer optic vesicle-like structures 

comprising multiple retinal cell types 

and displaying the ability to form retinal 

laminae. 

(Hallam et 

al., 2018a) 

hiPSC Floating 

SFEBq-

cultured 

hESC 

aggregates 

Day 0 - Day 17: 

96-well lipidure-

coated U-bottom 

plate 

 

Day 18: 

Pooled in 6-well 

plates 

Day 0 - Day 18: 

45% IMDM  45% HAM’s 

F12, 10% KOSR, 1% 

GlutaMAX  1% CDLC, 

450 μM 1-thioglycerol 

M6145   

At Day 6: 

1.5 nM BMP-4 

 

Day 18 - Day 

24: 

DMEM/F12, 

10% FBS, 1% 

GlutaMAX 1% 

N2, 1% 

Pen/Strep 

DMEM/F12, 3 

μM CHIR99021 

5μM SU5402 

Day 24: 

Same as 

day 18 

without 

CHIR99021 

and 

SU5402 

150 days • 3D optic-cup with RPE and fully 

stratified NR. 

• PR-specific markers PR (rods and 

cones), GC, HC, AC, BC, and MGCs. 

• Lamination including ONL, INL and 

GCL. 

• Presence of IS, cc, and OS-like 

structures with disc membranes. 

• Formation of synapses. 

• Phototransduction and photosensitivity. 
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1.3.2.5. The use of hiPSCs and ESCs in the generation of human RPE cells  

In addition to the generation of retinal organoids, other human eye cells, including RPE cells, 

have been generated from hiPSCs or ESCs to study inherited retinal diseases (IRDs) and to 

identify common mechanisms between retina and RPE cells.    

The RPE is a monolayer of pigmented hexagonal cells that lie between the PRs and the 

choriocapillaris of the retina. It is fundamental for the normal function of the retina (Kolb H, 

1995). Several studies have reported the generation of RPE cells using different protocols 

(Table 1-4) (Hallam et al., 2017, Regent et al., 2019, Chichagova et al., 2017). Studies have 

reported differentiation of hiPSCs into RPE cells using RPE inducers such as activin A (Regent 

et al., 2019), nicotinamide (Ferrer et al., 2014, Regent et al., 2019) and retinal inducing factors 

such as noggin (Ferrer et al., 2014). Also, Wnt inhibitors (DKK1 and FGF2) (Osakada et al., 

2008, Klimanskaya et al., 2004, Buchholz et al., 2009) and Nodal signalling inhibitors (Lefty-

A) (Osakada et al., 2008), inhibiting specific signalling pathways, such as the WNT signalling 

pathway, have been used to direct PSCs towards a range of retinal fates (Table 1-4) (Lund et 

al., 2006, Osakada et al., 2008).  

PSC-derived RPE cells are considered a potential therapy for some retinal degenerative diseases 

as in animal models, transplantation of hiPSCs-derived RPE cells has shown promising results 

(Carr et al., 2009). However, transplantation of hiPSC-derived RPE cells in humans in the past 

revealed some safety concerns. Specifically, in 2013, the first clinical trial using hiPSC-RPEs 

was initiated by Takahashi and colleagues who transplanted an autologous hiPSC-derived RPE 

sheet to treat patients with AMD (Mandai et al., 2017). Although no adverse effects were 

observed in the first patient, genetic abnormalities were detected in the hiPSCs intended for the 

second patient. The clinical trial was subsequently cancelled due to safety concerns that 

associated hiPSC instability with tumorigenicity (Yoshihara et al., 2017). Later in 2017, the 

study was continued using allogeneic hiPSC-derived RPE cells that were safer for 

administration. Recently, the NIH team initiated phase I/IIa clinical trials to test the safety of 

autologous transplantation of the iPSC-derived RPE cells in dry-AMD patients (NCT04339764, 

2020). This clinical trial opens the door to other scaffold-supported transplant approaches using 

iPSC-derived cells (Ikelle et al., 2020). 

The generation of hiPSCs-derived RPE cells and organoids has provided a great advantage in 

drug and toxicological studies, since access to physiologically relevant cells and tissues is one 

of the main issues in pharmacological studies. However, differentiation of hiPSCs-derived RPE 

or organoids is a very lengthy and time-consuming procedure, and thus immediate availability 
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is not possible at the time of the demand. As a result, there is an emerging need to produce, 

expand and store complex tissues that are well characterized and could be used for such 

purposes. This requires the development of cryopreservation methodologies that could preserve 

the biological and physical functions of the cells at low temperatures and provide on-demand 

supply.  
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Table 1-4: Summary of published protocols to differentiate hiPSCs or hESCs into RPE cells 

Publication Cell 

source 

Differentiation methods Key factors Collection 

method  

Protocol 

Length  

Features/ 

Characteristics Matrix of 

PSCs 

Type of 

differentiation 

Initiation Differentiation 

(Klimanska

ya et al., 

2004) 

hESCs MEF, 

Gelatin; 

Feeder-free; 

EB 

 

Spontaneous 

differentiation 

DMEM, 500 

u/mL P/S, 1% 

MEM-NEAA,  

2mM of 

GlutaMAX-I, 

Carlsbad, 

CA 0.1 mM, β-

mercaptoethanol, 

8% KOSR, bFGF  

10 ng/mL human 

LIF,  8% 

Plasmanate 

DMEM, 500 u/mL P/S, 1% 

MEM-NEAA,  

2mM GlutaMAX, 0.1 mM 

β-mercaptoethanol, 8% of 

KOSR 

FGF2, LIF Pigmented 

cells 

were 

isolated 

manually 

and 

re-plated 

6-9 

months 
• Pigmentation. 

• Between week 4-8 

less than 1% of 

Retinal organoids had 

pigmented islands. 

• At 6-9 months 100% 

of Retinal organoids 

had pigmented cells.  

• RPE-specific proteins 

express RPE65, 

CRALBP, PEDF, 

Bestrophin. 

(Lund et al., 

2006) 

hESCs MEF, 

Gelatin 

Monolayer/Spo

ntaneous 

differentiation 

 DMEM, 500 

g/mL P/S, 1% 

MEM-NEAA, 2 

mM GlutaMAX 

I, 0.1 mM -β-

mercaptoethanol, 

4 ng/mL bFGF, 

1-ng/mL human 

LIF, 8% of 

KOSR, and 8% 

Plasmanate 

DMEM, 15% KOSR, 500 

/ml P/S, 1% MEM-NEAA, 

2 mM GlutaMAX, 0.1 mM 

-β-mercaptoethanol, 4 

ng/mL bFGF, 10 ng/mL 

human LIF  

FGF2, LIF Pigmented 

cells 

were 

isolated 

manually 

and 

re-plated 

6-8 weeks • RPE clusters appeared 

in adherent cultures 

and retinal organoids. 

• At 6-8 weeks first 

pigmented clusters 

were observed.  

• RPE-specific proteins 

express RPE65, 

CRALBP, PEDF and 

Bestrophin markers.  

(Osakada et 

al., 2008) 

hESCs 

hiPSCs 

SFEB, 

Poly-D-

Lysine-

Laminin-

Fibronectin 

Directed 

differentiation  

ES 

differentiation 

medium: 

DMEM/F-12, 0.1 

mM β-

mercaptoethanol, 

0.1 mM MEM-

NEAA, 2 mM L-

glutamine, 20% 

KSR, 4 ng/ml 

bFGF 

Day 0 - Day 2 

ES differentiation medium 

without bGFGF 

Day 2 - Day 6 

20% KOSR, G-MEM, 0.1 

mM MEM-NEAA, 1 mM 

pyruvate and 0.1 mM, β-

mercaptoethanol  

Day 6 - Day 14 

ES differentiation medium 

+ 15% KOSR 

Day 14 - Day 20  

FGF2, Dkk1, 

Lefty-A 

Pigmented 

cells 

were 

isolated 

manually 

and 

re-plated 

120-200 

days 
• RPE cells have 

squamous and 

hexagonal 

morphology. 

• By day 120, RPE cells 

formed tight 

junctions. 

• Pigmented cells 

have microvilli, a 

basal membrane, 

melanin granules, 

adherent junctions  
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Publication Cell 

source 

Differentiation methods Key factors Collection 

method  

Protocol 

Length  

Features/ 

Characteristics Matrix of 

PSCs 

Type of 

differentiation 

Initiation Differentiation 

(Osakada et 

al., 2008) 

    ES differentiation medium 

+ 10% KOSR 

Day 20 – Day 40 

Dkk-1 (100 ng/ml), Lefty-A 

(500ng/ml) 

   and tight junctions. 

(Buchholz 

et al., 2009)  

hESC 

hiPSC 

Gelatin Monolayer/ 

spontaneous 

differentiation  

 

Day 0 - Day 20 

DMEM/F12, 2 

mM GlutaMAX‐

I, 10% KOSR, 

0.1 mM MEM-

NEAA, 0.1 mM 

β‐

mercaptoethanol  

 

Day 20 - Day 35 

DMEM/F12, 7% KOSR, 

0.1 mM MEM-NEAA, 2 

mM GlutaMAX, 0.1 mM β‐

mercaptoethanol, 5% FBS, 

10 ng/ml bFGF  

FGF2 and its 

removal 

Pigmented 

cells were 

manually 

isolated and 

re-plated 

onto 

gelatin-

coated 

plates 

60-90 

days 
• Pigmentation was 

observed at day 20-

35. 

• RPE cells express 

Tyrosinase, Tyrp1, 

Tyrp2, and SILVER, 

genes involved in 

pigment synthesis. 

• RPE cells are 

polarised. 

• RPE cells express 

PEDF, EMMPRIN, 

Bestrophin, and 

RPE65 markers. 

(Ferrer et 

al., 2014) 

hiPSCs Matrigel Monolayer/ 

spontaneous 

differentiation 

Day 2- Day 5 

KOSR medium: 

KOSR, 500 

ng/ml Noggin, 10 

μM SB431542  

Day 5 – Day 35 

KOSR medium + 

1 mM 

Nicotinamide, 

150 ng/ml 

Activin A 

PRE re-plated and cultured 

in taurine, hydrocortisone, 

THT medium until highly 

enriched RPE monolayer 

Noggin, 

SB431542, 

Nicotinamide, 

Taurine 

Pigmented 

cells were 

manually 

isolated and 

replated on 

T25 flasks 

and grown 

of RPE‐

THT 

medium 

35 days • RPE cells have 

‘’cobblestone” 

morphology.  

• Pigmentation 

appeared at early 

stage (days 25–35). 

• RPE express 

differentiation genes 

such as 

TYROSINASE, 

RPE65, RDH5, 

TRPM1, CSPG5, 

and BEST1. 

• RPE cells 

expressed EZRIN, 

DCT, CLCN2, 

SLC16A1. 
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Publication Cell 

source 

Differentiation methods Key factors Collection 

method 

Protocol 

Length 

Features/ 

Characteristics Matrix of 

PSCs 

Type of 

differentiation 

Initiation Differentiation 

(Hallam et 

al., 2017) 

hiPSCs Matrigel Monolayer/ 

spontaneous 

differentiation 

Day 0 - Day 16 

Differentiation 

medium: B‐27 

Supplement 

10% KOSR, 1% 

100X 

GlutaMAX, 1% 

P/S 

Day 16 – Day 21 

Differentiation medium + 2 

µM Purmorphamine 

Purmorphamin

e 

Pigmented 

cells were 

manually 

isolated and 

re-plated 

onto 

laminin 

coated TWs 

3-4 

months 
• RPE cells are 

pigmented and have 

hexagonal 

morphology. 

• Express RPE markers  

(ZO‐1, CRALBP, and 

BEST1). 

• RPE phagocytose 

bovine rod OS.  

• RPE cells secrete 

pigment epithelium‐

derived factor serpin 

F1, like adult RPE 

cells. 

 

(Regent et 

al., 2019) 

hiPSCs 

hESCs 

Matrigel Monolayer/ 

Directed  

differentiation 

Day 0 - Day 7 

Differentiation 

medium:  

MEM (High 

Glucose), 50 μM 

β-

mercaptoethanol  

1% MEM-

NEAA,  

20% KOSR, 10 

mM 

Nicotinamide 

 

Day 7- Day 14 

Differentiation medium + 

100 ng/ml Activin A 

Day 14 - Day 42 

Differentiation medium + 3 

μM CHIR99021 

Day 42 – Collection Day 

Differentiation medium + 

4% KOSR  

Nicotinamide,

Activin A, 

CHIR99021 

Pigmented 

cells were 

manually 

isolated and 

re-plated 

onto 

Matrigel 

coated 

dishes 

8 to 12 

weeks 
• By day 21, RPE 

precursors express 

MITF and PAX6. 

• RPE cells are positive 

for EZRIN, BEST, 

ZO-1 and MERTK. 

• By day 42, Pigmented 

RPE cells were 

confluent.  
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1.4. Cryopreservation  

Cryopreservation is the process that preserves living biological samples, such as organelles, 

cells, and tissues, at low temperatures by slowing down chemical reactions, physical 

intracellular and extracellular activities, and other biological processes (Jang et al., 2017). 

In ancient times, around 2000 BC, maintenance and storage of perishable food was achieved 

using icehouses (Love, 2009). By the 20th century, the need for long-term storage of food was 

increasing. This long-term storage necessity required low/sub-zero temperatures and led to the 

development of cryogenic technologies. Luyet initially introduced the concept of 

cryopreservation in 1940 with the publication ‘Life and Death at Low Temperature’ (Luyet and 

Gehenio, 1940). Soon after, Polge’s group discovered the effects of glycerol as a cryoprotectant 

agent (CPA) to maintain spermatozoa from fowl (POLGE et al., 1949). Since then, the effects 

of other molecules as CPAs – DMSO and ethylene glycol, were discovered and are routinely 

used in modern cryobiology for the cryopreservation of cells and tissues (Coriell et al., 1964).  

Later, came a breakthrough hypothesis that associated the survival of cells in a solution with 

the rate of cooling. This hypothesis was introduced by Mazur in 1965 (Mazur, 1965) and 

provided the foundations to understand the mechanisms behind the cryopreservation procedure. 

Subsequently, in the 1980s, researchers demonstrated the importance of cooling and thawing 

rate in the survival of cells during cryopreservation (Chesne and Guillouzo, 1988). 

Nowadays, cryopreservation offers major advantages in several sectors, including the storage 

and maintenance of food, and drug testing, as well as numerous medical and industrial 

applications. The latter application includes processes such as bone marrow transplantation, 

blood transfusion (Jang et al., 2017), in vitro fertilization, and long-term preservation of 

samples for general research use, in addition to the transportation of these samples between 

research centres (Bojic et al., 2021). Another advantage of cryopreservation, that can provide 

unique benefits, is the banking of mammalian cells and tissues, which can be used in clinical 

fields such as regenerative medicine and medical applications (Bahari et al., 2018).  

Up until now, several cryopreservation protocols have been established by many research 

centres. These centres routinely use standard cryopreservation methods to successfully and 

effectively freeze a variety of different cell types, including PSCs, and yield high survival rates 

in doing so (Cohen et al., 2014). However, such protocols have not retained high survival and 

recovery rates in complex structures such as 3D organoids, tissues, or organs.  
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1.4.1. Methodology of cryopreservation  

Generally, the main steps of the cryopreservation workflow include the collection of the 

samples (cells, tissues) and their transfer to the cryovessels (cryovial, plate, straw), where they 

will be frozen. Subsequently, tissues or cells are mixed with CPAs before freezing to protect 

the cells against ice crystal formation. This is known as pre-freezing treatment (Figure 1-9). 

Thereafter, samples are frozen at specific temperatures at predefined cooling rates, and later 

stored in the appropriate location. Usually, for long-term storage, cells are kept in liquid 

nitrogen vapour. Upon removal from storage, the samples are warmed and gradually thawed at 

certain temperatures. The samples are then washed to remove residual CPAs (Figure 1-9) and 

are then cultured as normal. From then on, the samples are maintained in a sterile incubator at 

37°C with 5% CO2, allowing them to recover (Figure 1-9). Each step of the cryopreservation 

process is crucial and needs optimisation for each specific tissue, to ensure the best survival 

rates are achieved.  

 

 

Figure 1-9: Schematic representation of cryopreservation steps. 
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1.4.2. Cryoprotective agents  

CPAs are used in cryopreservation media to reduce freezing injury during the cryopreservation 

process. There are two main categories of CPAs which are defined by their ability to penetrate 

the cell membrane. These are permeable and non-permeable CPAs. Permeable CPAs can 

diffuse across the cell membrane via concentration gradients and subsequently replace the fluids 

inside the cell. Thereby, they function intracellularly to protect the cells from freezing injury. 

Dimethyl Sulfoxide (DMSO), ethylene glycol and glycerol are examples of penetrating CPAs. 

In contrast to this, non-penetrating CPAs cannot enter the cell. Examples of these include 

various sugars like sucrose or dextran (Table 1-5) (Jang et al., 2017). As a result of this, these 

CPAs can only provide extracellular protection from freezing injury. There are alternatives to 

CPAs that have been used for cryopreservation. These alternatives include antioxidants such as 

Trolox, trehalose (de Vries et al., 2019), glutathione, resveratol (Len et al., 2019) and other 

compounds to inhibit ice crystal formation, and subsequently reduce freeze/thaw-associated 

cell death (Jang et al., 2017). Typically, penetrating CPAs are used in combination with non-

penetrating CPAs and antioxidants to provide both intra- and extracellular protection. However, 

the concentration of CPAs used along with the necessary incubation times needs to be optimised 

for the specific cell or tissue of interest, to minimize any possible cytotoxic effects. 
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Table 1-5: Common cryoprotective agents and their uses. 

Compound Source Formulation Permeability Use Toxicity 

Glycerol Fat and animal 

or vegetable 

oil 
 

Yes Antifreeze 

counteract 

dehydration prevent 

cell lysis 

Metabolic 

acidosis 

Ethylene 

glycol (EG) 

Reaction of 

ethylene oxide 

with water 

 

Yes Coolant antifreeze If converted to 

oxalate 

Polyethylene 

glycol 

Made from 

ethylene 

glycol and 

derives from 

petroleum 

 

No Increase the viscosity 

of the medium at low 

temperature to inhibit 

ice crystal growth  

if converted to 

oxalate 

Propylene 

glycol 

Hydration of 

propylene 

oxide 

 

Yes Solvent emulsifier 

humectant 

Cell acidosis 

Sulfoxides 

dimethyl 

sulfoxide 

(DMSO) 

Wood pulp 

 

Yes Solvent antioxidant 

permeability of cell 

membrane 

Allows toxic 

agents to enter 

into the cell 

due to an 

increase in cell 

membrane 

permeability 

Polyvinyl 

alcohol 

(PVA) 

Synthetic 

resin obtained 

from 

hydrolysis of 

polyvinyl 

acetate  

Yes Anticoagulant Non-toxic 

Sucrose Plants 

 

No Protects cell 

membranes against 

chilling and freezing 

binding to the 

phospholipid head 

groups and forming a 

gel phase as cells 

dehydrate 

Non-toxic 

Trehalose Fungi, plants, 

invertebrate 

animals 

 

No Similar to sucrose but 

with higher stability 

and less solubility 

Non-toxic 
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1.4.3. Freezing methods 

1.4.3.1. Existing strategies for cryopreservation 

The appropriate CPA and working concentration depend on the cryopreservation method to be 

implemented. Currently, two conventional cryopreservation methods exist; slow-rate freezing 

and vitrification. 

Slow freezing involves the freezing of samples with CPAs at relatively slow cooling rates with 

the aim of reducing the possibility of intracellular ice formation, which is the main risk 

associated with the cryopreservation procedure (Paynter, 2008). During slow freezing, there is 

an increase in water diffusion from the intracellular to the extracellular space via osmosis and 

the cytoplasmic water is replaced with CPAs, which prevent the formation of ice crystals inside 

the cell and thus minimise freezing-related cell damage (Figure 1-10) (Jang et al., 2017).  

When using faster cooling rates, the flow of water to the extracellular space via osmosis is 

reduced. Hence, intracellular water remains in the cells and crystallises upon freezing, thereby 

causing cell death (Figure 1-10). In most cryopreservation protocols, the typical cooling rate is 

1°C per minute but the rate should be adjusted for each sample (Jang et al., 2017) as different 

cell types have distinct optimal cooling rates. Particularly between different cryopreservation 

protocols, optimisation of the cooling rate is critical (Figure 1-10).  

The slow freezing method was the first technique to be widely implemented following the 

successful cryopreservation of semen samples in 1950. Later, in 1983, the successful 

cryopreservation of early cleavage-stage human embryos was reported. Since then, 

cryopreservation of embryos and oocytes has become a well-established and commonplace 

technique and more than 500,000 births have been achieved from cryopreserved human 

embryos. This strategy utilises both 1,2-propanediol and sucrose, and has been used worldwide 

for the cryopreservation of zygotes and early cleavage-stage embryos (Son and Tan, 2009).  

There has been increasing interest over the last few years, with regards to the vitrification 

method of cryopreservation to preserve cellular and structural viability (Fahy et al., 1984). 

Vitrification refers to the transition of a cell suspension from the aqueous phase to a ‘glass 

state’, where crystal formation is inhibited. This is achieved via the exposure of cells to high 

concentrations of non-penetrating CPAs, which interact very strongly with water molecules 

preventing ice formation. The cell suspension is then rapidly cooled to cryogenic temperatures 

which prevents ice formation, giving the cells a glassy appearance which is referred to as the 

‘glass state’ (Figure 1-10) (Fahy and Wowk, 2021). 
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Figure 1-10: Schematic diagram of the physical events during freezing. During freezing, 

when the temperature drops to about -5°C, ice crystals are formed extracellularly, and hence 

water flows out of the cells. Subsequent cooling rates have a pivotal role in the survival of cells. 

If cooling rates are fast, then not all intracellular water flows out of the cell, and hence ice 

crystals are formed intracellularly. If cooling rates are very slow, water flows out of the cells, 

the cells dehydrate, and the organelles and membranes shrink. Upon ultra-rapid cooling 

(vitrification), cells turn into a glass state, and no icy crystals are formed. Optimal cooling rates 

are considered fast enough to prevent cryoinjury as a result of shrinkage and slow enough to 

avoid intracellular ice formation. 

                                                                                   

Multi-agent vitrification solutions have been used in several studies with promising results 

(Table 1-6). In one such study, Pichugin and colleagues reported the successful preservation of 

mature, organised, and complex neural networks (hippocampal slices) using vitrification 

solutions, namely VEG and VM3. These solutions contained DMSO, formamide and ethylene 

glycol (Pichugin et al., 2006) (Table 1-6). In another study, Nakano and colleagues reported 

the successful preservation of stratified neural retina, derived from hESCs. With the use of en 

bloc cryopreservation method of vitrification, they maintained the expression of several retina-

specific markers, including progenitor marker Chx10, ganglion cell marker Pax6 and PR marker 
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Blimp1 (Table 1-6) (Nakano et al., 2012). Their method offers a new approach to cryopreserve 

stratified neural retina of human origin.  

In addition to these applications, the vitrification method is considered a promising and 

effective approach for the cryopreservation of embryos. However, the scaling up of vitrification 

protocols to effectively cryopreserve larger tissues/structures has not been achieved, impeding 

their application to the clinical realm.   

 

Table 1-6: Summary of vitrification experiments. 

 

Despite the many advantages vitrification offers, the high concentrations of CPAs required is a 

major disadvantage (Fahy et al., 2004). During vitrification, cells are exposed to a high 

concentration of CPAs which enter the cells, occupy the space and thus decrease the volume of 

intracellular water compared to the physiological levels. High concentration usage of these 

CPAs may induce cell damage and cytotoxicity as a consequence of abrupt osmotic changes 

(Pegg, 2007). In addition to this, the removal of CPAs during thawing can be hazardous for the 

Publication Cell type CPA Freezing  Thawing Viability 

(Valdez et al., 

1992)  

Mouse 

blastocysts 

20% Ethylene 

Glycol (EG), 20% 

Me2SO 

10% 1,3-butanediol 

 

Equilibrated for 

3 minutes at RT 

in 25% CPA. 

Followed by 

storage in liquid 

nitrogen. 

20°C (water 

bath in 

straws) 

96.2% 

developmental 

rate after 24 

hours. 

(Reubinoff et 

al., 2001) 

Human 

ESCs 

20% Me2SO, 20% 

EG, 0.5M Sucrose 

liquid nitrogen 

(using straw) 

37°C All clumps 

recovered. 

(Fujioka et 

al., 2004) 

Human 

ESCs 

2M Me2SO, 1M 

Acetamide, 3M PG 

liquid nitrogen 37°C 12.2% normal 

morphology and 

karyotype. 

(Kuleshova et 

al., 2004) 

Hepatocytes 40% EG, 0.6 M 

Sucrose 

cooling: 

400°C/minute 

650°C/minute Almost 100% 

retention of cell 

function. 

(Pichugin et 

al., 2006) 

Hippocampal 

slices 

50% w/v VEG 61% 

w/v VM3 

liquid nitrogen −10°C Structure and 

Viability are well 

preserved. 

(Wang et al., 

2007) 

Articular 

cartilage 

72% Me2SO  liquidus 

tracking 

(−170°C) 

−5°C Functionality 

60% 

(Kuleshova et 

al., 2009) 

Mouse 

neural stem 

cells (NSCs) 

40% EG, 0.6M 

Sucrose 

liquid nitrogen 38°C (water 

bath in 

straws) 

>99% viability 

(Nakano et 

al., 2012) 

Neural retina 

(NR) derived 

from hESCs 

2 M DMSO, 1 M 

acetamide, and 3 M 

PG, 10% DMSO, 

5% EG, and 10% 

sucrose 

liquid nitrogen Addition of 

warmed 

medium 

directly to the 

freezing tube 

NR integrity was 

preserved 

Expression of 

Chx10 

(progenitors) 

Pax6 (GCs), 

Blimp1 (PR 

precursors). 
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cells. This is due to the exposure of cells at a lower concentration of permeable CPAs, resulting 

in osmotic uptake and cellular swelling (Jang et al., 2017). At diluted concentrations, permeable 

CPAs begin to leave the cell, and are replaced by water via osmosis. Following this step, the 

cells should be returned to their typical physiological volume (Pegg, 2007). The degree of 

shrinkage and swelling of cells after the addition of permeable CPAs largely depends on the 

concentration of CPAs used and the membrane's permeability to CPAs and water. Therefore, 

for the best chance of cell survival, a balance among the sample volume, cooling and thawing 

rate, and the concentration of CPAs should be maintained (Pegg, 2007) (Zhang et al., 2011). In 

cases where there is no balance between these factors, the cells are subjected to a range of 

thermal, chemical, and mechanical forces that can affect the cells' viability and functionality, 

leading to cryoinjuries.  

 

1.4.4. Cryopreservation Injuries  

Cryoinjury is defined as the damage of cells caused by changes in water states either 

intracellularly or extracellularly at low temperatures. Specifically, biophysical and 

physicochemical reactions are affected by different parameters such as cooling and thawing 

rate, and CPAs concentration. Additionally, fluctuations in temperature during cooling can 

damage cells due to intracellular water loss or intracellular ice formation, causing deformation 

of the cells. Examples of cryopreservation injuries include intracellular ice formation and 

cellular dehydration (Jang et al., 2017). The phenomenon of ice formation corresponds to the 

solidification process, which is defined as the transformation of solutions from a liquid phase 

towards a solid-state. This process depends on the aggregation speed and is proportional to the 

changes in cytoplasmic temperature and the dehydration of intracellular compartments. Ice 

formation, either intracellularly or extracellularly, is detrimental to cell samples. The process 

of crystallization generates mechanical stress on the cell membrane and modifies the chemical 

environment leading to decreased cell viability post-thaw (Bakhach, 2009).   

 

1.4.4.1. Cellular dehydration 

Extracellular ice formation increases the ion concentration of the extracellular space. This 

results in the efflux of intracellular water and the influx of solutes into the intracellular space. 

The loss of cytoplasmic water results in cellular dehydration and consequentially, cellular 

lesions, of which mechanical stress and thermal shock are the two main forms (Bakhach, 2009).  
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1.4.4.1.1. Mechanical stress  

Mechanical stress is caused by extracellular ice formation which deforms the cell. This occurs 

as a result of growing masses of ice that squeeze the cells into narrow channels of unfrozen 

solutes. Specifically, the formed ice crystals separate the cells into small channels filled with 

residual water, necessary for cell function (Mazur et al., 1981). As the temperature falls, the 

cell volume decreases and progressively shrinks and deforms the cells. Rapid efflux of water 

decreases the volume of cells to approximately 50%, resulting in structural distortion of the 

cells (Bakhach, 2009).  

 

1.4.4.1.2. Thermal shock 

Thermal shock is caused by rapid changes in temperature during the cooling of cells. This can 

occur in the absence of ice formation and typically between the temperatures of +15°C and 

37°C. However, shock can also occur between 0°C and −80°C. Contractions of the cellular 

components of the cell can induce the formation of lesions. This process is affected by changes 

in anion composition, especially chloride, acetate and sulphate anions (Bakhach, 2009). The 

addition of CPAs works to reduce thermal shock when used in combination with slow cooling 

(Pegg et al., 2006).  

 

1.4.4.1.3. Intracellular crystallisation 

Intracellular ice formation is often due to rapid cooling. During fast cooling, the diffusion of 

water is relatively slow, and the water remains in the cell. This residual water freezes and forms 

intracellular ice crystals, disrupting the integrity of the cell. This finding was noted following 

the observation of low cell viability after fast cooling experiments (Mazur, 1960). Cell density 

is another important factor to consider in the freezing process. For example, in multicellular 

structures, such as spheroids or confluent monolayers where there is close cell-cell contact, 

cellular dehydration is more complicated. Water exits the cell sequentially from the centre of 

the structure to the periphery (Ehrhart et al., 2009).   
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1.4.4.1.4. Cryoinjury associated with storage period 

In addition to the harmful effects of ice formation, storage is another important parameter 

essential for the viability of cells.  Cold storage (4°C) is typically used for storage purposes in 

the transportation of cells, but also it can be used for short-term storage of organs where 

cryopreservation is not appropriate. At temperatures between 0°C and −25°C, the main 

challenge is related to cellular activity, which is reduced but not completely inactivated. This 

has a negative effect on the cell as it can cause cellular swelling, membrane leakage, and tissue 

degeneration (Baertschiger et al., 2008). During cryopreservation, tissues must inevitably 

transverse from this temperature window twice; during freezing and thawing, and each time 

cells need to overcome obstacles such as extracellular and intercellular ice formation, 

dehydration, and osmotic effects and oxidative stress, which can cause cell damage. At 

temperatures below −40°C, the physicochemical changes are dramatically reduced, yet the cells 

remain viable. Therefore, for longer preservation of cells, it is recommended to freeze the cells 

below −130°C. This is known as the vapour phase of liquid nitrogen, where biological and 

chemical reactions are completely inhibited, and therefore no tissue degeneration can occur 

(Gast et al., 2018).  

Despite the progress in cryopreservation methodologies in recent years, cryopreservation of cell 

types such as hepatocytes, and tissues like blood vessels, skin or even reproductive organs 

(testes and ovaries) remains difficult (Taylor et al., 2019). The cryopreservation of organs and 

complex tissues are limited to several hours of viability before they are no longer suitable for 

use, and this is one of the major concerns in transplantation today. This fact alone highlights 

the importance and necessity of effective cryopreservation methodologies to efficiently 

cryopreserve tissue and organs, and enhance their storage and banking capabilities. In addition 

to this, effective cryopreservation will benefit pharmacological companies by facilitating the 

generation of a supply of complex tissues that will be readily available at the time of demand 

for drug discovery and development. An increase of tissue availability will also strengthen 

collaboration between research centres and hospitals, as with the use of efficient transportation 

methods, biological and functional properties of precious organs and tissue samples will be 

preserved.   
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1.5. Shipment of hiPSC retinal organoids  

The transportation of efficiently cryopreserved samples has the potential to forge strong 

collaborative networks between research centres, pharmaceutical companies, and medical 

centres. However, the method of transportation and the conditions of delivery must be executed 

in a way that will ensure the viability of the tissue.  

One way this could be facilitated is the use of special containers that maintain the temperature 

at a certain range optimal for the tissue in question (Prendini et al., 2002). This is an important 

consideration as shipping conditions, such as temperature control and timing, are critical for 

tissue viability. Therefore to ensure that samples remain intact, they must be shipped 

immediately using the shortest possible route and under conditions that are permissive for 

maintaining cellular structure and physiological functions (Prendini et al., 2002). The 

transportation of tissue is mainly dependent on three parameters; the shipment method, the 

nature of the samples and the state of samples i.e. whether they are preserved or live. Therefore, 

limiting temperature fluctuations is very important for the survival and functionality of the 

sample. This is because exposure of tissues to high or low temperatures could affect their 

biological and mechanical activity, inducing cellular lesions and intracellular degeneration. 

A common method used for shipping biological samples is to use dry ice, which keeps samples 

stable at approximately -80°C. Another option is to use cryogenic storage boxes with frozen 

cool packs to keep samples at approximately -20°C. Although these methods can keep the 

samples at the temperatures needed to remain viable, there is a high risk for coolants to thaw 

and dry ice to evaporate, particularly if there are delays in the shipments.  

Several studies have reported that cryopreservation and subsequent thawing could have a 

negative impact on the viability of cells or tissues. In addition to this, most pharmacological 

companies or clinical end-users prefer the supply of samples to be ready to use without the need 

for thawing (Mathew et al., 2004). This suggests that shipment of samples at cold temperatures 

(2–8°C) might be more appropriate. However, it appears that temperature is not the only 

concern in this process. A few studies have also shown that vibrations throughout the shipment 

process could cause detrimental effects and reduce cell viability during transportation 

(Tirkkonen et al., 2011). Indeed, Nikolaev and colleagues have shown that the viability of 

hMSCs, when subjected to vibrations to recapitulate movement from vehicular transport, was 

reduced when compared to control cells. However, in this case, it is likely that the damaging 

effects observed on hMSCs are due to a combination of both mechanical and hypothermic 

effects induced by vibration and cold storage, respectively (Nikolaev et al., 2012).  
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An alternative transportation method for samples is to ship at room temperature (RT) (18–

24°C). This method is considered to be one of the most commonly used approaches based on a 

research survey for therapeutic product transportation (Pamphilon et al., 2010). Several studies 

have attempted to ship biological samples at RT. Hori and colleagues have demonstrated the 

usage of a new technology to ship RPE tissues at RT. This technology utilises a heat-insulating 

container to minimise exposure of the cells to physical and chemical stresses (Hori et al., 2019).  

In addition to the protection of samples from cryoinjury, transportation of samples at RT 

provides benefits both financially and logistically.  

• Financial advantages: Whilst there are benefits to freezing tissue samples, there are 

also significant drawbacks, especially if the specimens are not appropriately frozen. An 

alternative approach is to ship at RT, which is cheaper and requires less storage space 

during shipment. There are typically significant costs associated with the shipment of 

frozen samples as they require special packaging with dry ice. The shipment is therefore 

hazardous, and its transport is more heavily regulated (Lou et al., 2014). In addition to 

this, any delays with the shipment of frozen samples pose the risk of thawing and thus 

damaging of the tissue. 

• Sample protections: Shipment at RT does not require the transport of tissues in these 

special temperature-regulated containers (Lou et al., 2014). This provides a great benefit 

over cold shipment and storage, as it negates the risks associated with unforeseen events 

that would affect only a temperature-sensitive shipment, such as power failure. 

• Logistical advantages: Shipment at RT does not require specialized labour or handling 

(Lou et al., 2014). This allows the recipient of the parcel to process the specimen without 

any specialized instructions for the thawing and recovery process. 

 

Despite the numerous advantages of this shipment method, several studies have reported 

detrimental effects of storing and transporting cells at ambient temperature. One such study 

reported that the storage and transport of hematopoietic progenitor cells (HPCs) at RT 

significantly reduced the viability of HPCs, compared to HPCs cells stored at cooled 

temperatures (Antonenas et al., 2006). Nevertheless, shipping at RT may be more beneficial for 

larger tissues such as organoids or human tissues where cryopreservation is not appropriate. 

Shipping or transportation is a viable solution to overcome the difficulties associated with the 

limited availability of transplant grafts worldwide. Although high-performance preservation 

systems have been conceptualised and tested to extend the preservation of organs (liver or heart) 
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for transplantation purposes, these methods are costly and have been specifically optimised to 

handle 3D organs and not regenerative transplantable tissues (Giwa et al., 2017). 

Also, the generation of tissue-engineered cell sheets requires well-trained specialists to 

guarantee the quality, safety, and validity of the cells. These engineered tissues are often 

generated off-site in a laboratory environment away from hospitals, where they are required for 

use in patients. This highlights the need for effective transport protocols of tissues between 

institutions that ensures safe delivery of the tissues at an appropriate cost. The shipment of 

hESC/hiPSC-derived transplantable cells or tissues minimises the costs of unnecessary 

equipment and facilitates the widespread use of engineered cell sheets (Hori et al., 2019). 

Several clinical studies have already developed transplants using hESCs or hiPSCs to treat 

patients suffering from retinal disorders such as AMD. Mandai and colleagues performed the 

first autotransplantation of hiPSC-derived RPE cells in an AMD patient in 2013 (Mandai et al., 

2017).  

The development of 3D retina has been established to provide patient-specific disease models 

to better understand human retinal diseases. These models help to reveal unknown mechanisms 

of pathogenesis and provide new pathways for drug screening (Hallam et al., 2017). However, 

this technology is highly demanding and time-consuming and requires specialist techniques to 

grow and mature them. As a result of this, the technology is not available in many laboratories. 

Therefore, transportation of 3D retinal structures is essential to increase accessibility and 

availability globally.  

To facilitate the transportation of retinal organoids in pharmacological centres for drug 

discovery and cell therapy-based studies, it is important to validate the most optimal transport 

conditions that will retain the structural and functional characteristics of retinal organoids. 

Recently, a new protocol for shipping retinal organoids at 37°C was developed using a battery-

driven portable shipping container to maintain the temperature. This study has shown that 

retinal organoids can remain viable over large distances, facilitating the transportation of retinal 

tissues worldwide. A downside to this transportation method is that battery-based containers 

may be heavy and therefore less cost-effective for shipping purposes. Also, battery failure 

during transportation may delay results up to 5-7 months, which is the time required to generate 

and mature retinal organoids (Singh et al., 2020). Therefore, to avoid any variables influencing 

the widespread transportation of retinal organoids, shipping of retinal organoids at ambient 

temperature could facilitate substantial savings in time and money. This shipping method does 

not require sample freezing, and hence any possible damaging or cytotoxic effects caused 

during cryopreservation are prevented. Also, this method provides a product ready to be used.  
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ESC and/or hiPSCs-derived 3D models serve as a powerful tool in regenerative medicine as a 

robust platform for cell-based therapies. Global shipment of these models increases 

accessibility to this niche technology and yields substantial potential in the drug discovery and 

disease modelling field, particularly for cases of inherited retinal disease (IRD) pathogenesis. 

This increased availability of human tissue will ultimately facilitate collaborative networks 

between research centres, pharmaceutical companies, and medical centres. 

 

1.6. Inherited Retinal Diseases 

Inherited Retinal Diseases (IRDs) are a large and diverse group of clinically and genetically 

heterogeneous disorders that are characterized by progressive degeneration of retinal cells 

and/or RPE cells, leading to visual field loss and eventually blindness (Cremers et al., 2018). It 

is estimated that approximately 36 million individuals are blind, and 253 million people have 

moderate to severe visual impairment worldwide (Motta et al., 2018). The total incidence of 

IRDs is estimated to be 1:3000 individuals worldwide, with family history and mutations in 

disease-causing genes being the main risk factors. To date, more than 300 genes have been 

discovered and implicated in the development of IRDs (Wright et al., 2010). The spectrum of 

IRDs is broadly classified based on the disease progression and the retinal cell types that are 

primarily involved. Some common IRDs are Stargardt disease (STGD1), Leber congenital 

amaurosis (LCA) and achromatopsia, but the most common is RP (Cremers et al., 2018). 

 

1.6.1. Retinitis Pigmentosa 

1.6.1.1. Definition 

RP is a group of genetic retinal diseases characterized by progressive loss of peripheral retinal 

cells (PRs and RPE cells) that subsequently damage inner retinal cells leading to atrophy of the 

retinal tissue (Hamel, 2006). Specifically, rod PRs degenerate gradually and eventually die, 

inducing various symptoms (Jones et al., 2012). Initially, visual impairment manifests as night 

blindness followed by peripheral vision loss where the visual field is constricted. Later in life, 

central vision can be affected, causing partial or complete blindness, depending on the severity 

of the disease (Hartong et al., 2006). Throughout the years, multiple different terms have been 

used to describe RP, including pigmentary retinopathy or primary pigmentary retinal 

degeneration referring to the pigment deposits.  
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1.6.1.2. Epidemiology  

The prevalence of RP is 1:4,000 globally, with approximately 1.5 million affected individuals. 

However, the prevalence of RP varies from 1:750 to 1:9,000 depending on the geographic 

region. In the USA and Switzerland, the prevalence is about 1:5,200 and 1:6,000, respectively. 

The highest frequency of occurrence with 1:1,875 individuals affected is in India (Gregory-

Evans et al., 2013). 

 

1.6.1.3. Classification  

RP is classified as systemic, syndromic, or non-syndromic, based on whether the disease is 

associated with dysfunction in other organs or not. Systemic RP is associated with systemic 

abnormalities affecting multiple organs, whereas syndromic RP is associated with other 

neurosensory systems. Non-syndromic RP is an isolated disorder that is not associated with 

other organs and affects only the sight. Although most RP cases are classified as non-

syndromic, 20-30% of RP patients are associated with non-ocular abnormalities, such as Usher 

syndrome where both sight and hearing are affected (Verbakel et al., 2018). Non-syndromic RP 

can be inherited via all the three Mendelian modes of inheritance (Ferrari et al., 2011).  

 

1.6.1.4. Inheritance 

Approximately 30-40% of RP cases are diagnosed with autosomal dominant inheritance 

(Figure 1-11), meaning that the disease can be inherited in the presence of a single mutated 

allele. Autosomal dominant RP (adRP) is the mildest inheritance form, and patients have the 

best long-term prognosis concerning retaining central vision (Verbakel et al., 2018). 

Approximately 25% of adRP cases are caused by mutations in the RHO gene, which encodes 

rhodopsin protein, a key component of the visual cycle. This is the most common mutation. 

The second most common cause of adRP accounts for approximately 5-10% of cases and is 

caused by mutations in Peripherin genes, followed by mutations in the pre-mRNA splicing 

factor 31 (PRPF31) that account the 8-10% of adRP cases (Brydon et al., 2019, Wheway et al., 

2020). 

Autosomal recessive RP (arRP) accounts for approximately 50-60% of all RP cases (Figure 

1-11), which are caused by the inheritance of two mutated alleles of a gene. The most common 

cause of arRP are mutations in the USH2A gene that accounts for 10-15% of all arRP cases. 

However, approximately 35 other genes are associated with the disease (Bernal et al., 2003). 
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X-Linked RP accounts for 5-15% of all cases (Figure 1-11), of which 70-80% are caused by 

mutations in RP GTPase regulator (RPGR). At present, 5 genes are associated with the disease, 

indicating that the rest of the cases (7-10%) are caused by mutations in RP2, RP6, RP23, and 

RP24 genes. X-linked RP is inherited more likely in men since the mutation is located on the 

X chromosome (Hartong et al., 2006).   

Non-mendelian inheritance patterns are present for RP also. A small percentage of RP cases are 

classified as digenic or mitochondrial inheritance (Figure 1-11) caused by mutations in PRPH2 

and ROM1 genes (Dryja et al., 1997).  

Although RP is well categorised in different modes of inheritance, classification of RP in a 

specific group is very challenging. This is because RP comprises a class of complex diseases 

where mutations from different genes can cause the same phenotype. Also, different phenotypes 

can be caused by mutations in the same gene as a result of allelic heterogeneity (Nash et al., 

2015). For example, mutations in Rhodopsin could cause adRP but also arRP. In addition to 

this, the disease phenotype and the severity of the disorder often vary between patients who 

share the same mutation due to other genetic and/or environmental factors (Daiger et al., 2007).   

  

Figure 1-11: Estimated percentage of RP cases by modes of inheritance. Orange represents 

autosomal recessive RP (50-60%), blue represents autosomal dominant RP (30-40%), grey 

represents X-Linked RP (5-15%), and yellow represents Digenic RP (30-40%). 

1.6.1.5. Clinical features 

The clinical features of non-syndromic RP begin with night blindness. In the first or second 

decade of their life, RP patients experience difficulties with vision at night. This is referred to 

as nyctalopia (Gregory-Evans et al., 2013). In the early stages of disease, the quality of vision 
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is often not affected. Some RP patients do exhibit a narrowing of the visual field in the dark, 

but it is not often recognized as the loss is very gradual (Figure 1-12). The second hallmark 

feature of RP is progressive or gradual loss of the peripheral vision. As the disease develops, 

patients begin to lose vision from their far mid-peripheral field and eventually develop 

constricted vision known as ‘tunnel vision’ (Figure 1-12). Usually, visual field loss is 

symmetric between both eyes as the disease advances (Hamel, 2006).  

 

Figure 1-12: Stages of progressive visual loss in RP. Image of a normal visual field (left 

image). The death of PRs and accumulation of pigment decreases the visual field (second image 

from the left) characterized by visual field constriction. This is followed by tunnel vision 

(second image from the right) which is characterized by loss of peripheral vision, and central 

vision is still preserved at this stage. Subsequently, central vision is lost, leading to complete 

blindness (right image).  

 

Central visual loss usually remains intact and preserved until the peripheral vision is lost. 

However, in some cases, central vision (specifically central cone function) is lost, leading to a 

reduction in visual acuity (Figure 1-12). This statement is supported by several research studies 

that reported the degeneration of cone PRs immediately after the loss of rod PRs (Hamel, 2006). 

Lin and colleagues support the finding that mutations in the rod-specific phosphodiesterase 

gene induces the degeneration of rod PRs in rd1 mouse, a murine model for human RP. The 

degeneration of PRs subsequently affects the structural remodelling of neuroretina cells such 

as bipolar and horizontal cells (Lin et al., 2009).  

Clinically, RP patients are characterized by pigmentary deposits of melanin that migrate from 

disintegrated RPE cells in the periphery and accumulate in the interstitial spaces (Figure 1-13). 

The loss of pigmentation from RPE cells results in fundus pallor leading to the retina's 

desaturated appearance, which is related to attenuation of retinal vessels and arteriolar 

narrowing. In advanced cases, atrophy of RPE cells and the choriocapillaris results in fundus 

pallor and pallor of the optic nerve. Fundus topography and electroretinogram could be used to 

diagnose the disease (Gregory-Evans et al., 2013).  
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Figure 1-13: Photos of the healthy retina (left) and a RP retina (right). Fundus appearance 

is illustrated in the RP retina, characterised by attenuated retinal vessels, bone spicule 

intraretinal pigmentation and optic nerve head pallor (Gregory-Evans et al., 2013). 

 

1.6.1.6. Pathophysiology 

RP pathophysiology is caused by defects in retinal molecular pathways leading to the 

degeneration of PR cells and subsequently the  RPE cells (Jones et al., 2012). The first 

histological change detected in individuals with RP is the shortening of POSs, followed by the 

loss of PRs. Consequently, the loss of PRs leads to a non-uniformly distributed pattern where 

the PR cells are displaced, leading to peripheral vision loss and night blindness (Figure 1-14) 

(Marc et al., 2003). As the disease progresses, the ONL containing the rod and cone PRs 

collapses and is converted into a debris layer found between the RPE layer and the INL (Figure 

1-14) (Yang et al., 2012). Loss of the ONL induces retinal remodelling, leading to substantial 

changes in cell populations and connectivity between the cells (Jones et al., 2003). These 

include differentiation of bipolar and horizontal cells and retraction of their dendrites (Figure 

1-14) (Marc et al., 2003). Following ablation of the sensory neuronal cells, a dense fibrotic layer 

is formed in the subretinal space due to an increased synthesis of filament from Müller glial 

cells (Marc et al., 2003). These changes lead to the hypertrophy of Müller glial cells and the 

migration of neuronal cells to ectopic sites, leading to complete blindness. Followed by 

degeneration of the ONL, pigments from the disintegration of RPE cells migrate in the inner 

layers of the retina, creating clumps of melanin described as bone spicules (Marc et al., 2003).  

Several genes have been implicated in approximately 50% of non-syndromic forms of RP 

(Hartong et al., 2006). Currently, mutations in more than 80 genes have been associated with 

RP (Verbakel et al., 2018). These genes are involved in several cellular pathways such as the 
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phototransduction pathway, structural and cytoskeletal support, signalling and trafficking of 

intracellular proteins, splicing and synaptic interactions, and the visual cycle. Therefore, 

mutations in genes expressed in PR cells could affect almost every aspect of their function 

(Wright et al., 2010). 

The diversity of genetic defects associated with this disease explains the high heterogeneity 

seen in RP patients. In the early 90s, the identification of the first gene involved in adRP, known 

as Rhodopsin (RHO), was reported (Dryja et al., 1990). Since then, and every year thereafter, 

new genes associated with non-syndromic RP have been included in the list. Most causative 

genes are retina-specific, meaning that they have a distinct role and/or expression in the retinal 

cells (Ferrari et al., 2011). However, several ubiquitously expressed genes have also been 

implicated in RP and display an isolated retinal phenotype only. These include pre-mRNA 

processing factors (PRPFs) such as PRPF3, PRPF8, PRPF31, PAP1 and SNRN200 (Farkas et 

al., 2014). These are all splicing-related genes as they are core components of the U4/U6.U5 

tri-snRNP complex, a major constituent of the spliceosome (Utz et al., 2013).  

 

 

 

 

Figure 1-14: Schematic diagram of healthy and RP retinal circuit. Left panel (a) illustrates 

the location of the retinal, middle panel (b) represents a schematic diagram of healthy retinal 

circuits and right panel (c) illustrates a schematic diagram of the structure and organization of 

retina in RP (RP retinal circuit). The RP retina is thinner because of PR cell death. This induces 

subsequent dramatic changes in the structure of horizontal, bipolar and amacrine cells. 

cc=choriocapillaris, BrM=Bruch’s membrane, RPE=retinal pigmented epithelium, ONL=outer 

nuclear layer, OPL=outer plexiform layer, INL=inner nuclear layer, IPL=inner plexiform layer, 
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GCL=ganglion cell layer CC=cone cells, RC=rod cells, BC=bipolar cells, HC=horizontal cells, 

AC=amacrine cells, GC=ganglion cells, MC= Müller glial cells (Singh et al., 2018). 

 

1.7. Splicing and the Spliceosome 

1.7.1. Pre-mRNA splicing  

Pre-mRNA splicing is a process that takes place in the nucleus of the cell where non-coding 

sequences of genes, known as introns, are removed from pre-mRNA and the protein-coding 

sequence, known as exons, are joined together to form a mature messenger RNA (mRNA) 

(Růžičková and Staněk, 2017). Excision or splicing of introns and ligation of exons is 

performed by a large ribonucleotide protein complex called the spliceosome, which generates 

a mature mRNA that will subsequently be translated to form a protein.  

 

1.7.2. The spliceosome 

The spliceosome is a large, complex macromolecular machine composed of five small nuclear 

ribonucleoproteins U1, U2, U4/U6 and U5, known as snRNPs. In addition to this, there are 

accessory proteins, which together facilitate the splicing of introns from pre-mRNA in a 

stepwise process to produce a mature mRNA (Wahl et al., 2009). Spliceosome assembly 

involves the binding of U1 and U2 initially to the 5’ and 3’ splicing ends of the intron, 

respectively, to define the splicing ends of the intron. This is known as complex A (Figure 

1-15). Subsequently, U4/U6 and U5 assemble together to form the U4/U6.U5 tri-snRNP, an 

important component for spliceosome activation. This is known as complex B (Figure 1-15). 

Subsequently, the tris-snRNA binds to the spliceosome complex and causes conformational 

changes that induce the dissociation of U1 and U4 from the complex. As a result, the intron is 

excised and the exons are joined together to form a mature, spliced mRNA (Figure 1-15). For 

the correct assembly of the tri-snRNA and successive splicing of pre-mRNA, the presence of 

all five snRNPs and PRPFs, in addition to other splicing factors, is essential (Utz et al., 2013). 

PRPFs are widely expressed in all tissues of the human body. However, defects in these genes 

have been associated with retinal-specific phenotypes (Tanackovic et al., 2011). Approximately 

10% of adRP cases are caused by defects in pre-mRNA processing factor 31 (PRPF31), an 

essential component of the splicing machinery (Waseem et al., 2007).  
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Figure 1-15: Schematic diagram of the spliceosome assembly and the excision of introns. 

The spliceosome assembly. The U1snRNP interact with the conserved sequences at the 5' splice 

site (GU) and the U2snRNP at the 3' splice site, forming the pre-spliceosome. Then, the U4/U6 

snRNP is associated with the U5snRNP to form the U4/U6.U5 tri-snRNP. For the formation of 

the U4/U6.U5 tri-snRNP, PRPF8, PRPF3 and PRPF31, in addition to other splicing factors, are 

required. Once the U4/U6.U5 tri-snRNP integrate into the spliceosome, U1  and U4 are 

displaced from the 5' splice site and from U4/U6 snRNP, respectively, forming the Complex B. 

Therefore, U6 interacts with the 5' splice site and with the U2snRNP, leading to the formation 

of Complex C. Subsequently, the splice sites are aligned, followed by two sequential trans-

esterification reactions, that result in the removal of the intron. (Obtained from Autosomal 

Dominant Retinitis Pigmentosa Secondary to Pre-mRNA Splicing-Factor Gene PRPF31 

(RP11): Review of Disease Mechanism and Report of a Family with a Novel 3-Base Pair 

Insertion  (Utz et al., 2013).  
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1.7.3. PRPF31 

Mutations in PRPF31, which cause RP11, have been defined as the second most common cause 

of adRP (Hartong et al., 2006). The PRPF31 gene is located on chromosome 19 at the position 

19q13.42 (Figure 1-16) (Vithana et al., 2003). It is composed of 14 exons encoding a 61 kDa 

protein which consists of 499 amino acids  (Utz et al., 2013). PRPF31 is part of the U4 small 

nuclear RNP, which binds to U5 to form the U4/U6.U5 tri-snRNP complex. Therefore, PRPF31 

plays an important role in the assembly and stability of the U4/U6.U5 tri-snRNP complex 

(Tanackovic and Rivolta, 2009). However, mutations in PRPF31 destabilize PRPF31 mRNA, 

leading to reduced functional PRPF31 protein, which subsequently inactivates spliceosome 

assembly leading to RP (Rivolta et al., 2006). The reduced concentration of functional PRPF31 

and its association with RP has been confirmed in mice (Farkas et al., 2014), Drosophila (Ray 

et al., 2010) and zebrafish (Linder et al., 2011). 

To date, the Human Genome Mutation Database (HGMD) has recorded more than 60 mutations 

in the PRPF31 gene caused either by deletions, frameshifts, or mutations that inhibit splicing, 

induce exon skipping or generate premature stop codons (Růžičková and Staněk, 2017). All 

types of mutations have been shown to deregulate PRPF31, ultimately reducing the levels of 

functional protein. Different mutations in the PRPF31 gene cause variability in clinical 

phenotype, age of onset, and disease severity (Audo et al., 2010). Interestingly, this degree of 

variability is also present within families which share the same mutations.  

 

 

Figure 1-16: The location of the PRPF31 gene. PRPF31 gene is located on chromosome 19, 

in the short arm, and it is composed of 14 exons that encode a protein that consists of 499 amino 

acids (Nobusawa et al., 2012). 

 

1.7.4. Impact of PRPF31 mutations on splicing 

Mutations in PRPFs in mammalian cells have been associated with retinal degenerative 

diseases, although these genes are ubiquitously expressed (Farkas et al., 2014). Specifically, 

PRPF31 plays an essential role in the assembly and stability of the spliceosome. However, 
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mutations in the PRPF31 gene have been associated only with retinal diseases causing 

degeneration of both RPE and PRs (Villanueva et al., 2014).  

Two main hypotheses have been devised to explain how mutations in splicing factors affect 

only retinal cells. The first hypothesis suggests that defects in splicing factors cause splicing 

deficiency in all tissues. However, only retinal cells are affected due to the high levels of mRNA 

required in retinal cells. This hypothesis is based on haploinsufficiency. In the human retina, 

there are approximately 10 million rod PRs and renewal of the whole rod POSs takes 

approximately 10 days (Boesze-Battaglia and Goldberg, 2002). This highlights that there is an 

increased production of mRNA levels in the retina compared to the number of mRNA levels 

produced in other tissues. If only one functional copy of PRPF31 exists in retinal cells, then a 

reduced number of proteins are generated causing an overall deficiency in active spliceosome 

complexes. In this scenario, the levels of active spliceosome are inadequate for the functional 

splicing of genes in rod PRs (Baehr and Chen, 2001). This hypothesis was supported by 

previous studies indicating that defects in PRPF31 cause the translocation of PRPF31 protein 

from the nucleus to the cytoplasm in mammalian cells (COS-7 cells) (Wilkie et al., 2006), 

leading to reduced functional protein and hence insufficient splicing. Since retina and RPE cells 

are highly metabolic tissues requiring high splicing levels, this explains why these are the only 

affected cells (Wilkie et al., 2006).  

A second hypothesis suggests that mutations in PRPFs cause retinal specific degeneration 

probably because PRs are more susceptible to stress caused by mutations and from splicing 

stress during the renewal of POSs in rod PRs (Deery et al., 2002). Another study has reported 

that mouse PRs display a specific slicing program with higher inclusion levels of exons that are 

not found in extraretinal tissues, indicating that alternative splicing can be tissue specific 

(Murphy et al., 2016). For example, it was previously reported that genes implicated in 

ciliopathies have retinal-specific isoforms (Murphy et al., 2016). 

Although several hypotheses have been proposed to explain retinal-specific degeneration, the 

exact mechanisms correlating mutations in PRPFs and retinal cells are not well understood yet. 

To address this, Lako’s group differentiated hiPSCs from patients harbouring PRPF31 mutation 

to patient-specific RPE and retinal organoids to investigate the pathogenesis of the PRPF31 

form of RP (Buskin et al., 2018). The most significantly mis-spliced genes identified from our 

study were present in RPE and retinal organoids and were involved in pre-mRNA and 

alternative mRNA splicing. This indicates that impaired splicing of pre-mRNA due to RP11 is 

restricted to retinal and RPE cells only (Buskin et al., 2018). Specifically, our study has shown 

that PRPF31 mutations cause splicing defects in splicing-related genes leading to global 
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spliceosome dysregulation. As a result, a plethora of genes were mis-spliced and these were 

associated with phenotypical defects in PRPF31-RPE patient-derived cells and retinal 

organoids, including defective ciliogenesis, disrupted apical and basal polarity in RPE cells, 

reduced phagocytic capacity and decreased transepithelial resistance (barrier function) (Buskin 

et al., 2018). Alongside these results, TEM ultrastructural studies revealed the presence of large 

deposits located on the basal side in the PRPF31 patient derived RPE cells. Based on the study's 

findings, it is believed that altered pre-mRNA splicing is the initial pathogenic defect and 

probably subsequent pathologies arise from splicing deficiencies (Buskin et al., 2018). 

In agreement with our previous findings, other studies reported that the knockdown of pre-

mRNA splicing factors, including PRPF31, has a significant impact on ciliogenesis (Wheway 

et al., 2015, Kim et al., 2016). Further studies using PRPF31 hiPSC-derived RPE cells reported 

cellular deficiencies associated with the PRPF31 pathology, including reduced phagocytic 

capacity, defects in ciliogenesis, reduced barrier function, and defective cell structure. 

However, treatment of PRPF31 hiPSC-derived RPE cells using AAV-PRPF31 has shown 

partial structure and barrier function restoration and rescue of ciliogenesis (Brydon et al., 2019). 

Recently, another study has used a mouse model with the p.A216P mutation in PRPF31 to 

study the effects of mutated PRPF31 protein in RPE cells. This study showed that mutation in 

PRPF31 causes aberrant splicing of genes and aggregation of mutated PRPF31 protein in the 

cytoplasm of RPE cells. Depletion of PRPF31 protein from the nucleus results in a splicing 

deficiency, which is probably the primary cause of RP in this case (Valdés-Sánchez et al., 

2019). Since the nuclear levels of PRPF31 are below the normal threshold, the splicing 

machinery is affected, inducing overproduction of PRPF31 to meet the normal levels of 

PRPF31 in the nucleus. This aberrant expression of PRPF31, which is prone to aggregation, 

reinforces the negative effect (Valdés-Sánchez et al., 2019). These results were confirmed by 

other studies showing that proteins in patients expressing mutations in PRPFs such as PRPF31 

have reduced solubility and could lead to the formation of large protein aggregates (Wheway 

et al., 2020).  

 

1.8. Aggregate formation 

The presence of large deposits in cells, or the phenomenon when misfolded proteins clump 

together forming insoluble aggregates, is known as protein aggregation and is a common 

hallmark event in multiple neurodegenerative diseases such as Alzheimer disease (AD), 

Parkinson disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis (ALS) and 
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age-related macular degeneration (AMD) (Hyttinen et al., 2014). Although protein aggregates 

associated with neurodegenerative disorders are often harmful and could be lethal for the cells 

(Chung et al., 2001), sometimes they have protective effects in the cells by storing harmful 

proteins in insoluble clumps (Shiarli et al., 2006).  

Under normal circumstances, newly synthesized proteins which are merely chains of amino 

acids, undergo folding to form functional proteins (Shamsi et al., 2017). The biosynthesis, 

assembly and correct folding of most proteins occur in a vital organelle known as the 

endoplasmic reticulum (ER). Proteins are synthesized by ER-bound ribosomes and then 

undergo modification and folding by foldases and molecular chaperones in the ER lumen to 

form distinct three-dimensional (3D) conformations (Wang and Kaufman, 2012). Correctly 

folded proteins exit the ER and translocate to other organelles or the extracellular space (Guo 

et al., 2019). 

The folding mechanism of the newly synthesized proteins is a crucial stage in the regulation of 

their biological activity and it is predominantly dependent on the intrinsic properties of the 

primary amino acid sequence, which is driven by the formation of hydrophilic, hydrophobic, 

and electrostatic interactions, as well as from other influences present in the cellular 

environment (Schröder and Kaufman, 2005). Other factors such as mutations, transcriptional 

or translational errors, errors in protein trafficking, and structural alterations from 

environmental changes could cause misfolding of the proteins leading to the generation of 

dysfunctional structures (Shamsi et al., 2017). Under normal conditions, misfolded proteins are 

retained in the ER and are handled by chaperones to restore their folding, or if appropriate they 

are directed for degradation by the ER-associated protein degradation pathway (ERAD) (Wang 

and Kaufman, 2012). However, disturbances in ER could cause ER stress (Sano and Reed, 

2013). As a response to ER stress, a highly conserved signalling pathway known as unfolded 

protein response (UPR) is activated to restore protein homeostasis and hence, cell survival 

(Sano and Reed, 2013). The UPR is characterized by three sensor proteins named IRE1α 

(inositol-requiring protein-1α), PERK (protein kinase RNA (PKR)-like ER kinase) and ATF6 

(activating transcription factor 6), which are activated upon the accumulation of misfolded 

proteins (Figure 1-17) (Wang and Kaufman, 2012). In response to UPR, the translation of most 

mRNAs is downregulated to prevent further accumulation of misfolded proteins. At the same 

time, expression of chaperones is upregulated to improve protein folding. Misfolded proteins 

are transported from the ER to the cytosol for ubiquitination and degradation by the ERAD 

system, which is frequently referred to as the proteasome (Figure 1-17). 
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Figure 1-17: The Unfolded Protein Response (UPR). Under normal conditions, the UPR 

transducers (ATF6, IRE1α, and PERK) are associated with GRP78 chaperone. However, upon 

accumulation of misfolded proteins in the ER lumen, the three UPR transducers are released 

and activated. Each transducer uses different mechanisms of signal transduction.  Specifically, 

ATF6 regulates proteolysis, PERK induces translational control by reducing protein synthesis 

and translation, and IRE1 controls mRNA splicing by degradation of ER-bound mRNAs. 

Figure adapted from Crosstalk between Endoplasmic Reticulum Stress and Protein Misfolding 

in Neurodegenerative Diseases (Santos and Ferreira, 2018). 

 

1.8.1. Molecular chaperones  

Molecular chaperones such as heat shock proteins (HSPs) act as an initial defence mechanism 

against damaged, misfolded, and aggregated proteins, and facilitate the re-folding of denatured 

proteins to restore their normal conformation, providing protein homeostasis and cell 

protection. The HSPs are classified into different categories, including HSP40, HSP60, HSP70 

and HSP90. These categories are based on their molecular size, cellular localization and also 

based on their function. For example, an increase in the expression of HSP90 and HSP27 

(HSPB1) has been observed in drusen (Decanini et al., 2007). However, HSP70 was 

upregulated in lysosomal fractions of RPE cells (Ryhanen et al., 2009) and was also highly 
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expressed in the form of cytoplasmic aggregates in Prpf31p.A216P/+ mouse model (Valdés-

Sánchez et al., 2019). Members of the HSP70 family bind to unfolded regions of the polypeptide 

chains to stabilize them during translation. Then, chaperones from the HSP60 family are 

recruited to facilitate the folding of the proteins. Re-folding of the proteins reduces the 

probability of aggregate formation. However, proteins that are unable to reassemble correctly 

are targeted for degradation by the proteolytic degradation machinery.  

The major protein degradation pathways in eukaryotic cells are the Ubiquitin-Proteasome 

Pathway (UPS) and the autophagy pathway. The UPS pathway degrades most proteins (80-

90%), whereas the autophagy pathway is responsible for the degradation of 10-20% of proteins, 

which are usually aggregated proteins or cellular organelles. Both pathways are crucial to 

maintaining cellular homeostasis, and disruption of either could induce variable diseases 

(Lilienbaum, 2013).  

 

1.8.2. UPS pathway  

The UPS pathway is the most important cellular system to eliminate damaged proteins in 

response to oxidative stress. The UPS includes two main steps; the conjugation step where 

multiple ubiquitin molecules tag the misfolded proteins, and the degradation step where 

misfolded proteins are degraded by the 26S proteasome, composed of the 20S and 19S 

complexes (Figure 1-18).  

The ubiquitin-26 proteasome is a cellular defence mechanism that is activated in response to 

the accumulation of misfolded proteins (Lilienbaum, 2013). To target proteins for proteasomal 

degradation, polyubiquitin chains composed of small proteins known as ubiquitin (Ub) are 

covalently tagged on proteins to mark them for degradation by the 26S proteasome (Hyttinen 

et al., 2014). The 26S proteasome is a multi-component enzymatic complex composed of two 

major particles; a 20S catalytic core (known as the 20S proteasome), which is composed of 

seven alpha and seven beta subunits forming a ring, and two regulatory complexes known as 

19S, which are composed of the lid and the base compartments (Wolf and Hilt, 2004). Although 

the 20S core is comprised of many subunits, only three subunits are responsible for catalytic 

activities. These are the caspase-like activity, β1 subunit (PSMB6), trypsin-like activity, β2 

subunit (PSMB7), and chymotrypsin-like activity, β5 subunit (PSMB5). However, alpha 

subunits are important to activate the 20S proteasome, allowing the entry of ubiquitously tagged 

proteins to the proteasome for degradation (Tanaka, 2009) (Figure 1-18). Specifically, the lid 

recognizes ubiquitinated proteins and transfers them to the central proteolytic chamber, the 20S, 
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for catalysis. The end products are small peptides that are further degraded by peptidases into 

single amino acids, which can be recycled in the cell (Figure 1-18) (Lilienbaum, 2013). 

However, large insoluble aggregated proteins that cannot fit in the 20S chamber remain 

undigested in the cytoplasm (Hyttinen et al., 2014).  

 

 

Figure 1-18: The UPS pathway. Ubiquitinating enzymes E1, E2 and E3, recognize 

polyubiquitinated protein and transfer them to the 26S proteasome complex for degradation. 

Degradation of the proteins is facilitated upon transfer of the protein by the 19S regulatory cap 

in the 20S proteasome core particle (Gentier and van Leeuwen, 2015). 

 

1.8.3. Autophagy  

When UPR malfunctions, an intrinsic apoptotic pathway (autophagy) is activated as a 

secondary response to degrade the undigested or accumulated cytoplasmic aggregates (Sano 

and Reed, 2013). The autophagy pathway is a self-degradative mechanism (Kroemer et al., 

2010). Under stress conditions, autophagy aids with the removal and clearance of misfolded 

cytoplasmic proteins, cellular macromolecules and unwanted organelles by encapsulating them 

within double-membrane structures, which are then fused with lysosomes for degradation 

(Mizushima and Komatsu, 2011). Autophagy includes four main steps known as initiation, 

elongation, maturation, and fusion. In the first step, a membrane structure known as a 

phagophore is formed in the cytoplasm, which accumulates additional membranes and extends 

to engulf intracellular cargos such as protein aggregates. This is known as the elongation 
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procedure (Figure 1-19). The cytoplasmic cargos are then enclosed in a double membrane 

structure known as autophagosomes. Then autophagosomes mature and fuse with lysosomes, 

the site where engulfed proteins are degraded (Figure 1-19) (Eskelinen and Saftig, 2009). The 

formation of autophagosomes is regulated by the mammalian target of rapamycin (mTOR) 

complex 1, inhibition of which activates autophagy (Figure 1-19) (Sano and Reed, 2013). 

However, dysregulation of autophagy often leads to protein aggregation diseases (Hyttinen et 

al., 2014). 

Autophagy was first described in 1963 by Christian De Duve as a lysosomal degradation 

process. It is a degradation system of intracellular damaged organelles, proteins, and debris.  

There are three major forms of autophagy: macroautophagy, microautophagy and chaperone-

mediated autophagy (CMA). In CMA, chaperones such as HSP70 recognize specific proteins 

that contain the Lys-Phe-Glu-Arg-Gln sequence of the peptide, which then binds to the 

lysosome-associated membrane protein type 2A (LAMP-2A). Microautophagy takes place 

during lipid degradation and nutrient recycling. In microautophagy, the lysosomal membrane 

invaginates to trap all the cargo, regulates the lysosomal membrane composition and delivery 

of glycogen to lysosomes. However, macroautophagy consists of a double membrane that 

wraps around damaged organelles and proteins and further extends to become an 

autophagosome. 

Failure of aggregation-prone proteins to be degraded by any known proteolytic mechanisms 

(UPS and autophagy) leads to the accumulation and growth of larger aggregated proteins. 

Several studies have reported that NDs such as HD, AD, PD, and ALS are characterised by the 

continuous accumulation of mutant aggregated proteins resistant to degradation, inducing 

cytotoxicity and neuronal cell death. It is still to be revealed whether cytoplasmic proteins 

resistance to degradation stems from an impairment of degradation pathways or failure of 

protein quality control systems to initiate in association with molecular chaperon sequestration 

to remove misfolded proteins.  
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Figure 1-19: The autophagy pathway. The main steps in the autophagy pathway include the 

nucleation of the membrane, elongation, and closure of the membrane to form an 

autophagosome, and fusion of the autophagosome with the lysosome to degrade cargos 

(Kocaturk and Gozuacik, 2018).  
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1.9. Treatments 

Currently, no available treatments exist to inhibit the progression of pigmentary retinopathies 

or restore vision. However, various approaches have been tried and tested including drug 

treatments, nutritional supplements, transplantation of cells (retinal cells of stem cells) and gene 

therapy.  

 

1.9.1. Pharmacological therapies 

Today, the pharmacological agents aiming to restore vision or to prevent disease deterioration 

are neurodegenerative agents and food supplements. In addition to this, drugs which target 

misfolded proteins, which is a hallmark of NDs, has shown promising results. 

Usually, during translation or under cellular stress, many cellular proteins become misfolded. 

These abnormally folded proteins can either regain their normal conformation by HPSs or be 

removed effectively through the degradation pathways; UPS, CMA, and macroautophagy. 

However, mutant proteins are commonly resistant to degradation by the proteolytic 

mechanisms by forming β-sheet-enriched folds that are difficult to refold by molecular 

chaperones. These misfolded proteins are not fully unfolded and therefore may stick in the 

proteasome cylinder or on components of CMA, thereby preventing their degradation.  

One strategy to enhance the degradation of denatured proteins is to increase the levels of 

molecular chaperones. These are the molecules to become activated in response to misfolded 

proteins (Gentier and van Leeuwen, 2015). Several studies have reported the protective role of 

HSP27 (HSPB1) against the formation of fibrils such as α-synuclein (α-syn), which is a 

hallmark characteristic of PD (Cox et al., 2018). Also, one of the most well-known examples 

of pharmacological drug which has completed phase II clinical trial (Benatar et al., 2018) and 

has been used to increase the activity of HSPs showing neuroprotective role in ALS (Kieran et 

al., 2004) and RP (Parfitt et al., 2014) is Arimoclomol.  

An alternative strategy to attenuate aggregation of misfolded cytoplasmic proteins is activating 

the UPR, which comprises three arms and regulates proteostasis in the ER. To date, targeting 

any of the three arms that activate the UPR has shown very encouraging results (Eisele et al., 

2015). Salubrinal, which targets the PERK branch and is an inhibitor of eIF2a phosphatase, has 

improved the survival of PRs cells in the adRP model (Eisele et al., 2015). Additionally, STF-

083010 that selectively inhibits IRE1α, another arm of UPR, has been shown to inhibit 
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apoptosis effectively. In this context, apoptosis is caused by prolonged UPR, which is 

stimulated by ER stress (Liu et al., 2018b).  

Another strategy to remove misfolded proteins is to target the autophagy pathway. Many small 

molecules have been developed to activate autophagy and induce clearance of pathogenic 

proteins. Some of these molecules activate autophagy by specifically inhibiting mTORC1 like 

Rapamycin. Studies have shown that Rapamycin can effectively reduce cytoplasmic mutant 

proteins such as α-synuclein (Webb et al., 2003), huntingtin (Sarkar and Rubinsztein, 2008) or 

tau proteins (Rodriguez-Navarro and Cuervo, 2010) from the brain of transgenic mouse models, 

and consequentially ameliorating neurodegeneration effectively.  

 

1.9.2. Nutritional supplements 

In addition to pharmacological treatments targeting specifically misfolded proteins, several 

studies have reported that nutritional supplements such as Vitamin A and E could be beneficial 

in treating RP. Research studies have proposed that vitamin therapy could protect the PRs’ 

function via trophic and antioxidant effects (Parmeggiani et al., 2011). However, findings from 

several clinical trials argue that nutritional supplements do not reduce the progression of RP 

based on clinical measurements such as visual acuity, which showed no improvement following 

treatment (Hoffman et al., 2004). Additionally, lutein supplements, a natural carotenoid, was 

used as a therapeutic approach to protect eyes from oxidative stress and blue light showing 

positive effect on the visual field of RP patients, based on clinical study findings (Bahrami et 

al., 2006). Some clinical studies have reported advantages of using vitamin supplements in the 

treatment of RP. However, some other studies reported no positive changes (Berson et al., 2010, 

Dagnelie et al., 2000). Although these nutritional supplements are being used, no definitive 

conclusions on their impact in slowing or stopping RP  progression were reached. 

Docosahexaenoic acid (DHA), an abundant lipid in rod PRs, is reduced in RP patients. 

Therefore, two independent studies have tested the effects of oral DHA supplements in RP 

individuals but no clear benefits were observed. However, a slowed decrease in visual acuity 

was correlated with individuals expressing high DHA concentrations in red blood cells (RBC) 

(Berson et al., 2004b, Berson et al., 2004a).  
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1.9.3. Gene therapy 

Although pharmacological treatments or nutritional supplements have been used to cure retinal 

diseases, gene-therapy approaches to identify and replace mutated disease-causing genes are 

under investigation. Gene therapy strategies are based on the type of mutation. In arRP cases, 

abnormalities lead to overall loss of protein function. Therefore, to correct the genetic defects, 

delivery of genes to the affected cells is required. Specifically, a functional copy of the gene is 

introduced in the diseased cells, often the PR cells, through a recombinant adenovirus vector to 

restore protein function. In AD-inherited diseases, where variant proteins are encoded with 

different amino acid sequences, the introduction of genes that silence the mutant gene using 

specific antisense oligonucleotides can prevent abnormal production of proteins (Figure 1-20) 

(Verbakel et al., 2018).  

 

Figure 1-20: Schematic representation of gene therapy process. Adeno-associated viruses 

were engineered and injected intravitreally into an adult eye targeting the retina-specific cells 

(Dejneka et al., 2004). 

 

A clinical study using animal models (Swedish Briard dog) with mutations in the RPE65 gene 

has shown improvements in retinal function and vision restoration after administration of AAV 

vectors with RPE65 cDNA via subretinal injection (Acland et al., 2001). Additional clinical 

studies using mice and dogs were performed using adenovirus vectors with the RPE65 gene, 

showing vision restoration (Dejneka et al., 2004, Narfström et al., 2003). However, in 2013 a 

clinical study that involved patients with Leber congenital amaurosis (LCA), a severe inherited 

retinopathy that results in the dysfunction and degeneration of PR cells, has displayed results 

consistent with improved vision short term and increased stability of vision long term but 

progressive retinal degeneration persists (Cideciyan et al., 2013). Although gene replacement 

strategies have shown visual restoration and improvements in retinal function in animal models, 
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questions related to the degree of efficacy, safety, and complications with the vectors used are 

still unresolved.  

Despite the challenges, in 2017, the first gene therapy (Luxturna) was approved by FDA for the 

treatment of Leber congenital amaurosis (LCA) type-2 caused by RPE65 mutations (LCA2; 

NCT00999609). The drug Luxturna is delivered subretinally to supplement RPE cells with a 

functional copy of RPE65 to restore their ability to produce all-trans retinyl ester isomerase, an 

important enzyme for the visual cycle (Russell et al., 2017).  

Additionally, the drug Sepofarsen (QR-110) is currently in phase-II/III of a clinical trial for 

treating LCA type 10 (LCA10) caused by mutations in gene CEP20. The gene CEP20 is 

important for the generation of CEP290 protein, essential for forming light-sensitive POSs. QR-

110 is an antisense oligonucleotide that targets specifically a point mutation in the CEP290 

gene, silencing the effects of this mutation and thus producing a functional CEP290 protein 

(clinicaltrials.gov identifier NCT03913143).  

 

1.9.4. Cell therapy for the replacement of PRs 

One of the most promising strategies to replace degenerated or lost retinal cells is cell therapy. 

A landmark achievement in the field was performed by MacLaren and colleagues who 

successfully isolated post-mitotic rod precursors from a transgenic mouse and transplanted 

them into the subretinal space of a recipient mouse. This study revealed that postnatal mouse-

derived cells migrated into the ONL of the host retina, integrated, and differentiated into rod 

PRs, forming synaptic connections (MacLaren et al., 2006). The findings of this study have 

provided promising results supporting that transplantation of PR precursors cells can be a viable 

therapeutic strategy to restore visual function. In agreement with this study,  Lakowski and 

colleagues have reported the transplantation of CRX positive cells from transgenic mice into 

degenerating retina of a Leber congenital amaurosis mouse model and showed that post-mitotic 

PR precursor cells differentiated into rod PRs, whereas prenatal cells integrated in the ONL of 

the recipient mouse and were developed into cone PRs (Lakowski et al., 2010). Taken together, 

the above studies highlight that successful transplantation of cells at the correct retinal layer is 

dependent on the stage of maturity (MacLaren et al., 2006, Lakowski et al., 2010). 

Later, landmark studies have reported that the integration of donor cells in the host retina is 

probably a result of material exchange between donor and host PRs, a process known as 

material transfer (MT). Specifically, Pearson and colleagues have shown that host cells received 
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GFP labelling from GFP+ donor PR cells through the transfer of fluorescent reporters without 

nuclear translocation or transfer of nucleic acid. This suggests that there is an intracellular 

material exchange between donor and host PRs (Pearson et al., 2016). In agreement with this 

study, Santos-Ferreira and colleagues reported that donor PRs are present in the subretinal space 

rather than having integrated within the retinal tissue, suggesting the exchange of cellular 

components between the host and donor PR cells. This study further indicates that MT between 

the donor and host PRs could be used as a therapeutic strategy to treat retinal disorders (Santos-

Ferreira et al., 2016).  

A different source of cells that has been used for cell replacement therapies is the transplantation 

of retinal stem cells (RSCs). A research study has used RSCs from adult mouse retina to restore 

light responses in PR-deficient rd7 mutant mice, a PR-deficient RP model (Li et al., 2013). This 

study reported that RSCs integrated into the retina, differentiated, and developed into mature 

PR cells following transplantation in the subretinal space of rd7 mutant mice. Morphologically, 

retinal stem cells-derived PR cells resemble endogenous PRs, forming synaptic connections 

with the host’s retinal neurons (Li et al., 2013).   

In addition to the promising results from RSCs, another promising cell replacement therapy is 

the transplantation of foetal-derived retinal progenitor cells (RPCs). Scientists have isolated 

RPCs from the human foetal retina and have used them as donor cells to treat retinal diseases. 

Specifically, Seller and Aramant have shown that transplanted foetal-derived RPCs improved 

visual acuity in animals and humans (Seiler and Aramant, 2012). Foetal tissue-derived RPCs 

have been used in phase I/II clinical trials and approved by the FDA (clinicaltrials.gov identifier 

NCT03073733, NCT02464436) and hold a great promise in the clinical treatment of retinal 

diseases. However, low efficiency and availability of foetal donor tissue are the main limitations 

associated with the use of this technology. 

hESCs or hiPSC-derived PR precursors present an additional source for cell replacement 

therapies. Previous studies demonstrated that ESC-derived rod precursor cells could be 

transplanted in the subretinal space of completely dysregulated ONL in rd1 mice. The results 

indicated the development and maturation of transplanted cells in the host niche with light-

sensitive OSs, and the formation of synaptic structures with downstream neurons, supporting 

that precursors cells can reform an anatomical polarized ONL. These results are encouraging, 

suggesting that the responses are not a result of pre-existing rescued cells from the host. This 

serves as an argument for stem cell therapy to be used to re-establish a light-sensitive cell layer 

and restore structurally damaged cells (Singh et al., 2013). 
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However, a recent study from our group where hiPSC-derived cone precursor cells were 

transplanted into mice with an autosomal recessive form of RP (Pde6brd1) showed that the 

transplanted cells were engrafted and integrated into the ONL of the host retina without any 

evidence of MT between the donor and host PRs. Our study has shown that transplanted cells 

differentiated into cone PRs, formed functional synaptic connections with bipolar cells and 

responded to light after transplantation, which suggests successful engraftment of pluripotent 

stem cell-derived cone precursors with the host retina and novel synapse formation (Zerti et al., 

2021). Our study provides a promising therapeutic strategy that could be useful in clinical 

applications. In support of this, another study reported that transplanted purified hiPSC-derived 

cone PRs in the rd1 mouse model of end-stage retinal degeneration matured in vivo, formed 

functional synapses with recipient retina cells and observed light responses, suggesting the 

restoration of retinal responses. This study provides a promising strategy to rescue cone-

mediated visual function (Ribeiro et al., 2021). 
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1.10. Aims of the study 

This project aimed to: 

• Develop effective cryopreservation methodologies for hiPSC-derived retinal organoids 

(ROs) that can be used for research, therapeutic and/or pharmacological applications. 

Integrated approaches based on previously published studies were tested, and the 

morphology and survival of post-thaw organoids was assessed by bright-field images 

and immunofluorescence (IF) analysis (Chapter 2). 

 

• Assess room temperature (RT) shipment of hiPSC-derived ROs. The survival, structure, 

and function of shipped ROs were assessed using IF analysis, transmission electron 

microscopy (TEM), and electrophysiology (Chapter 3). 

 

• Understand PRPF31 disease pathomechanism. Differentiate hiPSCs from patients with 

PRPF31 mutations and unaffected controls towards RPE cells, and investigate the 

impact of PRPF31 mutations on the proteome of RPE cells using mass spectrometry. 

Validate the expression and location of key candidates using WB analysis, IF analysis 

and transmission electron microscopy (TEM) in order to identify the disease 

mechanisms causing Retinitis Pigmentosa (RP) (Chapter 4).  
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Chapter 2. Establishing cryopreservation of hiPSC-derived retinal 

organoids 

2.1. Introduction 

The generation of mouse iPSCs in 2006 and hiPSCs in 2007 by Shinya Yamanaka and his 

colleagues has opened up new avenues towards regenerative medicine, disease modelling, drug 

discovery, and toxicity assessments (Takahashi and Yamanaka, 2006, Takahashi et al., 2007). 

These applications are based on the characteristics of iPSCs to differentiate into any cell type 

of the human body (Takahashi and Yamanaka, 2006). Differentiation of ESCs and hiPSCs 

provides an essential and great advantage in research to study human development and disease 

in the dish by generating three-dimensional (3D) culture systems, such as retinal organoids (Shi 

et al., 2017). Specifically, over the last 10 years, several studies have reported the generation of 

eye field, neural tissue, retinal progenitor cells as well as differentiated cells derived from ESCs 

or hiPSCs using established protocols (Nakano et al., 2012, Zhong et al., 2014, Meyer et al., 

2009, Lowe et al., 2016). Generated hiPSC-derived retinal organoids contain all retinal-related 

cells seen in vivo, recapitulating the major molecular and cellular events of human retinogenesis 

(Zhong et al., 2014, Llonch et al., 2018, Gonzalez-Cordero et al., 2017, Meyer et al., 2011, 

Mellough et al., 2015, Nakano et al., 2012, Völkner et al., 2016, Eiraku et al., 2011). Due to 

these advantages, this technology holds great promise in the research field. 

The development of 3D organoids has provided a plethora of information in the biomedical 

research field, and therefore continuous generation of 3D organoids is required (Llonch et al., 

2018). However, developing 3D organoids derived from hiPSCs or ESCs is a lengthy and time-

consuming procedure (Huang et al., 2019). Hence, banking or storage of organoids using 

cryopreservation methods would solve the need for constant production.  

Cryopreservation is referred to the freezing of living cells and tissues at very low temperatures 

using cryoprotectant solutes (Jang et al., 2017). A standard freezing media, containing 5%-20% 

Foetal Bovine Serum (FBS) and 10% of Dimethyl sulfoxide (DMSO) supplemented in a culture 

medium, is widely used for the prolonged storage of many different mammalian cells. This 

protocol is well established for the cryopreservation of single cells (Hunt, 2019). However, 

effective cryopreservation procedures for the storage of 3D organoids or tissues are yet to be 

established.  

Alternative changes to the traditional cryopreservation protocol which is used for the 

cryopreservation of single cells have been reported. These alternative methodologies include 

the use of different cryoprotectants (CPAs) to DMSO that can provide intracellular or 
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extracellular protection to the cells and therefore protect them against cryoinjuries. This is 

achieved by using permeating CPAs such as glycerol, which can penetrate the cellular 

membrane and protect the cells intracellularly, in combination with non-permeating CPAs such 

as trehalose or polymers that provide only extracellular protection. The main important function 

of CPAs is to increase the concentration of solutes intracellularly and extracellularly and hence 

inhibit intracellular ice formation (Jang et al., 2017). However, although CPAs play an 

important role in the cryopreservation procedure, additional parameters such as the storage 

temperature, the cooling and thawing rate, and the sample volume should be optimised based 

on the different cell types and tissues. Importantly, the rate of freezing plays an important role 

in the survival of cryoprotected cells or tissues. Specifically, slow freezing is suggested for the 

best survival rate of cells. In theory, during slow freezing, the intracellular water is effluxed, 

substituted with CPAs, and hence, intracellular ice formation is inhibited. Usually, the cooling 

rate during slow freezing is about 1°C/minute (relatively slow) to permit adequate cellular 

dehydration (Miyazaki and Suemori, 2016). However, the cooling rate should be optimised 

depending on the type of cells or the tissue.  

An alternative cryopreservation method is the vitrification technique. Vitrification is a novel 

cryopreservation strategy that has been proposed to prevent ice crystal formation. This new 

strategy aims to fast freeze living cells by directly transforming the cells or tissues to a glass 

state (Jeong et al., 2020). The vitrification process requires a high concentration of CPAs and 

fast cooling to cryogenic temperatures to prevent mechanical injury caused by the formation of 

ice crystals (Yavin and Arav, 2007). Although vitrification is usually performed at a very fast 

cooling rate, other parameters such as warming rate, sample viscosity, or the volume of the 

sample should be optimised based on the tissue type (Yavin and Arav, 2007). This strategy was 

initially proposed in the 1980s with the successful vitrification of human embryos, oocytes 

(Herrero et al., 2011) and thereafter in liver spheroids (Wu et al., 2007).  

Since 1949, when cryobiology was born, and the cryoprotective properties of glycerol were 

discovered by Polge for the preservation of sperm (POLGE et al., 1949), a great interest in the 

cryopreservation of human cells and tissues was generated. Over the years, scientists have 

proposed different cryopreservation and vitrification protocols in the effort to achieve an 

optimised protocol that will effectively ensure the survival of cells maintaining their 

physiological functions and abilities. These protocols differ from one another in the type of 

CPAs, the cooling and warming rates, the storage method and the storage temperature.  

Nowadays, successful optimal conditions have been reported for the cryopreservation of 

homogenous cell populations, including hiPSCs (Hunt, 2011), or one cell-layer tissue, assuring 
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a high recovery rate after thawing (Bakhach, 2009). However, long-term preservation of 3D 

structures or larger tissues or organs has been one of the major problems in transplantation. So 

far, cryopreservation of whole organs including kidneys (Fahy and Ali, 1997), liver (Alexandre 

et al., 2002), heart (Amir et al., 2004), lung (Lee and Bastacky, 1995), embryos (Donnez et al., 

2006), trachea (Yokomise et al., 1996) and parathyroid glands (Walgenbach et al., 1999) has 

been performed; however, results have remained experimental. An optimal protocol for the 

preservation of these tissues has not been established yet, and more work is required for the 

successful recovery of the tissues. 

Additionally, cryopreservation protocols have been designed to preserve different types of 

organoids and evaluate organoids' survival after thawing. To assess the efficiency of 

cryopreservation protocols, studies compare the functional and physiological properties of 

cryopreserved organoids with freshly derived organoids. Cryopreservation of retinal organoids 

was attempted in the past. Nakano and colleagues have reported the successful cryopreservation 

of hESC-derived stratified retinal tissue using a vitrification method (Nakano et al., 2012), but 

other groups, including ours, have not been able to reproduce their findings. Another study has 

reported that hiPSC-derived retinal organoids (at early stages, before day 50) and dissociated 

retinal cells were preserved after thawing, maintaining their phenotypic characteristics 

(Reichman et al., 2017). Although these studies have reported the ability to cryopreserve and 

store retinal neuroepithelial cells and retinal organoids, no optimal protocols that cryopreserve 

whole retinal organoids at later developmental time points have been reported. 

The development of 3D organoids and their application in research and therapy could benefit 

from the development of an effective cryopreservation method that would assure the availability 

of viable and functional stocks of organoids. The discovery of an efficient cryopreservation 

protocol that will efficiently preserve the structure and function of the organoids will support 

the development of an organoid biobank. This will reduce the batch-to-batch variability and 

minimise laborious and time-consuming culture systems for laboratories that are interested in 

their application  (Huang et al., 2019). Also, cryopreservation of 3D organoids derived from 

patient cells will facilitate donor cells' direct and faster availability in potential clinical 

applications and will support their long-term storage (Kim et al., 2020).  
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2.2. Aims  

The main aim of this chapter was to develop a cryopreservation protocol that will ensure the 

survival and preservation of the physiological functions of fully developed retinal organoids 

derived from hiPSCs. This will allow the cryo-storage of a large number of retinal organoids 

that can be used for pharmacological purposes, toxicological assessments, and clinical 

applications. Cryopreserved retinal organoids were assessed by bright-field images and IF 

analysis using cell type-specific retinal markers.  
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2.3. Materials and Methods 

 

2.3.1. Cell lines 

Adult human dermal fibroblast cells (HDFs) were collected from healthy volunteers for the 

generation of control hiPSCs. Two hiPSC lines, WT2 (AD3, Male, aged 68) and WT3 (AD4 

CC-2511 Female, 84-year-old), were derived and characterised in Lako’s group as described in 

our previous studies (Melguizo-Sanchis et al., 2018, Buskin et al., 2018). 

 

2.3.2. Human-induced Pluripotent Stem Cell (hiPSC) Culture 

The culture of hiPSCs was performed in a Class II biosafety cabinet laminar airflow tissue 

culture hood, on a hot plate, under a dissection microscope. All the hiPSCs were cultured and 

expanded in mTeSR™1 (Stem Cells Technologies, 05851) media supplemented with 1% 

Penicillin/Streptomycin (P/S, Life Technologies, 15140130) on a low adhesion 6-well plate 

pre-coated with reduced growth-factor Matrigel (BD, 354230). Media changes were performed 

daily. The cells were maintained in a humidified environment at 37°C, with 5% CO2. 

Approximately after 4-5 days, when hiPSCs reached a confluency of about 80%, hiPSCs were 

passaged using 1 ml of Versene EDTA 0.02% (Lonza BE17-711E) per well of a 6-well plate 

for approximately 3 minutes. Once the hiPSC colonies were dissociated, Versene EDTA was 

removed and replaced by a fresh culture medium. The cells were passaged at a ratio 1:3-1:6 to 

a new Matrigel-coated 6-well plate that was kept in a humidified environment at 37°C, with 5% 

CO2.  Freezing and storage of hiPSCs were performed using freezing media containing 90% 

FBS (Gibco, 10270–106), 10% DMSO (Sigma, D2650), and 10μM ROCK inhibitor (Y-27632, 

Chemdea, CD0141). The ROCK inhibitor was used to prevent apoptosis of single cells. The 

cell suspension was transferred into a 15 ml falcon tube and centrifuged for 300 g for 5 minutes. 

The supernatant was aspirated, and the pellet was re-suspended in 500µl of freezing media. 

Then, the cell suspension was transferred in cryovials which were then placed into a Mr. Frosty 

(freezing container, Nalgene) and stored at -80°C for 24 hours. For long-term storage, the 

cryovials were transferred to liquid nitrogen. 

 

2.3.3. Human-induced Pluripotent Stem Cells differentiation to retinal organoids 

Retinal organoids were generated from two different hiPSC lines (WT2 and WT3). 

Differentiation of hiPSCs into retinal organoids was performed in low-cell adhesion 96-well 



 

67 

 

plates with round-bottomed conical wells (Helena, 92697T). The 96-well plates were manually 

coated one day before starting differentiation with 50µl of Lipidure solution (AMSbio, 

AMS.52000011GB1G) per well (1g/200 ml 100% ethanol) to provide a low adhesion surface. 

The plates were maintained under the hood overnight to let Lipidure evaporate. Then, the plates 

were sterilised using ultraviolet (UV) light. Briefly, when hiPSCs reached a confluency of about 

80%, a washed with 1 ml of Phosphate Buffered Saline (PBS, Sigma, P4417-100TAB) was 

performed, followed by the addition of Accutase (Gibco, A1110501) for 3 minutes, to dissociate 

hiPSCs into single cells. The cells were transferred in mTeSR™1 medium supplemented with 

10 µM of ROCK inhibitor to reduce the apoptosis of single cells and enhance cell aggregation. 

The hiPSCs were seeded at a density of 7,000 cells/well in a total volume of 100µl, followed 

by incubation of the plates at 37°C, with 5% CO2 for 48 hours. This was defined as day -2 of 

differentiation (Figure 2-1). At day 0 of differentiation, 200µl of differentiation medium (Table 

2-1) was added per well. Half media changes were performed every 2 days from day 2 to day 

6 by removing 100µl of media and replacing it with 100µl of fresh media. On day 6 of 

differentiation, 2.25 nM of BMP4 (R&D, 314-BP) was added to the media, and medium 

changes were carried out every 3 days thereafter (Figure 2-1). From day 18 until day 24 of 

differentiation, the media was changed to reversal medium (Figure 2-1) (Table 2-1). Medium 

changes were performed every 2 days. Further modifications performed at day 24 of 

differentiation, where the medium was replaced with maintenance medium (Figure 2-1) (Table 

2-1). Media changes were performed every 3-4 days. 

 

 

Figure 2-1: Differentiation of hiPSCs into retinal organoids. Schematic diagram illustrating 

the differentiation procedure of hiPSCs to retinal organoids showing representative bright-field 

images of organoids at each step of the differentiation procedure.  
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Table 2-1: Composition of the differentiation, reversal and maintenance medium. 

 

 

2.3.4. Cryopreservation of retinal organoids 

Cryopreservation of organoids was performed either using 96-well plates or cryovials. CPAs 

were mixed with organoids before freezing to enhance their penetration into the cells and 

subsequently to prevent intracellular freezing. Thereafter, organoids were cooled down at low 

temperatures at specific cooling rates using the VIA Freeze™ (Asymptote), in which organoids 

were stored for 24 hours. This was defined as ‘day 0’ of the cryopreservation experiments 

(Figure 2-2). Then, organoids were thawed using a water bath, followed by washing to remove 

the CPAs. This was defined as ‘day 1’ of the cryopreservation experiments (Figure 2-2). In 

cases where cryopreservation of organoids was performed in cryovials, after thawing, the 

organoids were transferred back in the 96-well plates to recover before their collection for 

immunofluorescence (IF) analysis. Media changes were performed three times per week. The 

recovery of organoids was evaluated by bright-field images taken before cryopreservation, 

immediately after thawing (Day 1), 7 days post-thaw (Day 7), and 14 days post-thaw (Day 14) 

Reagents Concentration Supplier Catalogue Number 

Differentiation Medium - Day 0-18  

IMDM 41% Gibco 12440–053 

HAM’s F12 41% Gibco 31765–029 

KOSR 15% Gibco 10828–028 

GlutaMAX 1% Gibco  35050–038 

Chemically defined lipid concentrate 1% ThermoFisher Scientific 11905031 

Pen/Strep 1% Gibco 15140–122 

1-Thioglycerol 225 µM Sigma  M6145 

Reversal Medium - Day 18-24  

DMEM/F12 97% Gibco 31330––038 

GlutaMax 1% Gibco  35050–038 

N2 1% Thermo  A1370701 

CHIR99021 0.25 µM Sigma Aldrich SML1046 

SU5402 0.1 mM Tocris 3300 

Pen/Strep 1% Gibco  15140–122 

Maintenance Medium - Day 24 onwards  

DMEM/F12 92% Gibco  31330–038 

FBS 5% ThermoFisher Scientific A2720801 

GlutaMax 1% Gibco  35050–038 

N2 1% Thermo  A1370701 

Retinoic acid 0.25 µM Sigma R2625 

Taurine 0.1 mM Sigma  T8691 

Pen/Strep 1% Gibco 15140–122 

Fungiozone 0.25 µg/ml Gibco 15290–02 
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(Figure 2-2). The above procedure is a general protocol used for the cryopreservation of 

organoids.  

 

Figure 2-2: Schematic diagram showing a general procedure for the cryopreservation of 

retinal organoids. 

 

2.3.4.1. Cryopreservation of retinal organoids using VEG vitrification protocol 

VEG vitrification protocol was obtained from a research study in which rat hippocampal slices 

remained viable after vitrification at -100°C (Pichugin et al., 2006). The cryopreservation 

protocol was modified and adapted according to the aims of our study following internal and 

external discussions with our collaborator Dr Peter Kilbride (Asymptote, Cytiva), who is a 

cryopreservation specialist. Modifications were made on the freezing rate, the concentration of 

CPAs, and the composition of carrier solution. Vitrification of day 80 WT3 retinal organoids 

was performed using a single stirling engine powered system VIA Freeze™ (Asymptote). 

Initially, all the vitrification solutions were freshly prepared and maintained in the fridge (4°C). 

The vitrification solution was prepared using 16.84% ethylene glycol (EG), 13.96% formamide, 

50% DMSO, and 0.8 mM Vitamin C, diluted in the carrier solution (Table 2-2). The 

maintenance media, used as a carrier solution, was employed to dilute the CPAs. Initially, 200µl 

of 1.6% VEG solution was added per well of the 96-well plate. The 96-well plate was cooled 

at 4°C for 5 minutes. Following half media changes, the organoids were vitrified consecutively 

with pre-cooled 6.55%, 13.11%, 24.59%, and 50% VEG vitrification solutions followed by 5 

minutes incubation at 4°C for each concentration (Figure 2-3 A). Thereafter, the organoids 

were cooled and maintained at -10°C for 10 minutes (Figure 2-3 B). Then, retinal organoids 

were gradually cooled (decreasing the temperature gradually at a specific rate) to -100°C at -

1°C/minute (Figure 2-3  iC). Retinal organoids were stored in the VIA Freeze™ at -100°C for 

24 hours (Figure 2-3 D). Following vitrification, retinal organoids were thawed and maintained 
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at -10°C for 10 minutes (Figure 2-3 E and F). Warming of the organoids was performed at 

4°C followed by consecutive washes with 24.59%, 13.11%, 6.55%, 3.28%, and 1.6% VEG 

thawing solution (Figure 2-3 G) (Table 2-2). The organoids were incubated for 5 minutes at 

4°C for each washing step. Therefore, the organoids were transferred to the incubator to recover 

for 14 days before their collection for IF analysis (Figure 2-3 H).  

To identify whether modifications in the freezing rate can improve the survival of retinal 

organoids, the VEG vitrification experiment was repeated, but rather than cooling the organoids 

gradually (-1°C/minute) to -100°C, the retinal organoids were fast cooled by transferring them 

immediately to -100°C (Figure 2-3 iiC). This was defined as direct freezing (Figure 2-3 iiC). 

All the other steps were performed as mentioned above. 

 

 Table 2-2: Composition of solutions for the VEG vitrification protocol. 

Reagents Concentration Supplier Catalogue Number 

VEG Vitrification Solution  

DMSO 24.2% Sigma Aldrich D2650 

Formamide 13.96% Sigma Aldrich F9037 

Ethylene glycol 16.84% Sigma Aldrich 324558 

Vitamin C 0.8 mM Sigma Aldrich A5960 

VEG Thawing Solution 

DMSO 24.2% Sigma Aldrich D2650 

Formamide 13.96% Sigma Aldrich F9037 

Ethylene glycol 16.84% Sigma Aldrich 324558 

Vitamin C 0.8 mM Sigma Aldrich A5960 

Mannitol 300 mM Sigma Aldrich M4125 

Carrier Solution 

Maintenance Media section 2.3.3 

Glucose 90 mM Sigma Aldrich 50-99-7 

Mannitol 45 mM Sigma Aldrich M4125 
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Figure 2-3: Schematic outline of VEG vitrification protocol. The overall protocol entails 8 

steps (A-H). A) Cooling to 4°C with 5 minutes successive incubations, per concentration, with 

1.6%, 3.28%, 6.55%, 13.11%, 24.59% VEG vitrification solution. B) Further cooling to -10°C 

for 10 minutes with 100µl 50% VEG. C) i) Gradual cooling to a rate of -1°C/minute, ii) Direct 

cooling to -100°C. D) Storage of ROs in VIA Freeze at -100°C for 24 hours. E) Warming to -

10°C and F) incubation of organoids at -10°C for 10 minutes. G) Successive washes for 5 

minutes with 24.59%, 13.11%, 6.55%, 3.28%, and 1.6% VEG thawing solution supplemented 

in the carrier solution, at 4°C. H) Storage of organoids in the incubator at 37°C, for 14 days. 

Media changes were performed three times a week. Organoids were collected on day 14 for IF 

analysis. 
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2.3.4.2. Cryopreservation of retinal organoids using VM3 vitrification solution 

In addition to the VEG vitrification solution used for the cryopreservation of hippocampal 

slices, another vitrification solution that is more stable and more advanced, known as VM3 

vitrification solution, was tested on WT3 day 98 retinal organoids. This vitrification solution 

was successfully used for the vitrification of rat hippocampal slices, mouse ova and renal 

cortical slices. (Pichugin et al., 2006). Therefore, the VM3 vitrification solution was modified 

and adapted to assess whether it could be used for the cryopreservation of retinal organoids. 

Modifications included the incubation time of organoids with freezing and thawing solutions, 

the concentration of CPAs, and the composition of carrier solution. Initially, all the vitrification 

solutions were freshly prepared and maintained in the fridge (4°C). The VM3 vitrification 

solution was prepared by supplementing the carrier solution (maintenance media) with 22.3% 

DMSO, 12.86% formamide, 16.84% EG, 7% polyvinylpyrrolidone K12, 1% “Supercool X-

1000” ice blocker, and 1% “Supercool Z-1000” ice blocker (Table 2-3). Briefly, 200µl of 2% 

pre-cooled VM3 solution was added per well of the 96-well plate. Then, retinal organoids were 

cooled to 4°C for 5 minutes. Following half media changes, the organoids were vitrified 

consecutively with pre-cooled 4%, 8%, 16%, and 30% of VM3 solutions followed by 5 minutes 

incubation at 4°C after each concentration (Figure 2-4 A). Thereafter, the organoids were 

vitrified with 61% pre-cooled VM3 solution, followed by cooling the organoids at -10°C for 10 

minutes (Figure 2-4 B). Subsequently, retinal organoids were cooled slowly (decreasing the 

temperature gradually at a specific rate) to -100°C at -1°C/minute (Figure 2-4 iC). Thereafter, 

retinal organoids were stored in the Via Freeze machine at -100°C for 24 hours (Figure 2-4 D). 

Following vitrification, retinal organoids were thawed to -10°C, and CPAs were washed using 

31% VM3 thawing solution. The organoids were maintained at -10°C for 10 minutes (Figure 

2-4 E and F). Then, the organoids were warmed to 4°C and washed successively using 16%, 

8%, 4%, 2%, and 1% VM3 thawing solutions (Figure 2-4 G) (Table 2-3). The organoids were 

incubated for 5 minutes at 4°C for each washout step. Therefore, the organoids were transferred 

to the incubator at 37°C with 5% CO2 to recover for 14 days before their collection for IF 

analysis (Figure 2-4 H). 

The VM3 vitrification experiment was repeated, but instead of cooling the organoids slowly (at 

-1°C/minute), retinal organoids were cooled at a fast cooling rate. Specifically, after cooling 

the organoids at -10°C, retinal organoids were transferred directly to -100°C (Figure 2-4 iiC) 

where they were stored for 24 hours. All the other steps were performed as mentioned above. 
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Table 2-3: Composition of solutions for the VM3 vitrification protocol. 

 

 

Figure 2-4: Schematic outline of VM3 vitrification protocol. The overall protocol entails 8 

steps (A-H). A) Cooling to 4°C with 5 minutes successive incubations, per concentration, with 

2%, 4%, 8%, 16% and 30% of VM3 vitrification solution. B) Further cooling to -10°C for 10 

minutes with 61% VM3. C) i) Gradual cooling to a rate of -1°C/minute, ii) direct cooling to -

100°C. D) Storage of ROs in VIA Freeze at -100°C for 24 hours. E) Warming to -10°C. F) 

Washing with 31% VM3 thawing solution at -10°C for 10 minutes to remove CPAs. G) Further 

successive washes for 5 minutes with 16%, 8%, 4%, 2% and 1% VM3 thawing solution 

supplemented in a carrier solution, at 4°C. H) Storage in the incubator (37°C) for 14 days. 

Media changes were performed three times a week. Organoids were collected on day 14 post-

thaw for IF analysis. 

Reagents Concentration Supplier Catalogue Number 

VM3 Vitrification Solution  

DMSO 22.3% Sigma Aldrich D2650 

Formamide 12.86% Sigma Aldrich F9037 

Ethylene Glycol 16.84% Sigma Aldrich 324558 

Polyvinylpyrrolidone K12 7% Sigma Aldrich PVP12 

Supercool X-1000 1% 21st Century Medicine N/A 

Supercool Z-1000 1% 21st Century Medicine N/A 

VM3 Thawing Solution  

DMSO 22.3% Sigma Aldrich D2650 

Formamide 12.86% Sigma Aldrich F9037 

Ethylene Glycol 16.84% Sigma Aldrich 324558 

Polyvinylpyrrolidone K12 7% Sigma Aldrich PVP12 

Supercool X-1000 1% 21st Century Medicine N/A 

Supercool Z-1000 1% 21st Century Medicine N/A 

Mannitol 300 mM Sigma Aldrich M4125 

Carrier Solution 

Maintenance Media Section 2.3.3 

Glucose 90 mM Sigma Aldrich 50-99-7 

Mannitol 45 mM Sigma Aldrich M4125 
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2.3.4.3. Cryopreservation of retinal organoids using ES-HEPES vitrification protocol 

The ES-HEPES vitrification protocol has been shown to successfully cryopreserve hESCs 

(Richards et al., 2004). Therefore, this protocol was assessed for the cryopreservation of WT3 

retinal organoids on day 91 of differentiation. Initially, the VIA Freeze machine was cooled to 

-100°C. Thereafter, ES-HEPES vitrification solution consisting of 78% DMEM/F12, 20% heat-

treated FBS, and 2% (1M) HEPES (Table 2-4) was freshly prepared and maintained at 37°C. 

Briefly, 100µl of HEPES vitrification solution was added per well of the 96-well plate, followed 

by incubation of the organoids for 2 minutes at 37°C. Then, the media was replaced by 100µl 

of 10% vitrification solution (80% ES-HEPES Solution, 10% EG, and 10% DMSO) (Table 

2-4) followed by 2 minutes incubation at 37°C. Thereafter, the media was replaced with 100µl 

of 20% vitrification solution (30% ES-HEPES Solution, 30% (1M) Sucrose Stock, 20% EG 

and 20% DMSO), followed by 50 seconds incubation at 37°C (Figure 2-5 A) (Table 2-4). 

Then, 50µl of fresh 20% vitrification solution was added per well of the 96-well plate followed 

by cooling of the organoids directly to -100°C (Figure 2-5 B). Following overnight storage 

(Figure 2-5 C), retinal organoids were warmed to 37°C (approximately 10 minutes) (Figure 

2-5 D) and washed from cryoprotective agents using 100µl of 0.2 M sucrose solution (80% ES-

HEPES Solution, 20% (1M) sucrose stock) per well of the 96-well plate (Table 2-4). The 

organoids were maintained at 37°C for 3 minutes. Thereafter, the organoids were washed with 

100µl of 0.1 M sucrose solution (90% ES-HEPES solution and 10% (1M) sucrose stock) (Table 

2-4), following incubation of the organoids for 5 minutes at 37°C. Subsequently, retinal 

organoids were washed twice with 100µl 1M sucrose stock solution for 5 minutes at 37°C 

(Figure 2-5 E). Then, retinal organoids were incubated with warm culture media and 

transferred to the incubator. The organoids were maintained in the incubator for 14 days to 

recover before their collected for IF analysis (Figure 2-5 F).  
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Table 2-4: Composition of solutions for the  ES-HEPES vitrification protocol. 

 

 

Figure 2-5: Schematic outline of ES-HEPES vitrification protocol. The overall protocol 

entails 6 steps (A-F). A) Incubation with ES-HEPES solution with 10% and 20% vitrification 

solutions at 37°C for 4 minutes and 50 sec. B) Direct cooling to -100°C, and C) storage ROs in 

VIA Freeze at -100°C for 24 hours. D) Warming at 37°C. E) Washing for 3 minutes with 0.2M 

sucrose solution followed by another wash with 0.1 M sucrose solution for 5 minutes and two 

subsequent washes with ES-HEPES solution for 5 minutes each. F) Storage of ROs in the 

incubator (37°C) for 14 days before their collection for further analysis. Media changes were 

performed three times a week. Organoids were collected on day 14 post-thaw for IF analysis. 

 

 

Reagents Concentration Supplier Catalogue Number 

ES-HEPES Solution 

DMEM Knockout 78% ThermoFisher Scientific 12660012 

FBS 20% ThermoFisher Scientific A2720801 

1M HEPES 2%  Sigma Aldrich 7365-45-9 

10% Vitrification Solution 1 

ES-HEPES 80% Sigma Aldrich 7365-45-9 

DMSO 10% Sigma Aldrich D2650 

Ethylene Glycol 10% Sigma Aldrich 107-21-1 

20% Vitrification Solution 2 

ES-HEPES 30% Sigma Aldrich 7365-45-9 

1M Sucrose Stock 30%  Sigma Aldrich 57-50-1 

Ethylene Glycol 20% Sigma Aldrich 324558 

DMSO 20% Sigma Aldrich D2650 

1M Sucrose Stock 

Sucrose 624.5 mM Sigma Aldrich 57-50-1 

ES-HEPES Solution 87.5% Sigma Aldrich 7365-45-9 

FBS 12.5% ThermoFisher Scientific A2720801 

0.2M sucrose solution: 

1M Sucrose Stock 20% Sigma Aldrich 57-50-1 

ES-HEPES Solution 80% Sigma Aldrich 7365-45-9 

0.1M sucrose solution: 

1M Sucrose Stock 10% Sigma Aldrich 57-50-1 

ES-HEPES Solution 90% Sigma Aldrich 7365-45-9 
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2.3.4.4. Cryopreservation of retinal organoids using the ‘Mouse retinal’ protocol 

The following protocol was obtained from a research study that has successfully cryopreserved 

mouse testicular tissue (Fayomi et al., 2019). The protocol was modified for the 

cryopreservation of retinal organoids. Modifications included the storage temperature and the 

assessment of two additional thawing solutions. Briefly, 20 WT3 day 105 retinal organoids 

were transferred in cryovials. The organoids were incubated with 300µl pre-cooled freezing 

media (90% Alpha Modification media (MEMα), (M4526, Sigma) supplemented with 5% FBS, 

and 5% DMSO) (Table 2-5) at 4°C for 30 minutes (Figure 2-6 A). Thereafter, the organoids 

were cooled to 0°C at a rate of -1°C/minute (Figure 2-6 B) and maintained at 0°C for 5 minutes 

(Figure 2-6 C). Subsequently, retinal organoids were cooled to -8°C and then to -40°C at 

0.5°C/minute (Figure 2-6 D) where they were kept at -40°C for 10 minutes (Figure 2-6 E). 

Therefore, at a rate of -1.5°C/minute, retinal organoids were cooled to -80°C (Figure 2-6 F). 

Then, the cryopreserved organoids were transferred and stored in liquid nitrogen for 24 hours 

(Figure 2-6 G and H). Thawing was performed at 37°C by incubating the organoids in a water 

bath until the ice was thawed (Figure 2-6 I). Washing of the organoids to remove CPAs was 

performed using three different thawing solutions; A) washing with 100% Hank's Balanced Salt 

Solution (HBSS) for 5 minutes followed by a wash with maintenance media (Table 2-5). B) 

Consecutive washes with 95%, 97%, 99% and 100% HBSS supplemented with 5%, 2%, 1% 

and 0% of DMSO respectively, for 5 minutes each. Then, the organoids were incubated with 

maintenance media and transferred to the incubator (Table 2-5). C) Successive washes with 

95%, 97% and 99% maintenance media supplemented with 5%, 2% and 1% of DMSO, 

respectively, for 5 minutes for each concentration, followed by 5 minutes incubation with 100% 

HBSS (Table 2-5). Therefore, the organoids were washed with maintenance media (Figure 2-6 

J) and kept in the incubator at 37°C, with 5% CO2. Media changes were performed three times 

a week before their collection on day 14 post-thaw for further analysis (Figure 2-6 K). 
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Table 2-5: Composition of freezing and thawing solutions for the ‘mouse retinal’ protocol 

 

 

Figure 2-6: Schematic outline of the ‘Mouse retinal’ protocol. The overall protocol entails 

11 steps (A-K). A) Cooling of the organoids to 4°C for 30 minutes. B) Further cooling to 0°C 

at -1°C/minute, C) incubation at 0°C for 5 minutes. D) Cooling to -8°C and then to -40°C at -

0.5°C/minute. E) Maintenance of organoids at -40°C for 10 minutes. F) Further cooling to -

80°C at -1.5°C per minute. G) Storage of cryovials in liquid nitrogen for 24 hours. I) Thawing 

at 37°C, and J) washing using three different thawing solutions; A) HBSS, B) HBSS 

supplemented with culture media, and C) HBSS supplemented with DMSO. K) Organoids were 

transferred in the incubator at 37°C for 14 days, and media changes were performed three times 

a week. Organoids were collected on day 14 post-thaw for IF analysis. 

 

Reagents Concentration Supplier Catalogue Number 

Freezing media 

MEMa  90%   Sigma Aldrich M4526 

FBS 5% ThermoFisher Scientific A2720801 

DMSO 5% Sigma Aldrich D2650 

Thawing media A 

HBSS 100% Life Technologies 14175129 

Maintenance media 100% Section 2.3.3 

Thawing media B    

HBSS 95%, 97%, 99% Life Technologies 14175129 

DMSO 5%, 2%, 1% Sigma Aldrich D2650 

Maintenance Media 100% Section 2.3.3 

Thawing media C 

Maintenance Media 95%, 97%, 99%  Section 2.3.3 

DMSO 5%, 2%, 1%  Sigma Aldrich D2650 

HBSS 100% Life Technologies 14175129 
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2.3.4.5. Excision of optic vesicles (OVs) and cryopreservation 

This protocol is based on our previous ‘Mouse retinal’ protocol in combination with previously 

published studies that have shown that excising optic vesicles (OVs) from whole organoids can 

improve retinal differentiation (Eiraku and Sasai, 2011). Therefore, we hypothesised that 

possibly excision of OVs could enhance the preservation of the overall structure and expression 

of retinal cells after cryopreservation. Initially, OVs were excised using a dissection tool. Then 

OVs were maintained in the incubator (at 37°C) for four days to recover. Cryopreservation of 

OVs was performed in a 96-well plate. Briefly, 100µl of freezing solution (90% DMEM/F12, 

5% FBS, and 5% DMSO) (Table 2-6) was added per well of the 96-well plate followed by 

incubation of the organoids at 4°C for 30 minutes (Figure 2-7 A). At a rate of 1°C/minute, OVs 

were cooled to 0°C and maintained at this temperature for 5 minutes (Figure 2-7 B and C). 

Subsequently, OVs were cooled to -8°C and then to -40°C at a rate of 0.5°C/minute (Figure 

2-7 D) followed by maintenance of the OVs at -40°C for 10 minutes (Figure 2-7 D and E). 

Then, cooling of the OVs to -80°C at 0.5°C/minute was performed (Figure 2-7 F) followed by 

further cooling to -100°C at 1.5°C/minute (Figure 2-7 G). Storage and maintenance of the OVs 

was performed at -100°C for 24 hours (Figure 2-7 H). For the thawing procedure, retinal 

organoids were warmed to 37°C (Figure 2-7 I), and CPAs were washed with 100µl of 100% 

HBSS for 10 minutes. Subsequent washes with 100µl of culture media were performed (Figure 

2-7 J) (Table 2-6). The OVs were maintained in the incubator at 37°C to recover for 14 days, 

and media changes were performed three times a week before their collection for IF analysis 

(Figure 2-7 K). 
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Figure 2-7: Schematic outline of the cryopreservation protocol after excision of OVs. The 

overall protocol entails 11 steps (A-K). A) Cooling to 4°C for 30 minutes. B) Further cooling 

to 0°C at -1°C/minute. C) Storage of OVs at 0°C for 5 minutes, D) cooling to -8°C and -40°C 

at -0.5°C/minute. E) Incubation of OVs at -40°C for 10 minutes. F) Supercooling to -80°C at a 

rate of -0.5°C/minute, and further to -100°C at a rate of -1.5°C/minute. H) Storage of ROs in 

Via Freeze at -100°C for 24 hours. I) Warming at 37°C gradually, J) wash with HBSS for 5 

minutes, and then wash with culture media for another 5 minutes. K) OVs were transferred in 

the incubator at 37°C for 14 days. Media changes were performed three times a week. OVs 

were collected on day 14 post-thaw for IF analysis. 

 

Table 2-6:Composition of solutions for the cryopreservation protocol after excision of 

OVs. 

 

 

2.3.4.6. Cooling Experiment 

2.3.4.6.1. Cooling of retinal organoids (-10°C) followed by immediate thawing  

For the cooling experiment, a basic thawing medium consisting of 98% DMEM/F12, 31.9 mM 

glucose, 1% Glutamine, and 1% P/S, (Table 2-7) was prepared and kept in the incubator 

overnight in a T75 flask with a pore lid in an upright position to oxygenate. The following day, 

a complete thawing medium was prepared using 5% of the basic thawing medium, 25% HBSS, 

and 25% FBS (Table 2-7). For the cooling experiment, WT3 retinal organoids at day 169 of 

differentiation were transferred to cryovials containing 270µl (90%) of cooled (4°C) FBS. 

Thereafter, retinal organoids were cooled at 4°C and stored at this temperature for 5 minutes 

Reagents Concentration Supplier Catalogue Number 

Freezing Solution 

FBS 5% ThermoFisher Scientific A2720801 

DMEM F12 90% ThermoFisher Scientific 3133009 

DMSO 5% Sigma Aldrich D2650 

Thawing Solution 

HBSS 100% Life Technologies 14175129 

Maintenance Media 100%  Section 2.3.3 



 

80 

 

(Figure 2-8 A and B). Then, 30µl (10%) of DMSO was added slowly in the cryovials and 

mixed with FBS. Thereafter, retinal organoids were cooled gradually to -10°C at a rate of -

1°C/minute (Figure 2-8 C). Once the temperature reached -10°C, retinal organoids were 

thawed, using a pre-warmed (37°C) thawing medium (Table 2-7) (Figure 2-8 C), were washed 

with a fresh complete thawing medium (Table 2-7), and were incubated for 24 hours at 37°C 

(Figure 2-8 D). Media changes were performed three times a week. The retinal organoids were 

collected on day 14 post-thaw for further analysis (Figure 2-8 E).  

 

Table 2-7: Composition of solutions for the cooling protocol. 

 

 

 

Figure 2-8: Schematic outline of cooling protocol at –10°C. The overall protocol entails 5 

steps (A-E). A) Cooling to 4°C for 5 minutes followed by B) gradual cooling to -10°C at -

1°C/minute. C) Warming as soon as the temperature reached -10°C. D) Washing with complete 

thawing medium and then with fresh complete thawing medium. Storage of retinal organoids 

in the incubator at 37°C, for 24 hours. E) Media changes were performed three times a week. 

Organoids were collected on day 14 post-thaw for IF analysis. 

 

 

Reagents Concentration Supplier Catalogue Number 

Basic thawing Medium 

P/S 1% ThermoFisher Scientific 15140122 

Glutamine 1% Sigma Aldrich 56-85-9 

Glucose 31.9 mM Sigma Aldrich 50-99-7 

DMEM F12 98% ThermoFisher Scientific 31330095 

Freezing Medium 

FBS 90% ThermoFisher Scientific A2720801 

DMSO 10% Sigma Aldrich D2650 

Complete thawing medium 

FBS 25% ThermoFisher Scientific A2720801 

HBSS 25% Life Technologies 14175129 

Basic Medium 50%  Section 2.3.3 
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2.3.4.6.2. Cooling of retinal organoids (-10°C) followed by overnight incubation (24 hours) 

To assess whether retinal organoids can survive following overnight incubation at -10°C, the 

same cooling protocol (section 2.3.4.6.1) was used with some additional modifications. 

Particularly, following preconditioning with protective agents (Figure 2-9 A and B), retinal 

organoids were maintained at -10°C for 24 hours (Figure 2-9 C). After cooling, the organoids 

were thawed at 37°C, and subsequent steps were performed as mentioned above (section 

2.3.4.6.1). 

 

Figure 2-9: Schematic outline of cooling protocol at –10°C for 24 hours. The overall 

protocol entails 6 steps (A-F). A) Cooling to 4°C for 5 minutes and B) gradual cooling to -10°C 

at -1°C/minute. C) Storage ROs in VIA Freeze at -10°C, for 24 hours. D) Thawing at 37°C, E) 

washing with complete thawing medium and then with fresh complete thawing medium. 

Storage of ROs in the incubator at 37°C. F) Media changes were carried out three times a week. 

Organoids were collected at day 14 post-thaw for IF analysis. 

 

2.3.4.6.3. Cooling of retinal organoids (-10°C) followed by overnight incubation with the 

addition of ROCK inhibitor in the thawing solution 

To improve further the survival of retinal organoids, the cooling experiment at -10°C with 

overnight incubation mentioned above (section 2.3.4.6.2) was repeated alongside additional 

modifications. Modifications included the addition of 10µM of ROCK inhibitor in the complete 

thawing medium to improve the survival of retinal organoids. Therefore, retinal organoids were 

processed as mentioned previously (section 2.3.4.6.2). 

 

2.3.4.6.4. Cooling of retinal organoids at -20°C followed by overnight incubation with the 

addition of ROCK inhibitor in the thawing solution 

To identify the appropriate cooling temperature for long-term storage of retinal organoids, the 

above experiment (section 2.3.4.6.3) assessing the effects of retinal organoids with and without 

ROCK inhibitor was repeated with final freezing temperature -20°C, instead of -10°C (Figure 
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2-10 C). Retinal organoids were cooled and maintained at -20°C for 24 hours (Figure 2-10 C). 

Then, retinal organoids were washed with a fresh complete thawing medium (Table 2-7) and 

maintained in the incubator at 37°C. All the other steps were performed as described above. 

 

Figure 2-10: Schematic outline of cooling protocol at –20°C for 24 hours. The overall 

protocol entails 6 steps (A-F). A) Cooling to 4°C for 5 minutes and B) gradual cooling to -20°C 

at -1°C/minute. C) Storage ROs in the Via Freeze machine at -20°C, for 24 hours. D) Thawing 

of retinal organoids at 37°C. E) Washing with fresh complete thawing medium. Storage in the 

incubator at 37°C. F) Media changes were carried out three times a week. Organoids were 

collected on day 14 post-thaw for IF analysis. 

 

2.3.4.7. Supercooling of retinal organoids using the ‘Liver Supercooling’ (-4°C) protocol 

The following protocol was modified and adapted from a published research study in which 

human liver organs were successfully viable after supercooling to -4°C (de Vries et al., 2019). 

Modifications included the incubation time of organoids with freezing and thawing solutions, 

the addition and exclusion of CPAs in the freezing and thawing solutions, and the concentration 

of CPAs. Briefly, WT3 day 160 retinal organoids were transferred in cryovials followed by the 

addition of 300µl of pre-supercooling recovery solution consisting of 92.2% maintenance 

media, 0.8% P/S, 100 mM Polyethylene glycol, and 100 mM 3-O-methyl-D-glucose (Table 

2-8). After 20 minutes of incubation at RT (21°C) (Figure 2-11 A), pre-supercooling recovery 

solution was removed and replaced with loading solution 1 consisting of 100 mM Polyethylene 

Glycol, 5% glycerol, 100 mM D-(+)-trehalose dihydrate, 3 mM glutathione, 100 mM 

lactobionic acid and 30 mM Raffinose (Table 2-8). Subsequently, the organoids were cooled 

to 4°C, at 1°C per minute, followed by incubation for 10 minutes (Figure 2-11 B and C). Later, 

loading solution 1 was replaced with pre-cooled loading solution 2 (100 mM Polyethylene 

Glycol, 10% glycerol, 100 mM D-(+)-trehalose, 3 mM glutathione, 100 mM lactobionic acid, 

and 30 mM raffinose) (Table 2-8), followed by incubation of retinal organoids at 4°C for 

another 10 minutes (Figure 2-12 C). Following pre-conditioning with the protective agents, 

retinal organoids were cooled to -4°C at 1°C per minute, followed by overnight incubation 
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(Figure 2-11 D and E). The next day retinal organoids were thawed to 4°C (Figure 2-12 F). 

Then, washing of the organoids at 4°C for 10 minutes was performed using pre-cooled 

unloading solution (0.8% P/S, 100 mM Polyethylene Glycol, 2 mM Trolox, 5% Glycerol, 100 

mM D-(+)-trehalose dihydrate) (Table 2-8), (Figure 2-11 G). Thereafter, retinal organoids 

were further warmed to 37°C (Figure 2-11 H) and incubated for 20 minutes in a post-

supercooling recovery solution (0.8% P/S, 2 mM Trolox and 100 mM Polyethylene Glycol) 

(Table 2-8) (Figure 2-11 I). Retinal organoids were rinsed with maintenance media and 

transferred in the incubator for 14 days to recover before collection for IF analysis (Figure 2-11 

J).  

 

 

Figure 2-11: Schematic outline of the ‘Liver Supercooling’ protocol (-4°C). The overall 

protocol entails 10 steps (A-J). A) Pre-cooling with pre-supercooling recovery solution at 21°C 

for 20 minutes. B) Further cooling to 4°C at -1°C/minute using loading solution 1. C) Incubation 

with loading solution 1 at 4°C for 10 minutes followed by further incubation with loading 

solution 2 for another 10 minutes. D) Cooling to -4°C at 1°C/minute. E) Storage of ROs in VIA 

Freeze at -4°C for 24 hours. F) Thawing to 4°C followed by G) washing of retinal organoids 

using unloading solution for 5 minutes at 4°C. H) Thawing of retinal organoids gradually to 

37°C, and I) incubation with post-supercooling recovery solution for 20 minutes. K) Transfer 

of retinal organoids in the incubator at 37°C for 14 days. Media changes were performed three 

times a week. Organoids were collected on day 14 post-thaw for IF analysis. 

 

2.3.4.8. Master Liver Supercooling  (-60°C) 

To identify the ideal temperature to freeze retinal organoids, the ‘Liver Supercooling’ protocol 

was repeated as mentioned above (section 2.3.4.7), but this time, the organoids were 

supercooled at a lower temperature, at -60°C. This protocol is referred to as the ‘Master Liver 

Supercooling’ protocol. Initially, retinal organoids were transferred in cryovials. Then, 300µl 

of pre-cooling recovery solution was added per cryovial, and the organoids were incubated for 

20 minutes at RT. Thereafter, the ‘pre-supercooling recovery solution’ was replaced with 300µl 

of loading solution 1 (Figure 2-12 A). Subsequently, retinal organoids were cooled at 1°C per 
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minute and maintained at 4°C for 10 minutes (Figure 2-12 B). Then, ‘loading solution 1’ was 

replaced with pre-cooled ‘loading solution 2’ (Table 2-8) following incubation of retinal 

organoids at 4°C for another 10 minutes (Figure 2-12 C). Then the organoids were cooled to -

4°C at 1°C per minute and incubated for 10 minutes (Figure 2-12 D and E). Following cooling 

to -10°C at 1°C per minute (Figure 2-12 F), the organoids were maintained at -10°C for 20 

minutes (Figure 2-12 G), and then they were further cooled to -60°C (Figure 2-12  H). The 

organoids were maintained at -60°C for 24 hours (Figure 2-12 I). The organoids were warmed 

to 4°C (Figure 2-12 J) followed by washing of the organoids with pre-cooled ‘unloading 

solution’ for 10 minutes to remove the protective agents (Figure 2-12 K). Subsequently, retinal 

organoids were warmed to 37°C (Figure 2-12 L) and incubated with a ‘post-supercooling 

recovery solution’ for 20 minutes (Table 2-8) (Figure 2-12 M). Then, retinal organoids were 

rinsed with maintenance media and transferred in the incubator for 14 days to recover before 

their collection for IF analysis (Figure 2-12 N).  

 

 

Figure 2-12: Schematic outline of the ‘Master Liver Supercooling’ protocol (-60°C). The 

overall protocol entails 14 steps (A-N). A) Pre-cooling with pre-supercooling recovery solution 

at 21°C for 20 minutes, B) further cooling to 4°C at -1°C/minute using ‘loading solution 1’. C) 

Incubation of ROs with ‘loading solution 1’ at 4°C for 10 minutes and then with ‘loading 

solution 2’ for another 10 minutes followed by D) cooling to -4°C at 1°C/minute. E) 

Maintenance of ROs at -4°C for 10 minutes, F) cooling to -10°C at 1°C/minute and G) 

incubation of the organoids at -10°C for 20 minutes. H) Cooling to -60°C at 1°C/minute. I) 

Storage of ROs in VIA Freeze at -60°C for 24 hours. J) Warming at 4°C, K) washing with 

unloading solution for 10 minutes at 4°C. L) Warming gradually to 37°C and M) incubation of 

ROs with post-supercooling recovery solution for 20 minutes. N) Transfer of ROs in the 

incubator at 37°C for 14 days. Media changes were performed three times a week. Organoids 

were collected on day 14 post-thaw for IF analysis. 
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Table 2-8: Composition of solutions for the ‘Liver Supercooling’ and the ‘Master Liver 

Superocooling’ protocol. 

 

2.3.4.8.1. ‘Master Liver Supercooling’ protocol in combination with enriched loading and 

thawing solutions 

Additional modifications to the ‘Master Liver Supercooling’ protocol were performed to 

improve the survival of retinal cells by enhancing the loading and thawing solutions. The 

‘Master Liver Supercooling’ protocol was repeated in combination with additional conditions, 

which tested individually alongside the original protocol. These conditions included: 

Condition 1: Addition of 10 µM ROCK inhibitor and 3 mM Glutathione in the rinsing 

media (Table 2-9).  

Condition 2: Addition of 2.5% and 5% of DMSO in ‘loading solution 1’ and ‘loading 

solution 2’, respectively (Table 2-9). 

Condition 3: Combination of condition 1 (addition of 10 µM ROCK inhibitor and 3 

mM Glutathione in the rinsing media) and condition 2 (addition of 2.5% and 5% of 

Reagents Concentration Supplier Catalogue Number 

Pre - supercooling recovery solution  

P/S 0.8% Thermo Fisher Scientific 15140122 

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

3-O-Methyl-D-glucose 100 mM Sigma Aldrich 13224-94-7 

Maintenance media  92.2% Section 2.3.3 

Loading Solution 1 

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

Glycerol 5% Sigma Aldrich 56-81-5 

D-(+)-Trehalose dihydrate 100 mM Sigma Aldrich 6138-23-4 

Glutathione 3 mM Sigma Aldrich 70-18-8 

Lactobionic Acid 100 mM Sigma Aldrich 96-82-2 

Raffinose 30 mM Sigma Aldrich 17629-30-0 

Loading solution 2 

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

Glycerol 10% Sigma Aldrich 56-81-5 

D-(+)-Trehalose dihydrate 100 mM Sigma Aldrich 6138-23-4 

Glutathione 3 mM Sigma Aldrich 70-18-8 

Lactobionic Acid 100 mM Sigma Aldrich 96-82-2 

Raffinose 30 mM Sigma Aldrich 17629-30-0 

Unloading Solution 

P/S 0.8% Thermo Fisher Scientific 15140122 

Polyethylene glycol 100 mM Sigma Aldrich 25322-68-3 

Trolox 2 mM Sigma Aldrich 53188-07-1  

Glycerol 5% Sigma Aldrich 56-81-5 

D-(+)-Trehalose dihydrate 100 mM Sigma Aldrich 6138-23-4 

Post-supercooling recovery solution 

P/S 0.8% Thermo Fisher Scientific 15140122 

Trolox 2 mM Sigma Aldrich 53188-07-1  

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

Rinsing media 

Culture maintenance media 5 ml Section 2.3.3 
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DMSO in ‘loading solution 1’ and ‘loading solution 2’, respectively) (Table 2-9). All 

the steps were performed as mentioned previously (section 2.3.4.8). 

 

Table 2-9: Composition of solutions for the ‘Master Liver Supercooling’ protocol with 

enriched loading and thawing solutions. 

 

Reagents Concentration Supplier Catalogue 

Number 

Pre - supercooling recovery solution  

P/S 0.8% Thermo Fisher Scientific 15140122 

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

3-O-Methyl-D-glucose 100 mM Sigma Aldrich 13224-94-7 

Maintenance media  92.2% Section 2.3.3 

Loading Solution 1 

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

Glycerol 5% Sigma Aldrich 56-81-5 

D-(+)-Trehalose dihydrate 100 mM Sigma Aldrich 6138-23-4 

Glutathione 3 mM Sigma Aldrich 70-18-8 

Lactobionic Acid 100 mM Sigma Aldrich 96-82-2 

Raffinose 30 mM Sigma Aldrich 17629-30-0 

DMSO 2.5% Sigma Aldrich D2650 

Loading solution 2 

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

Glycerol 10% Sigma Aldrich 56-81-5 

D-(+)-Trehalose dihydrate 100 mM Sigma Aldrich 6138-23-4 

Glutathione 3 mM Sigma Aldrich 70-18-8 

Lactobionic Acid 100 mM Sigma Aldrich 96-82-2 

Raffinose 30 mM Sigma Aldrich 17629-30-0 

DMSO 5% Sigma Aldrich D2650 

Unloading Solution 

P/S 0.8% Thermo Fisher Scientific 15140122 

Polyethylene glycol 100 mM Sigma Aldrich 25322-68-3 

Trolox 2 mM Sigma Aldrich 53188-07-1  

Glycerol 5% Sigma Aldrich 56-81-5 

D-(+)-Trehalose dihydrate 100 mM Sigma Aldrich 6138-23-4 

Post-supercooling recovery solution 

P/S 0.8% Thermo Fisher Scientific 15140122 

Trolox 2 mM Sigma Aldrich 53188-07-1  

Polyethylene Glycol 100 mM Sigma Aldrich 25322-68-3 

Rinsing media 

Culture media 5 ml  Section 2.3.3 

ROCK inhibitor 10 µM Chemdea CD0141 

Glutathione 3 mM Sigma Aldrich 70-18-8 
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2.3.4.8.2. ‘Master Liver Supercooling’ protocol in combination with enriched RPE condition 

medium and ECM in loading and thawing solutions for the cryopreservation of retinal 

organoids 

To improve the survival of retinal organoids after cryopreservation, additional conditions were 

tested individually in combination with the unmodified ‘Master Liver Supercooling’ 

experiment.  Modifications included: 

Condition A: Incubation of organoids with RPE condition medium (CM) during the 

recovery period. RPE cells were collected from mature RPE monolayers (Table 2-10). 

Condition B: Supplementation of culture medium used during the recovery period with 

extracellular matrix (ECM). ECM was collected from adult bovine neural retina as 

described in our previous study (Dorgau et al., 2019). 

Condition C: Incubation of organoids with both RPE CM and ECM during the recovery 

period.  

Condition D: Addition of RPE CM and ECM 7 days prior to supercooling and during the 

recovery period. 

All other steps were performed as mentioned previously (section 2.3.4.8). 

 

Table 2-10: Composition of RPE condition media and ECM for the ‘Master Liver 

Supercooling’ protocol. 

 

2.3.4.8.3. ‘Master Liver Supercooling’ protocol with extended pre-cooling incubation times 

Additional modifications were tested individually in combination with the original protocol to 

ensure that CPAs enter intracellularly and inhibit intracellular freezing. Modifications included: 

Reagents Concentration Supplier Catalogue 

Number 

Complete RPE condition medium 

FBS 10% ThermoFisher Scientific A2720801 

RPE condition medium from H9 RPE 

cells 

42.5% collected from mature RPE monolayers  

derived from hESCs – stored in the freezer 

RPE condition medium from AD3 

RPE cells 

42.5% collected from mature RPE monolayers 

derived from hiPSCs – stored in the freezer 

N2 supplement 4.5% ThermoFisher Scientific A1370701 

Taurine 0.5% Sigma T8691 

ECM 

ECM 8mg/ml adult bovine neural retina (decel NR) 

Maintenance Media 100%  Section 2.3.3 
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1) Extension of the cooling period from 20 minutes to 2 hours. Incubation of ‘loading 

solution 1’ for 1 hour, followed by incubation with ‘loading solution 2’ for another 1 

hour (Figure 2-13 iC). All the other steps were performed as mentioned in section 

2.3.4.8.  

2) Extension of the cooling period from 20 minutes to 3 hours. Incubation of ‘loading 

solution 1’ for 1.5 hours, followed by incubation with ‘loading solution 2’ for another 

1.5 hours (Figure 2-13 iiC). All the other steps were performed as mentioned previously 

(section 2.3.4.8). 

 

Figure 2-13: Schematic outline of modified ‘Master Liver Supercooling’ protocol with 

extended pre-cooling incubation times. The overall protocol entails 14 steps (A-N). A) Pre-

cooling with pre-supercooling recovery solution at 21°C for 20 minutes, B) further cooling to 

4°C at -1°C/minute using loading solution 1. C) Incubation with loading solution 1 at 4°C for 

i) 1 hour or ii) 1.5 hours. Incubation with loading solution 2 for another i) 1 hour or ii) 1.5 hours. 

D) Cooling to -4°C at 1°C/minute. E) Maintenance at -4°C for 10 minutes, F) cooling to -10°C 

at 1°C/minute. G) Incubation of the organoids at -10°C for 20 minutes. H) Cooling to -60°C at 

1°C/minute. I) Storage of ROs in Via Freeze at -60°C for 24 hours.  J) Warming of ROs at 4°C 

and K) washing with unloading solution for 10 minutes at 4°C. L) Warming gradually to 37°C 

followed by M) incubation of the ROs with post-supercooling recovery solution for 20 minutes. 

N) Transfer of ROs in the incubator at 37°C, for 14 days. Media changes were performed three 

times a week. Organoids were collected on day 14 post-thaw for IF analysis. h= hour 
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2.3.4.8.4. ‘Master Liver Supercooling’ protocol in combination with matrigel-enriched 

rinsing media for the cryopreservation of retinal organoids  

To enhance the survival of retinal organoids after cryopreservation, additional modifications to 

the ‘Master liver supercooling’ protocol were performed. These modifications were focused on 

the enrichment of the rinsing media to assess whether recovery of retinal organoids could be 

improved. In combination with the unmodified ‘Master Liver Supercooling’ protocol, the 

addition of matrigel in the rising media was tested in parallel (Table 2-11). For this experiment, 

WT3 retinal organoids, as well as WT2 retinal organoids, were used. All the other steps were 

performed as mentioned previously (section 2.3.4.8). 

 

Table 2-11: Composition of the rinsing solution enriched with matrigel for the ‘Master 

Liver Supercooling’ protocol. 

 

2.3.4.8.5. ‘Master Liver Supercooling’ protocol with the addition of glycerol in the pre-

conditioning stage for the cryopreservation of retinal organoids 

Some studies have reported that several chemicals are too large to penetrate through the cell 

membrane, and therefore protection of cells against ice formation is inhibited (Best, 2015). 

Therefore, pre-incubation of the tissues with CPAs or addition of permeable CPAs could be 

used to solve this problem. In this experiment, retinal organoids were pre-incubated for 30 

minutes at 37°C with 2.5% glycerol supplemented in maintenance media (Figure 2-14) (Table 

2-12). All the following steps were processed as mentioned previously (section 2.3.4.8). In 

parallel with the modified experiment, the unmodified ‘Master Liver Supercooling’ protocol 

was performed. 

 

Table 2-12: Composition of pre-conditioning media with glycerol for the ‘Master Liver 

Supercooling’ protocol. 

 

Reagents Concentration Supplier Catalogue Number 

Rinsing solution 

Matrigel 2mg (300µl) BD  354230 

Maintenance Media 300µl Section 2.3.3 

Reagents Concentration Supplier Catalogue Number 

Pre-conditioning media 

Glycerol 2.5% Sigma Aldrich 56-81-5 

Maintenance Media 5 ml Section 2.3.3 
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Figure 2-14: Schematic outline of the ‘Master Liver Supercooling’ protocol with pre-

conditioning of ROs with glycerol. The overall protocol entails 15 steps (A-O). A) Pre-

conditioning with glycerol at 37°C for 30 minutes. B) Pre-cooling with pre-supercooling 

recovery solution at 21°C for 20 minutes, C) further cooling to 4°C at -1°C/minute using 

loading solution 1. D) Incubation with loading solution 1 at 4°C for 10 minutes and then with 

loading solution 2 for another 10 minutes. E) Cooling to -4°C at 1°C/minute. F) Maintenance 

at -4°C for 10 minutes, G) cooling to -10°C at 1°C/minute and H) incubation of the organoids 

at -10°C for 20 minutes. I) Cooling of ROs to -60°C at 1°C/minute. J) Storage of ROs in Via 

Freeze at -60°C for 24 hours. K) Warming further at 4°C, L) washing with unloading solution 

for 10 minutes at 4°C. M) Warming gradually to 37°C, N) incubation of ROs with post-

supercooling recovery solution for 20 minutes. O) ROs were transferred in the incubator at 

37°C for 14 days. Media changes were performed three times a week. Organoids were collected 

on day 14 for IF analysis. 

 

2.3.5. Processing of cryopreserved organoids 

2.3.5.1. Sectioning of organoids 

Before sectioning, retinal organoids were collected and fixed in 4% paraformaldehyde (PFA) 

for 15 minutes (Santa Cruz, 30525-89-4) at RT, followed by three washes with PBS for 5 

minutes each. Dehydration of retinal organoids was achieved by incubating organoids in 1 ml 

of 30% sucrose for 24 hours at 4°C. Then, retinal organoids were embedded in moulds (Tebu-

Bio, UK 18985-1) using optimum cutting temperature (OCT) medium (CellPath (KMA-0100-

00A). The sample blocks were sectioned into slices of 10 µm thickness using a cryostat (Leica, 

CM1860) and placed by order on glass slides (SuperFrost, Menzel) (Figure 2-15). The slides 

were then stored at -20°C until further use. 

 

2.3.5.2. Immunofluorescence (IF) analysis  

Retinal organoid sections were separated using ImmEdge pen (VectorLabs, H-4000) and air-

dried for 20 minutes at RT, followed by three washes with PBS for 5 minutes to remove OCT 



 

91 

 

from the tissue. Sections were incubated with a blocking solution (5% goat/donkey serum, 0.3% 

Triton-X in PBS) for 1 hour at RT. Then the organoids were incubated overnight at 4°C with 

primary polyclonal non-conjugated antibodies (Table 2-13) diluted in antibody diluent (1% 

bovine serum albumin (BSA, Sigma, A9418), 0.3% Triton-X in PBS). Therefore, the sections 

were washed thrice with PBS for 15 minutes each, and secondary conjugated to fluorophores 

antibodies (Table 2-14) (Figure 2-15) were diluted in antibody diluent and added to the 

sections for 1 hour at RT. To remove unspecific binding, sections were washed three times with 

PBS for 10 minutes each. Sections of retinal organoids were covered by Hoechst nuclear stain 

(Sigma, B2261) diluted in Vectashield at 1:2000 (VectorLabs, H-1000), followed by sealing of 

the slides by a coverslip. 

 

Table 2-13: List of primary antibodies. 

 

 

 

 

 

Antibody Conjugate/Tissue Host Source Cat. No. Dilution 

Ap2α Amacrine cells Mouse Santa Cruz sc-12726 1:200 

ARL13B Connecting cilium Rabbit Abcam ab83879 1:250 

Arrestin 3 Cone photoreceptors Rabbit Novus 

Biological 

NBP2-

41249 

1:100 

RLBP1 RPE and Müller glial 

cells 

Mouse Abcam ab15051 1:100 

Crx postmitotic 

photoreceptors 
Mouse Abnova 

H00001406-

M02 
1:200 

HuC/D Amacrine and retinal 

Ganglion Cells 

Mouse Invitrogen A21271 1:200 

Opsin Blue S cone photoreceptors Rabbit Abcam AB5407 1:200 

Opsin 

red/green 

L/M cone 

photoreceptors 

Rabbit Millipore AB5405 1:200 

Prox 1 Horizontal and 

Amacrine cells 

Rabbit Millipore AB5475 1:1000 

Recoverin photoreceptors and 

midget OFF bipolar 

cells 

Rabbit Millipore AB5585 1:1000 

RetP1 

(Rhodopsin) 

Rod photoreceptors Mouse Sigma O4886 1:200 

SNCG Retinal ganglion cells Mouse Abnova H00006623-

M01A  

1:500 
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Table 2-14: List of secondary antibodies used for IF on retinal organoids. r=rabbit, m= 

mouse, gt=goat. 

 

2.3.5.3. Microscopy and image analysis 

The images were analyzed using the Axio Imager upright microscope with Apotome structured 

illumination fluorescence (Zeiss, Germany). Fluorescent filters such as Hoechst, Cy3 and Alexa 

488 and Alexa 546 were used to cover multiple dyes. Images were taken at 20 x objective 

(Figure 2-15). Approximately 8-10 organoids were analyzed per condition. Images were 

analyzed and presented as a maximum intensity projection (MIP) using Ziss Zen blue software, 

and brightness and contrast were adjusted using Adobe Photoshop (Adobe Systems). 

 

Antibody Host Source Cat. No. Dilution 

Gt a-r Alexa (546) Jackson ImmunoResearch  Goat 111545144  

 

1:800  

 

Gt a-m Cy3 Jackson ImmunoResearch Goat 115165003 1:800  

 

Gt a-m Alexa (488) Jackson ImmunoResearch Goat 115-545-146-

JIR 

1:800  
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Figure 2-15: Schematic summary of the procedure from collection to analysis of retinal organoids. ROs were collected and then fixed with 

4% PFA. Following overnight incubation with 30% sucrose, ROs were embedded in moulds with OCT and were cooled before sectioning. 

Sectioning of the ROs was performed using a cryostat. The sections were collected in glass slides. IF analysis was performed using retinal-related 

markers. Then, stained sections were analysed using Axio Imager upright microscope, and analysis of the images was performed using Ziss Zen 

blue software and Adobe Photoshop (Adobe Systems). 
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2.4. Results  

Using an established protocol, human iPSCs were differentiated to retinal organoids (Kuwahara 

et al., 2015). Generated retinal organoids contain all key retinal cell types and synaptic 

connections and respond to electrophysiological stimuli. For the cryopreservation experiments, 

control hiPSC-derived retinal organoids at day 80 of differentiation or older were used. 

Several different cryopreservation protocols were performed in this study, including 

vitrification, slow and fast freezing. The cryopreservation methodologies were obtained from 

previous cryopreservation studies that reported the successful cryopreservation of complex 

tissues (Pichugin et al., 2006, Richards et al., 2004, Fayomi et al., 2019, de Vries et al., 2019). 

These protocols were modified and assessed on retinal organoids. The cryopreservation 

methods used in this study are listed below:  

1) Vitrification of retinal organoids using VEG or VM3 vitrification solutions, testing two 

different freezing rates, a slow (gradual vitrification) and fast (direct) freezing rate 

(Pichugin et al., 2006). 

2) Cryopreservation using ES-HEPES vitrification solution (Richards et al., 2004). 

3) Cryopreservation using ‘Mouse retinal’ protocol (Fayomi et al., 2019). 

4) Excision of optic vesicles and cryopreservation (Eiraku et al., 2011, Fayomi et al., 

2019). 

5) Cooling experiment, cooling the organoids at -10°C and -20°C. 

6) Liver supercooling (at -4°C) and Master Liver Supercooling  (-60°C) protocol (de Vries 

et al., 2019). 

 

2.4.1. VEG Vitrification 

2.4.1.1. Effect of VEG Vitrification solution on gradually cryopreserved retinal organoids 

To investigate the impact of VEG vitrification solution, day 80 WT3 organoids were 

cryopreserved as described previously (section 2.3.4.1). Bright-field images of organoids were 

taken before vitrification, immediately after thawing (day 1), on day 7 and day 14 post-thaw. 

The efficiency of the vitrification experiment was assessed by evaluating the overall structure 

of cryopreserved retinal organoids after 7 and 14 days of post-thaw culturing.   

Bright-field images of WT3 retinal organoids were captured before vitrification, showing a 

bright, smooth, round bright phase neuroepithelium edge (red arrow) and OVs features. 

Following vitrification, retinal organoids shrunk and became darker (Figure 2-16). By day 14 



 

95 

 

post-thaw, the structure of some cryopreserved organoids disintegrated, and the bright phase 

neuroepithelium was lost (Figure 2-16).  

 

 

Figure 2-16: Representative images of WT3 retinal organoids before and after gradual 

vitrification using VEG vitrification solution. Bright-field images of day 80 retinal organoids 

before vitrification (representing the organoids before cryopreservation experiment), after 

vitrification (upon thawing of the organoids), at 7 and 14 days post-thaw (representing the 

recovery period of the organoids in a humidified environment at 37°C with 5% CO2). Red 

arrows show the bright-phase neuroepithelium of retinal organoids. Scale bars=100 µm. 

 

To assess the presence of retinal cell types in day 80 VEG gradually cryopreserved organoids, 

day 14 post-thaw organoids and control organoids were analyzed by IF analysis as mentioned 

in section 2.3.5.2. Control and gradually vitrified organoids were stained with retinal markers, 

including Recoverin (PR marker), HuC/D (ganglion and amacrine cell marker), AP2α 

(amacrine cell marker), RLBP1 (Müller glia cell marker), Crx (PR cell marker) and Prox1 

(horizontal cell marker) (Figure 2-17). The IF results indicated that none of the retinal cell-

specific markers were present in the gradually vitrified retinal organoids compared to the 

control organoids (Figure 2-17). Taken together, these results indicate that gradual vitrification 

of retinal organoids with VEG vitrification solution has a negative impact on the survival of 

retinal cells. Due to negative results, this experiment was not repeated. 
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Figure 2-17: Immunostaining of control and gradually VEG vitrified day 80 retinal 

organoids 14 days post-thaw. Sections through control and cryopreserved day 80 retinal 

organoids. PR cells (Recoverin, green), amacrine and ganglion cells (HuC/D, red), amacrine 

cells (AP2α, green), Müller cells (RLBP1, red), PR cells (Crx, green), and horizontal cells 

(Prox1, green) were present in day 80 control retinal organoids. White arrows indicate positive 

cells. Gradually VEG vitrified organoids did not express any retinal markers. Nuclei were 

counterstained with Hoechst (Hoe, blue). Scale bars=50 μm. 
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2.4.1.2. Effect of VEG Vitrification solution on directly cryopreserved retinal organoids 

Thereafter, to investigate whether a faster cooling rate could improve the survival of retinal 

organoids, day 98 retinal organoids were vitrified directly to -100˚C in a VEG vitrification 

solution as described in section 2.3.4.1. Similar morphological observations with gradually 

vitrified organoids were detected. Specifically, day 98 direct vitrified retinal organoids shrunk, 

turned black, and the bright phase neuroepithelium was lost after vitrification. By day 14-post 

thaw, retinal organoids partially disintegrated (Figure 2-18).  

 

Figure 2-18: Representative images of WT3 retinal organoids before and after direct 

vitrification using VEG vitrification solution. Bright-field images of day 98 retinal organoids 

before vitrification (representing the organoids before cryopreservation experiment), after 

vitrification (upon thawing of the organoids), at 7 and 14 days post-thaw (representing the 

recovery period of the organoids in a humidified environment at 37°C with 5% CO2). Scale 

bars=100 µm. 

 

The survival of retinal populations in control and 14 days post-thaw organoids was evaluated 

by IF analysis. To identify maturing retinal cells, a panel of retinal-related markers including 

Recoverin (PR cells), HuC/D, (ganglion and amacrine cells), AP2α, (amacrine cells), RLBP1, 

(Müller glial cells), Crx (PR cells) and Prox1 (horizontal cells) was used (Figure 2-19). IF 

results confirmed that the overall structural integrity of VEG vitrified organoids was mainly 

preserved after 14 days post-thaw; however, no retinal-related cell markers were detected 

(Figure 2-19). Overall, these results indicate that freezing with VEG vitrification solution at a 
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fast cooling rate can maintain the overall structure of retinal organoids; however, the survival 

of retinal populations after 14 days post-thaw was affected (Figure 2-19). Therefore, no further 

repeats were performed due to negative results. 

 

Figure 2-19: Immunostaining of control and directly VEG vitrified day 98 retinal 

organoids, 14 days post-thaw. Sections through control and cryopreserved day 98 retinal 

organoids. PRs (Recoverin, green), amacrine and ganglion cells (HuC/D, red), amacrine cells 

(AP2α, green), Müller cells (RLBP1, red), PRs (Crx, green), and horizontal cells (Prox1, green) 

were present in day 98 control retinal organoids. White arrows indicate positive cells. Gradually 

vitrified organoids did not express any retinal marker. Nuclei were counterstained with Hoechst 

(Hoe, blue). Scale bars=50 μm. 

 

2.4.2. VM3 Vitrification 

2.4.2.1. Effect of VM3 Vitrification solution on gradually cryopreserved retinal organoids. 

To investigate the impact of VM3 vitrification solution, WT3 retinal organoids were 

cryopreserved as described in section 2.3.4.2. Bright-field images of day 84 retinal organoids 

were obtained before vitrification, after thawing (day 1), at day 7 and day 14 of post-thaw 

(Figure 2-20). 

The morphology of WT3 retinal organoids before vitrification was characterized by a smooth, 

bright phase neuroepithelium edge across the apical layer. Also, some retinal organoids were 

characterised by pigmented patches resembling RPE cells. Immediately after thawing, vitrified 

organoids were characterised by a fluffy neuroepithelium, and the overall structure of the 
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organoids was rough. By day 14 post-thaw, the bright phase neuroepithelium was damaged, 

and the overall structural integrity of the vitrified organoids was lost (Figure 2-20).  

 

Figure 2-20: Representative images of WT3 retinal organoids before and after gradual 

vitrification using VM3 vitrification solution. Bright-field images of day 84 retinal organoids 

before vitrification (representing the organoids before cryopreservation experiment), after 

vitrification (upon thawing of the organoids) at 7 and 14 days post-thaw (representing the 

recovery period of the organoids in a humidified environment at 37°C with 5% CO2). Scale 

bars=100 µm. 

 

Cell survival was assessed by IF analysis. The structure of VM3 gradually vitrified retinal 

sections was damaged with gaps present throughout, and the nuclei were dotty. Also, no retinal-

related markers such Recoverin, HuC/D, AP2α, RLBP1, Crx, and Prox1 were detected in day 

84 VM3 vitrified retinal organoids (Figure 2-21). In contrast, control organoids were positive 

for Recoverin and Crx immunostaining, which were located at the apical side of the organoids 

representing PR cells (Figure 2-21). Additionally, retinal ganglion and amacrine cells stained 

with HuC/D were located at the basal layer of control organoids (Figure 2-21). AP2α and Prox1 

immunopositive cells were located in the middle layer of control organoids representing 

amacrine and horizontal cells, respectively, and Müller glial cells extending throughout the 

retinal structure were detected by RLBP1 (Figure 2-21). Overall, these data indicated that VM3 

vitrification solution affected retinal organoids' structure, morphology, and survival (Figure 

2-21). As a result, no further repeats were performed for this experiment.  



 

100 

 

 

Figure 2-21: Immunostaining of control and gradually VM3 vitrified day 84 retinal 

organoids 14 days post-thaw. Sections through control and cryopreserved day 84 retinal 

organoids. PRs (Recoverin, green), amacrine and ganglion cells (HuC/D, red), amacrine cells 

(AP2α, green), Müller glial cells (RLBP1, red), PRs (Crx, green), and horizontal cells (Prox1, 

green) were present in day 84 control retinal organoids. Gradually vitrified organoids did not 

present any retinal marker, and the structure of some organoids was damaged. Nuclei were 

counterstained with Hoechst (Hoe, blue). Scale bars =50 μm. 

 

2.4.2.2. Effect of VM3 Vitrification solution on directly cryopreserved retinal organoids 

Thereafter, retinal organoids at day 92 of differentiation were used to assess whether direct 

vitrification of organoids using VM3 vitrification solution could effectively preserve the 

structure and survival of retinal organoids. The morphology of WT3 retinal organoids before 

vitrification was characterised by a bright phase neuroepithelium edge across the apical side, 

pigmented RPE patches, and budding OVs (Figure 2-22). Immediately after vitrification, the 

bright phase neuroepithelium layer of WT3 retinal organoids was lost, and by 14 days post-

thaw, the overall structure of the organoids was degenerated completely (Figure 2-22). As a 

result, the organoids were not assessed further for IF analysis to determine cell survival and 

identity. Overall, the results indicate that vitrification of retinal organoids directly to -100˚C 

using VM3 vitrification solution at the specific concentrations used induced the degeneration 

of retinal organoids, and hence no further experimental replications were performed (Figure 

2-22).  
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Figure 2-22: Representative images of WT3 retinal organoids before and after direct 

vitrification using VM3 vitrification solution. Bright-field images of day 92 retinal organoids 

before vitrification (representing the organoids before cryopreservation experiment), after 

vitrification (upon thawing of the organoids) at 7 and 14 days post-thaw (representing the 

recovery period of the organoids in a humidified environment at 37°C with 5% CO2). Scale 

bars=100 µm. 
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2.4.3. Effect of ES-HEPES vitrification solution on retinal organoids 

Bright-field images of day 91 retinal organoids were captured before and after cryopreservation 

to determine whether cryopreservation of retinal organoids using the ES-HEPEs solution (as 

mentioned in section 2.3.4.3), can preserve the overall structure and presence of retinal cells 

effectively. Before vitrification, retinal organoids' structure and morphology were characterised 

by a bright phase neuroepithelium and some pigmented RPE patches. After thawing, signs of 

continued deterioration were observed (Figure 2-23). By day 7 post-thaw, the bright phase 

neuroepithelium edge was lost. The organoids' overall structural integrity was disintegrated 

entirely, and over time, complete fragmentation of the organoids was observed (Figure 2-23). 

It is important to highlight the observation of tangled hair-like structures around the organoids 

immediately after thawing (Figure 2-23), which could probably be a sign of death. As a result 

of the complete disintegration of organoids, no IF analysis was performed. Overall, the results 

indicate that the ES-HEPEs solution is not suitable for the preservation of retinal organoids 

using this particular protocol. Hence, no further replications were performed. 

 

Figure 2-23: Representative images of WT3 retinal organoids before and after 

cryopreservation using ES-HEPES solution. Bright-field images of day 91 retinal organoids 

before vitrification (representing the organoids before cryopreservation experiment), after 

vitrification (upon thawing of the organoids), at 7 and 14 days post-thaw (representing the 

recovery period of the organoids in a humidified environment at 37°C with 5% CO2). Scale 

bars=100 µm. 
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2.4.4. Effect of the ‘Mouse retinal’ protocol on retinal organoids 

Recently, a cryopreservation protocol from Fayomi and colleagues reported that cryopreserved 

prepubertal testicular tissues were successfully grafted under the back skin of rhesus macaques 

and produced functional sperm (Fayomi et al., 2019). This study indicates that cryopreservation 

of testicular tissue before initiation of gonadotoxic treatments could preserve prepubertal 

patients’ fertility. Considering the promising findings of this study, this protocol was assessed 

on WT3 retinal organoids day 105 of differentiation (Fayomi et al., 2019) as described in 

section 2.3.4.4. 

Bright-field images of WT3 retinal organoids were captured before and immediately after 

thawing to examine whether the cellular identity, structure, and morphology of retinal organoids 

can be preserved after cryopreservation using MEMα solution. 

Before cryopreservation, mature retinal organoids were characterised by a bright phase, smooth 

neuroepithelium edge, and OV morphology (Figure 2-24). Following cryopreservation, retinal 

organoids were thawed and washed with three different solutions: a) HBSS, b) HBSS with 

DMSO, and c) DMSO with culture media. Immediately after thawing, the bright phase 

neuroepithelium edge was darker with a ‘fluffy’ morphology. However, the overall structural 

integrity of the organoids was maintained (Figure 2-24) in all the three different thawing 

solutions that were used. As a result, no further examinations were performed to assess cell 

survival. Together these data suggest that cryopreservation of retinal organoids using this 

particular protocol could affect the overall survival of retinal organoids, and hence it is not 

considered as an optimal protocol for the preservation of retinal organoids. Due to the negative 

results observed, no more repeats were performed. 
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Figure 2-24: Representative images of WT3 retinal organoids before and after 

cryopreservation using the ‘Mouse retinal’ protocol. Bright-field images of day 105 retinal 

organoids before freezing (representing the organoids before cryopreservation experiment) and 

after thawing (upon thawing of the organoids) using HBSS only, HBSS supplemented with 

DMSO, and culture media supplemented with DMSO. Scale bars=100 µm. 
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2.4.5. Effect of freezing solution on excised retinal OVs  

To assess the impact of freezing solution on retinal OVs, day 155 WT3 retinal organoids were 

excised as indicated by the red dotted lines (Figure 2-25) and pooled in culture for 4 days to 

recover before cryopreservation. 

 

Figure 2-25: Representative images of WT3 retinal organoids, highlighting the regions of 

excising OVs from the main organoid with red dotted lines. Scale bars=100 µm 

 

Following excision and recovery of the OVs, a cryopreservation solution was prepared, as 

mentioned in section 2.4.5, to test whether the structure of OVs and cellular identity were 

preserved after cryopreservation. Bright-field images of the OVs before and after freezing were 

captured to evaluate morphological differences (Figure 2-26).  

Before freezing, the OVs were characterized by a smooth, round bright phase neuroepithelium. 

However, immediately after freezing, the OVs showed signs of continued deterioration, and by 

day 7 post-thaw, the OVs lost their spherical shape, and the bright phase of the neuroepithelium 

layer was lost (Figure 2-26). Due to the complete disintegration of the OVs observed after 7 

days post-thaw, no more bright-field images were taken at 14 days post-thaw, and no further 

experimental repeats were performed (Figure 2-26). Overall, these results support that 

cryopreservation of OVs using this protocol could damage the structure and morphology of 

OVs (Figure 2-26). 
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Figure 2-26: Representative images of WT3 retinal organoids before and after 

cryopreservation using the freezing solution. Bright-field images of day 155 retinal 

organoids before freezing (representing the organoids before cryopreservation experiment), 

after freezing (upon thawing of the organoids), at 7 days post-thaw (representing the recovery 

period of the organoids in a humidified environment at 37°C with 5% CO2). Scale bars=100 

µm. 

 

2.4.6. Effect of cooling experiment on retinal organoids 

To assess the effect of the cooling experiment, day 169 retinal organoids were cooled to -10˚C 

followed by either immediate thawing or overnight storage (24 hours), as described in section 

2.3.4.6. To assess whether cooled organoids preserved their morphology and structure 

effectively after 14 days post-thaw, bright-field images before and after cooling were taken.  

 

2.4.6.1. Effect of cooling experiment (-10°C) on retinal organoids followed by immediate 

thawing  

Immediately after thawing, cooled organoids preserved their bright phase neuroepithelium 

across the apical edge, the spherical shape of the organoids was maintained, and the colour and 

size of the organoids were preserved. By day 14 post-thaw, the organoids maintained their 

morphology and structure and the bright phase neuroepithelium was present (Figure 2-27).  
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Figure 2-27: Representative images of WT3 retinal organoids before and after cooling to 

-10˚C followed by immediate thawing. Bright-field images of day 169 retinal organoids 

before cooling (representing the organoids before cryopreservation experiment), after thawing 

(upon thawing of the organoids), at 7 and 14 days post-thaw (representing the recovery period 

of the organoids in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm. 

 

To further assess the presence of retinal-related cells, day 14 post-thaw retinal organoids were 

analyzed by IF as mentioned in section 2.3.5.2 and as shown in Figure 2-15. IF analysis 

indicated the presence of Recoverin positive cells, representing PR cells, which were mainly 

located in the apical layer in both control and cooled organoids. Additionally, cone PRs 

immunostained with Arrestin 3 were detected in both groups. S-Cone PRs (Opsin SW) and L/M 

cone PRs (Opsin MW/LW) were detected on the apical side of both control and cooled 

organoids (Figure 2-28). Cells positive for HuC/D, a ganglion and amacrine cell marker, were 

present mainly in the center of retinal organoids in both conditions (Figure 2-28). Additionally, 

IF analysis confirmed the presence of amacrine and horizontal cells in the basal layer of both 

control and cooled organoids using AP2α and Prox1 markers, respectively (Figure 2-28). 

However, the lamination and structure of cooled organoids were damaged, characterised by big 

gaps, suggesting the loss of nuclei (Figure 2-28). Also, Müller glial cells stained with RLBP1 

marker were present in both groups (Figure 2-28). These results confirmed the presence of all 

main cellular populations in cooled organoids, although some structural disruptions were 

observed when compared to the control organoids (Figure 2-28). No quantification analysis of 

retinal markers was performed till these results were repeated in at least two more independent 

experiments. 
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Figure 2-28: Immunostaining of control and cooled to -10˚C day 169 retinal organoids 

(thawed immediately) 14 days post-thaw. Sections through control and cryopreserved day 

169 retinal organoids. PR cells (Recoverin, green), amacrine and ganglion cells (HuC/D, red), 

amacrine cells (AP2α, green), Müller cells (RLBP1, red), cone PRs (Arrestin 3, green), 

horizontal cells (Prox1, green) and cone PRs (OPSIN SW, green, OPSIN MW/LW, green) were 

present in day 169 control retinal organoids. Organoids cooled at -10˚C expressed all retinal 

markers identified in the control group, but the structure of some cryopreserved organoids was 

damaged. Nuclei were counterstained with Hoechst (Hoe, blue). Scale bars=50 μm.  
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2.4.6.2. Effect of cooling experiment (-10°C) on retinal organoids followed by overnight 

incubation (24 hours)  

Next, WT3 retinal organoids (day 169 of differentiation) were used to assess whether the 

structure and morphology of retinal organoids can be preserved after cooling and storing them 

at -10˚C for 24 hours. Bright-field images before and after cooling were captured and compared. 

After thawing, the smooth, bright phase neuroepithelium edge was present, and no differences 

in the colour of the organoids were detected. However, by 14 days post-thaw, the organoids 

shrunk, and some organoids disintegrated (Figure 2-29). 

 

Figure 2-29: Representative images of WT3 retinal organoids before and after cooling to 

-10˚C followed by overnight incubation. Bright-field images of day 169 retinal organoids 

before cooling (representing the organoids before cryopreservation experiment) after thawing 

(upon thawing of the organoids) at 7 and 14 days post-thaw (representing the recovery period 

of the organoids in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm. 

 

To evaluate the cell survival and retinal identity of cooled organoids, 14 days post-thaw 

organoids were analyzed by IF analysis. The analysis was performed using a panel of mature 

retinal-related markers (Figure 2-30). Based on the IF results, the cooled retinal organoids 

retained their cellular structure, although the lamination of some organoids was disrupted 

(Figure 2-30). However, cells positive for Recoverin, Opsin MW/LW and Arrestin 3, 

representing PR cells and cone PRs, were detected in the apical side of both control and cooled 

organoids (Figure 2-30). Additionally, PR connecting cilia were detected by ARL13B 

immunostaining in both conditions (Figure 2-30). HuC/D, AP2α and Prox1 detected the 

presence of ganglion, amacrine and horizontal cells, respectively, in the basal and middle layer 
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of the control and cooled organoids. However, the lamination of retina positive cells was 

affected in cooled organoids. Additionally, Müller glial cells extended through the retina were 

detected by the RLBP1 marker (Figure 2-30). These results support that thawing of WT3 

organoids after 24 hours of incubation at -10˚C can preserve retinal cells. However, the structure 

and morphology of the retinal organoids were disrupted as the typical lamination was lost and 

big gaps lucking nuclei were detected (Figure 2-30). No quantification analysis of retinal 

markers was performed until the method was validated and replicated.  

 

Figure 2-30: Immunostaining of control and cooled to -10˚C day 169 retinal organoids 

after 14 days post-thaw. Sections through control and cryopreserved day 169 retinal 

organoids. PR cells (Recoverin, green), amacrine and ganglion cells (HuC/D, red), amacrine 

cells (AP2α, green), Müller cells (RLBP1, red), cone PR cells (Arrestin 3 green), horizontal 

cells (Prox1, green), PR connecting cilium (ARL13B, red), and cone PRs (OPSIN MW/LW, 

green) were present in day 169 control retinal organoids. Organoids cooled to -10˚C expressed 

all retinal markers identified in the control group, but the structure of some cryopreserved 

organoids was damaged. Nuclei were counterstained with Hoechst (Hoe, blue). Scale bars=50 

μm. 
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2.4.6.3. Effect of the cooling experiment (-10°C) on retinal organoids followed by overnight 

incubation with the addition of ROCK inhibitor in the thawing solution  

The cooling experiment followed by overnight incubation was repeated alongside a modified 

cooling experiment to confirm the above results. The modification included the addition of an 

antiapoptotic factor (Y-27632, ROCK Inhibitor) in the thawing solution. Bright-field images of 

WT3 retinal organoids before and after the cooling experiment were taken to evaluate the 

impact of the cooling experiment on retinal organoids. 

The results indicated that retinal organoids treated without ROCK Inhibitor lost their bright 

phase neuroepithelium edge, and signs of continued deterioration were observed immediately 

after thawing. By day 7 post-thaw, the organoids shrunk, and the overall structure of the 

organoids was destroyed (Figure 2-31). This is a second repeat of the experiment mentioned 

above, and differences in the structure of the cooled organoids were detected, showing 

variability between the two runs. 

 

Figure 2-31: Representative images of WT3 retinal organoids before and after cooling to 

-10˚C followed by overnight incubation, without ROCK inhibitor in the thawing solution. 

Bright-field images of day 169 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids), and at 7 

days post-thaw, (representing the recovery period of the organoids in a humidified environment 

at 37°C with 5% CO2). Scale bars=100 µm. 

 

However, retinal organoids treated with ROCK inhibitor during thawing preserved their bright 

phase neuroepithelium edge immediately after thawing. However, by 7 days post-thaw, the 

bright phase neuroepithelial layer was lost, the organoids' overall size shrunk, and some 

organoids' structure was partially disintegrated (Figure 2-32). Due to the degeneration of 

organoids, no cellular analysis was performed. Overall, cooling of the organoids to -10˚C 
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indicated variability between the different runs suggesting that cooling of the organoids at -

10˚C cannot be replicated, and hence, no further repeats were performed. This is possibly 

because the ice is randomly formed at this temperature, and uncontrol ice formation leads to 

variable results. Collectively, these results suggest that cooling of organoids at -10˚C using this 

particular protocol is not effective, and also, the addition of ROCK inhibitor in the thawing 

solution had no beneficial effects. 

 

Figure 2-32: Representative images of WT3 retinal organoids before and after cooling to 

-10˚C followed by overnight incubation, with ROCK inhibitor in the thawing solution. 

Bright-field images of day 169 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids), and at 7 

days post-thaw (representing the recovery period of the organoids in a humidified environment 

at 37°C with 5% CO2). Scale bars=100 µm. 
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2.4.6.4. Effect of the cooling experiment (-20°C) on retinal organoids followed by overnight 

incubation with the addition of ROCK inhibitor in the thawing solution  

To achieve long-term storage of tissues, it is recommended to cryopreserve the tissues at low 

temperatures. Thus, WT3 retinal organoids were used to assess whether cooling at temperatures 

lower than -10˚C, such as -20˚C, followed by overnight storage, with or without the addition of 

ROCK inhibitor (Y-27632) in the thawing solution, can preserve the structure and morphology 

of the organoids. Therefore, bright-field images before and after cooling were taken. Based on 

the results, immediately after thawing, retinal organoids retained their morphology, the bright 

phase neuroepithelium was present, and RPE patches were detected in cooled organoids treated 

with and without ROCK inhibitor (Figure 2-33 Figure 2-34). However, by day 7 post-thaw, 

the bright phase neuroepithelium was lost, and complete disintegration was observed in both 

retinal organoids treated with or without ROCK inhibitor (Figure 2-33 Figure 2-34). Over 

time, the organoids shrunk and dispersed into pieces (Figure 2-33, Figure 2-34). Therefore, 

the survival of retinal cells was not assessed further, and no further repeats were performed. 

Together these results suggest that cryopreserving WT3 retinal organoids to -20˚C using this 

particular protocol is not effective, and also, the addition of the ROCK inhibitor has no 

additional beneficial effects on the preservation of organoids. 

 

Figure 2-33: Representative images of WT3 retinal organoids before and after cooling to 

-20˚C followed by overnight incubation without ROCK inhibitor in the thawing solution. 

Bright-field images of day 169 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids), and at 7 

days post-thaw, (representing the recovery period of the organoids in a humidified environment 

at 37°C with 5% CO2). Scale bars=100 µm. 
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Figure 2-34: Representative images of WT3 retinal organoids before and after cooling to 

-20˚C followed by overnight incubation with ROCK inhibitor in the thawing solution. 

Bright-field images of day 169 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids), and at 7 

days post-thaw, (representing the recovery period of the organoids in a humidified environment 

at 37°C with 5% CO2). Scale bars=100 µm. 
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2.4.7. Effect of ‘Liver Supercooling’ protocol on retinal organoids 

Uygun and colleagues reported the successful preservation of liver organs followed by 

supercooling at -4˚C (de Vries et al., 2019). Therefore, supercooling of the liver organ, defined 

as the ‘Liver Supercooling’ protocol, was modified and adapted to the aims of the study 

following discussions with our collaborator Dr Peter Kilbride (Asymptote, Cytiva). Retinal 

organoids were assessed as described in section 2.3.4.7 to evaluate whether their structure and 

morphology could be preserved effectively. For long-term preservation, retinal organoids were 

supercooled at lower temperatures such as -60˚C, defined as the ‘Master Liver Supercooling’ 

protocol, as descibed in section 2.3.4.8. To determine the impact of the supercooling solution 

on retinal organoids, bright-field images were taken before and after supercooling, as well as at 

day 7 and day 14 post-thaw.  

 

2.4.8. Effect of ‘Liver Supercooling’ (-4°C) and ‘Master Liver Supercooling’ (-60°C) 

protocols on retinal organoids 

Before supercooling, bright-field images of WT3 retinal organoids day 160 were characterised 

by a smooth, bright phase neuroepithelium edge across the apical layer. However, retinal 

organoids supercooled to -4°C or to -60°C shrunk, became darker, and the bright phase 

neuroepithelium was lost immediately after thawing (Figure 2-35). Although over time the 

colour of the organoids recovered, the bright phase neuroepithelium was not clearly visible 

(Figure 2-35). Additionally, IF analysis was performed to assess cell survival in organoids 

supercooled to -4˚C and -60˚C. Retinal markers such as Recoverin, representing PR cells, and 

SNCG detecting ganglion cells were used. IF results revealed that the structure of retinal 

organoids supercooled to -4˚C was completely damaged, and no retinal cell markers were 

observed (Figure 2-36 A). Also, it was observed that the nucleus of supercooled organoids was 

dotty compared to the control organoids (Figure 2-36 A). However, Recoverin and SNCG 

positive cells representing PR cells and ganglion cells, respectively, were present in retinal 

organoids supercooled to -60˚C, but no RLBP1 positive cells were detected (Figure 2-36 B). 

Also, nuclei of supercooled organoids were dotty, and the lamination was disrupted compared 

to the control retinal organoids (Figure 2-36 B). These results suggest that supercooling of 

retinal organoids to -4˚C was detrimental; however, supercooling to -60˚C can preserve the 

overall structure of the organoids and the survival of some of the retinal cells assessed herein. 
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                           Liver Supercooling (-4˚C)                                                                   Master Liver Supercooling (-60˚C)  

 

Figure 2-35: Representative images of WT3 retinal organoids before and after supercooling with the ‘Liver Supercooling’ (-4˚C)  and ‘Master 

Liver Supercooling’ (-60˚C) protocol. Bright-field images of day 160 retinal organoids before cooling (representing the organoids before 

cryopreservation experiment), after thawing (upon thawing of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the organoids 

in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm. 
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Figure 2-36: Immunostaining of control and supercooled day 160 retinal organoids after 

14 days post-thaw. A) Sections through control and cryopreserved day 160 retinal organoids. 

PRs (Recoverin, green) and ganglion cells (SNCG, red) were present in day 160 control retinal 

organoids. However, organoids supercooled to -4˚C did not express any retinal markers, and 

the structure and morphology of organoids were damaged. B) Sections through control and 

cryopreserved day 160 retinal organoids. PRs (Recoverin, green), ganglion cells (SNCG, red), 

and Müller cells (RLBP1, red) were present in day 160 control retinal organoids. PRs 

(Recoverin, green), ganglion cells (SNCG, red) but not Müller glial cells (RLBP1, red) were 

present in supercooled to -60˚C retinal organoids. The structure of organoids supercooled to -

60˚C was mainly maintained. Nuclei were counterstained with Hoechst (Hoe). Scale bars=50 

µm. 
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2.4.8.1. Effect of ‘Master Liver Supercooling’ protocol in combination with enriched loading 

and thawing solutions for the cryopreservation of retinal organoids  

To replicate and improve the results obtained from the ‘Master Liver Supercooling’ protocol, 

additional conditions were tested individually in combination with the original protocol as 

described in section 2.3.4.8.1. These conditions included: 1) addition of ROCK inhibitor and 

glutathione in the rinsing media to improve the recovery of ROs. This experiment was named 

condition 1.  2) Addition of 2.5% and 5% of DMSO in the loading solution 1 and 2, respectively, 

to improve cryoprotection during freezing. This experiment was named condition 2. 3) Addition 

of condition 1 (addition of ROCK inhibitor and glutathione in the rinsing media) together with 

condition 2 (addition of DMSO in the freezing media). This experiment was named condition 

3.  

Bright-field images of organoids treated with the ‘Master Liver Supercooling’ protocol without 

additional modifications showed that the overall structural integrity of organoids was preserved 

14 days post-thaw. However, the organoids shrunk and became darker, and the bright phase 

neuroepithelium was lost after 14 days post-thaw (Figure 2-37).  

Master Liver Supercooling (unmodified) 

 

Figure 2-37: Representative images of WT3 retinal organoids before and after 

supercooling using the unmodified ‘Master Liver Supercooling’ protocol. Bright-field 

images of day 160 retinal organoids before cooling (representing the organoids before 

cryopreservation experiment), after thawing (upon thawing of the organoids), at 7 and 14 days 

post-thaw (representing the recovery period of the organoids in a humidified environment at 

37°C with 5% CO2). Scale bars=100 µm. 



 

119 

 

Retinal organoids treated with condition 1 (addition of ROCK inhibitor and glutathione in the 

rinsing media) were characterised with a darker appearance. Also, the organoids shrunk, and 

the bright phase of the neuroepithelium layer was lost after 14 days post-thaw (Figure 2-38). 

However, supercooled organoids treated with condition 2 (addition of DMSO in loading 

solutions 1 and 2) retained their morphology and structure by 14 days post-thaw. Still, organoids 

shrunk, and the apical bright phase neuroepithelial layer was dark and ragged (Figure 2-39). 

Similar observations with condition 1 were observed in organoids treated with condition 3 

(condition 1 and condition 2 together). Specifically, bright-field images indicated that organoids 

were characterised with a darker colour, the organoids shrunk, and the bright phase 

neuroepithelium was lost by 14 days post-thaw. (Figure 2-39). 

Condition 1 

 

Figure 2-38: Representative images of WT3 retinal organoids before and after 

supercooling using the ‘Master Liver Supercooling’ protocol treated with condition 1. 

Bright-field images of day 160 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids) at 7 and 14 

days post-thaw (representing the recovery period of the organoids in a humidified environment 

at 37°C with 5% CO2). Scale bars=100 µm. 
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                                                                     Condition 2                                                                                      Condition 3 

 

Figure 2-39: Representative images of WT3 retinal organoids before and after supercooling using the ‘Master Liver Supercooling’ protocol 

treated with conditions 2 and 3. Bright-field images of day 160 retinal organoids before cooling (representing the organoids before cryopreservation 

experiment), after thawing (upon thawing of the organoids), at 7 and 14 days post-thaw (representing the recovery period of the organoids in a humidified 

environment at 37°C with 5% CO2). Scale bars=100 µm. 
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Cell survival of 14 days post-thaw retinal organoids from all the conditions was assessed by IF 

analysis using Recoverin, SNCG, Prox1 and RLBP1 markers. The overall structural integrity 

of the organoids treated with the unmodified ‘Master Liver Supercooling’ protocol was 

maintained, although the lamination of organoids was disrupted characterised with big gaps, 

suggesting the loss of nuclei and hence the death of retinal cells. The IF results revealed the 

presence of PR marker Recoverin, retinal Ganglion marker SNCG, Horizontal cell marker 

Prox1, and Müller glia marker RLBP1, which were expressed in both supercooled and control 

organoids (Figure 2-40). However, the structure of 14 days post-thaw organoids treated with 

condition 1 was completely disintegrated, the nuclei were dotty, and all the retinal-related cells 

were lost (Figure 2-40). Therefore, no retinal-related markers were expressed (Figure 2-40). 

Immunostaining of supercooled organoids treated with condition 2 indicated that the structure 

of supercooled organoids was partially disintegrated, and only Recoverin positive cells, 

representing PR cells, were detected after 14 days post-thaw (Figure 2-40). In contrast to 

organoids treated with condition 1, condition 3 supercooled organoids partially maintained their 

structure and lamination (Figure 2-40). Additionally, Recoverin positive cells representing PR 

cells, and SNCG positive cells indicating the presence of retinal Ganglion cells, were present 

in both supercooled and control organoids (Figure 2-40). Additionally, Müller glial cells 

stained with RLBP1 were detected in supercooled organoids after 14 days post-thaw, but 

horizontal cells positive for Prox1 were not detected (Figure 2-40). Taken together, these 

results indicate that condition 3 provided the most promising results among all the three 

modified protocols assessed in this experimental round. However, the ‘Master Liver 

Supercooling’ protocol, which was repeated without any modifications, provided the best 

results among all the modified ‘Master Liver Supercooling’ experiments.   
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Figure 2-40: Immunostaining of control and supercooled day 160 retinal organoids treated with the ‘Master Liver Supercooling’ protocol, 

condition 1, condition 2, and condition 3, 14 days post-thaw. Sections through control and cryopreserved day 160 retinal organoids. PRs 

(Recoverin, green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and Horizontal cells (Prox1, green) were present in day 160 control 

organoids. The same retinal markers as in control organoids were expressed in day 160 supercooled retinal organoids treated with the unmodified 

‘Master Liver Supercooling’ protocol, although gaps were present in the structure of organoids. Organoids treated with condition 1 were completely 

disintegrated, and no retinal cells were present. Organoids treated with condition 2 were partially damaged, the lamination was lost, and only PRs 

(Recoverin, green) were detected. PRs (Recoverin, green), ganglion cells (SNCG, red) and Müller cells (RLBP1, red) but not Horizontal cells 

(Prox1, green) were present in supercooled organoids treated with condition 3, but their structure and lamination were partially preserved. Nuclei 

were counterstained with Hoechst (Hoe). Scale bars=50 µm. 
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2.4.8.2.  Effect of ‘Master Liver Supercooling’ protocol in combination with enriched RPE 

condition medium and ECM in loading and thawing solutions for the cryopreservation of 

retinal organoids 

The most promising results from the previous experiment were obtained from the ‘Master Liver 

Supercooling’ experiment (with no additional modifications). Therefore, to improve the 

efficacy of the ‘Master Liver Supercooling’ protocol, four different conditions were tested 

individually alongside the original protocol as described in section 2.3.4.8.2. 

Briefly, five cryovials containing 10 retinal organoids in each were supercooled to –60˚C 

followed by overnight storage. For the unmodified ‘Master Liver Supercooling’ experiment, 

the organoids were treated as mentioned previously in section 2.3.4.8. Modifications to improve 

the survival of organoids were assessed alongside. The first modification included the addition 

of RPE condition medium (CM) during the recovery period. This experiment was named 

condition A. The second modification included the addition of ECM in the recovery medium. 

This experiment was named condition B. The third modification included the addition of RPE 

CM and ECM during the recovery time. This experiment was named condition C. The fourth 

modification included the addition of both RPE CM and ECM prior to supercooling for 7 days 

and during the recovery period. This experiment was named condition D. For all the different 

conditions, bright-field images were acquired before cooling, after thawing, 7 and 14-days post-

thaw.  

Bright-field images before supercooling indicated that organoids were characterised by a 

smooth, bright phase neuroepithelium. After thawing, retinal organoids treated with the 

unmodified ‘Master Liver Supercooling’ protocol retained their overall structural integrity; 

however, by day 14 post-thaw, the bright phase neuroepithelial layer was lost, the colour of the 

organoids was darker, and their overall size was smaller (Figure 2-41). Retinal organoids 

treated with condition A (addition of RPE CM during the recovery period) retained their overall 

structural integrity after 14 days post-thaw. However, retinal organoids were darker 

immediately after thawing, and by 14 days post-thaw, the organoids shrunk, and the bright 

phase neuroepithelial layer was lost (Figure 2-42). Bright-field images of retinal organoids 

treated with condition B (addition of ECM during the recovery period) indicated that the overall 

structural integrity of the organoids was preserved after 14 days post-thaw; however, the bright 

phase neuroepithelial layer was lost, the organoids shrunk, and the colour of the organoids was 

darker suggesting cell death (Figure 2-42). Bright-field images of organoids treated with 

condition C (addition of RPE CM and ECM during the recovery period) indicated that although 

retinal organoids retained their overall structural integrity after 14 days post-thaw, the organoids 
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shrunk in size immediately after thawing, the colour of the organoids was darker, and by 14 

days post-thaw the apical layer of the neuroepithelium was lost (Figure 2-43). Bright-field 

images from organoids treated with condition D (addition of RPE CM and ECM before 

supercooling and during the recovery period) revealed that organoids retained their structure, 

size and bright apical neuroepithelium 7 days after preconditioning. Following supercooling 

and upon thawing, bright-field images showed that organoids shrunk, the bright phase 

neuroepithelium edge was lost, and the organoids' appearance was darker (Figure 2-44). 

 

Master Liver Supercooling (unmodified) 

 

Figure 2-41: Representative images of WT3 retinal organoids before and after 

supercooling using the unmodified ‘Master Liver Supercooling’ protocol. Bright-field 

images of day 150 retinal organoids before cooling (representing the organoids before 

cryopreservation experiment), after thawing (upon thawing of the organoids) at 7 and 14 days 

post-thaw (representing the recovery period of the organoids in a humidified environment at 

37°C with 5% CO2). Scale bars=100 µm. 
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                                                                    Condition A                                                                                      Condition B 

 

Figure 2-42: Representative images of WT3 retinal organoids before and after supercooling using the ‘Master Liver Supercooling’ protocol 

treated with condition A and B. Bright-field images of day 150 retinal organoids before cooling (representing the organoids before cryopreservation 

experiment), after thawing (upon thawing of the organoids), 7 and 14 days post-thaw, (representing the recovery period of the organoids in a humidified 

environment at 37°C with 5% CO2). Scale bars=100 µm. 
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Condition C 

 

Figure 2-43: Representative images of WT3 retinal organoids before and after 

supercooling using the ‘Master Liver Supercooling’ protocol treated with condition C. 

Bright-field images of day 150 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids), 7 and 14 

days post-thaw, (representing the recovery period of the organoids in a humidified environment 

at 37°C with 5% CO2). Scale bars=100 µm. 
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Condition D 

 

Figure 2-44: Representative images of WT3 retinal organoids before and after 

supercooling using the ‘Master Liver Supercooling’ protocol treated with condition D. 

Bright-field images of day 150 retinal organoids 7 days pre-cooling (representing organoids 

before incubation with RPE CM and ECM), before cooling (representing the organoids before 

cryopreservation experiment, after being treated with RPE CM and ECM for 7 days), after 

thawing (upon thawing of the organoids), 7 and 14 days post-thaw (representing the recovery 

period of the organoids in a humidified environment at 37°C with 5% CO2). Scale bars=100 

µm. 
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To further assess the presence of retinal-related markers on 14 days post-thaw retinal organoids 

treated with the unmodified ‘Master Liver Supercooling’ protocol as well as with conditions A-

D, IF analysis using Recoverin, SNCG, Prox1 and RLBP1 markers was performed. IF analysis 

of the organoids treated with the unmodified ‘Master Liver Supercooling’ protocol showed that 

the structure of 14 days post-thaw organoids was patchy, characterised with big gaps, indicating 

the loss of nuclei. Additionally, the lamination of organoids was disrupted with fewer and dotty 

nuclei, and not all retinal cells were expressed. Specifically, Recoverin (PR cells), SNCG 

(retinal Ganglion cells) and RLBP1 (Müller glial cells) positive cells were present in both 

supercooled and control organoids, but Prox1 positive cells representing Horizontal cells were 

not found in supercooled organoids (Figure 2-45). IF analysis of 14 days post-thaw retinal 

organoids treated with condition A indicated that the structure of the organoids was damaged 

compared to the control organoids. Also, IF analysis revealed the presence of PR cells marked 

by Recoverin immunostaining, but Ganglion cells, Müller glial and Horizontal cells were not 

detected in supercooled organoids. Additionally, the nuclei were dotty and reduced in number 

compared to the control retinal organoids (Figure 2-45). Similarly to organoids treated with 

condition A, only PR cells were detected in retinal organoids treated with condition B. 

However, organoids treated with condition B preserved their lamination, and the nuclei were 

detected despite that the overall structure was damaged. Similar results observed in organoids 

treated with condition A were observed in organoids treated with Condition C. The lamination 

of the organoids was disrupted compared to the control organoids, and only PR cells (Recoverin 

positive cells) were detected. Also, the number of nuclei observed in organoids treated with 

condition C was less than control organoids (Figure 2-45). Similar results with organoids 

treated with condition C were observed in organoids treated with condition D, suggesting that 

possibly pre-conditioning of organoids for 7 days with RPE CM and ECM did not improve the 

survival of retinal cells (Figure 2-45). Taken together, these results indicated that the ‘Master 

Liver Supercooling’ protocol (without any additional modifications) provided the most 

promising results among all the other experiments that were performed alongside, despite that 

the structure and survival of supercooled organoids were not fully preserved. A lot more work 

is required to preserve the organoids' structure fully and maintain the survival of all the retina-

related markers (Figure 2-45). 
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Figure 2-45: Immunostaining of control and supercooled day 150 retinal organoids treated with the ‘Master Liver Supercooling’ protocol, 

condition A, condition B, condition C, and condition D, 14 days post-thaw. Sections through control and cryopreserved day 150 retinal 

organoids. PRs (Recoverin, green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and Horizontal cells (Prox1, green) were present in day 

150 control retinal organoids. Organoids treated with the unmodified ‘Master Liver Supercooling’ expressed all the markers identified in control 

organoids apart from Prox1 positive cells, representing Horizontal cells. The structure of the organoids was disrupted. Organoids treated with 

condition A disintegrated, the lamination was lost, and only PR cells were detected. Organoids treated with condition B were damaged, and only 

PRs (Recoverin, green) were detected. PRs (Recoverin, green) cells only detected in retinal organoids treated with condition 3, but the structure of 

the organoids was damaged, and the nuclei were dotty. Recoverin positive cells representing PR cells were present in supercooled organoids treated 

with condition D, but the nuclei were dotty and less in number. Nuclei were counterstained with Hoechst (Hoe). Scale bars=50 µm. 
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2.4.8.3. Effect of ‘Master Liver Supercooling’ protocol with extended pre-cooling incubation 

times on retinal organoids 

The ‘Master Liver Supercooling’ protocol (including no additional modifications) provided the 

most promising results for preserving retinal organoids after cryopreservation. However, to 

improve further the efficacy of the protocol, two additional modifications were assessed 

individually in combination with the original protocol as described in section 2.3.4.8.3. These 

modifications included the extension of pre-conditioning incubation from 20 minutes to 2 hours 

and 3 hours to assess whether longer incubation of organoids with CPAs could prevent 

intracellular ice formation and improve organoids' survival.  

Bright-field images from retinal organoids that were pre-incubated with loading solution 1 for 

20 minutes (‘Master Liver Supercooling’ without modifications) showed that organoids 

maintained their overall structural integrity after 14 days post-thaw; however, the bright apical 

layer of the neuroepithelium was lost, the organoids shrunk and turned black over time (Figure 

2-46). Similar observations were detected in organoids pre-incubated with loading solution for 

2 hours. Bright-field images revealed that the overall structural integrity of the organoids was 

preserved after 14 days post-thaw. However, the bright phase neuroepithelium was lost, the 

organoids shrunk, and the appearance of the organoids was darker (Figure 2-47). Also, bright-

field images from organoids pre-incubated with loading solution for 3 hours have shown that 

the overall structure of retinal organoids was preserved by day 14 post-thaw. However, the 

organoids shrunk and were characterised by a darker colour. Also, the bright phase 

neuroepithelial layer was lost upon thawing and was not recovered by day 14 post-thaw (Figure 

2-48). 

. 
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Master Liver Supercooling – pre-incubation with loading solution for 20 minutes 

 

Figure 2-46: Representative images of WT3 retinal organoids before and after 

supercooling using the ‘Master Liver Supercooling’ protocol pre-incubated with loading 

solution for 20 minutes. Bright-field images of day 160 retinal organoids before cooling 

(representing the organoids before cryopreservation experiment), after thawing (upon thawing 

of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the organoids 

in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm. 

Master Liver Supercooling – pre-incubation with loading solution for 2 hours 

 

Figure 2-47: Representative images of WT3 retinal organoids before and after 

supercooling using the ‘Master Liver Supercooling’ protocol pre-incubated with loading 

solution for 2 hours. Bright-field images of day 160 retinal organoids before cooling 

(representing the organoids before cryopreservation experiment), after thawing (upon thawing 

of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the organoids 

in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm.  
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Master Liver Supercooling – pre-incubation with loading solution for 3 hours 

 

Figure 2-48: Representative images of WT3 retinal organoids before and after 

supercooling using the ‘Master Liver Supercooling’ protocol pre-incubated with loading 

solution for 3 hours. Bright-field images of day 160 retinal organoids before cooling 

(representing the organoids before cryopreservation experiment), after thawing (upon thawing 

of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the organoids 

in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm. 

 

The cell survival of 14 days post-thaw retinal organoids was assessed by IF analysis using 

Recoverin, SNCG, Prox1 and RLBP1 markers. The lamination of 14 days post-thaw organoids 

pre-incubated with loading solution for 20 minutes (unmodified ‘Master Liver Supercooling’ 

protocol) was disrupted. IF analysis revealed that PR cells stained with Recoverin were present; 

however, SNCG (retinal Ganglion cells), RLBP1 (Müller glial cells) and Prox1 (Horizontal 

cells) positive cells were not detected (Figure 2-49). Similar results were observed in organoids 

pre-incubated for 2 and 3 hours, showing that only PR cells survived after 14 days post-thaw 

(Figure 2-49). Collectively these results suggest that longer incubation of organoids with CPA 

solutions did not improve the survival of retinal cells, and thus the ‘Master Liver Supercooling’ 

protocol is currently the most effective protocol used for the cryopreservation of organoids. 
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Figure 2-49: Immunostaining of control and supercooled day 160 retinal organoids 

treated with the ‘Master Liver Supercooling’ protocol, and extended pre-cooling 

incubation times for 2 hours and 3 hours, 14 days post-thaw. Sections through control and 

cryopreserved day 160 retinal organoids. PRs (Recoverin, green), ganglion cells (SNCG, red), 

Müller cells (RLBP1, red) and horizontal cells (Prox1, green) were present in day 160 control 

retinal organoids. For the unmodified ‘Master Liver Supercooling’ protocol (20 minutes), the 

structure of supercooled organoids was disrupted, and only Recoverin positive cells 

representing PRs have survived. Organoids pre-incubated for 2 hours with loading solution 

preserved only PR cells. PRs (Recoverin, green) only were present in supercooled organoids 

treated with loading solution for 3 hours. The structure of the organoids from all the conditions 

was damaged, and the nuclei were dotty. Nuclei were counterstained with Hoechst (Hoe). Scale 

bars= 50 µm. 
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2.4.8.4. Effect of ‘Master Liver Supercooling’ protocol in combination with matrigel-

enriched rinsing media for cryopreservation of retinal organoids 

The ‘Master Liver Supercooling’ protocol has provided the most promising results based on the 

previous results. Nevertheless, to enhance cell survival and prevent progressive apoptosis of 

cells, an additional modification, including the addition of matrigel in the rinsing media, was 

assessed in parallel with the unmodified ‘Master Liver Supercooling’ protocol as described in 

section 2.3.4.8.4. In addition to WT3 retinal organoids used before, another control cell line, 

WT2, was used to determine whether the results could be applied to more cell lines. Bright-

field images were acquired before cooling, after thawing, on day 7 and day 14 post-thaw.  

Bright-field images of WT3 retinal organoids treated with the unmodified ‘Master Liver 

Supercooling’ protocol (without matrigel) showed that the overall structural integrity of the 

organoids was maintained after 14 days post-thaw. However, the bright apical layer of the 

neuroepithelium was lost. Also, the overall size of the organoids was reduced, and the 

appearance of supercooled organoids was darker immediately after thawing (Figure 2-50). 

Similar observations were detected in WT3 retinal organoids treated with the modified ‘Master 

Liver Supercooling’ protocol (with matrigel in the rinsing media). Specifically, bright-field 

images revealed that the overall structural integrity of the organoids was preserved after 14 days 

post-thaw; however, the bright phase of neuroepithelium was lost, the organoids shrunk, and 

the appearance of the organoids was darker (Figure 2-50). Bright-field images of WT2 retinal 

organoids treated with the ‘Master Liver Supercooling' without matrigel showed similar 

characteristics to WT3 organoids treated with the same condition (Figure 2-51). The same 

observations were also detected in WT2 organoids treated with the modified ‘Master Liver 

Supercooling’ protocol (Figure 2-51).  
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                    Master Liver Supercooling without matrigel in the rinsing media     Master Liver Supercooling with matrigel in the rinsing media             

 

Figure 2-50: Representative images of WT3 retinal organoids before and after supercooling using the ‘Master Liver Supercooling’ with and 

without the addition of matrigel in the rinsing media. Bright-field images of day 160 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the 

organoids in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm. 
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                     Master Liver Supercooling without matrigel in the rinsing media     Master Liver Supercooling with matrigel in the rinsing media             

 

Figure 2-51: Representative images of WT2 retinal organoids before and after supercooling using the ‘Master Liver Supercooling’ with and 

without the addition of matrigel in the rinsing media. Bright-field images of day 160 retinal organoids before cooling (representing the organoids 

before cryopreservation experiment), after thawing (upon thawing of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the 

organoids in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm.
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Subsequently, IF analysis was performed to assess the cell survival of 14 days post-thaw retinal 

organoids treated with or without matrigel during the recovery period. For the IF analysis, 

Recoverin, SNCG, Prox1 and RLBP1 markers were used. WT3 retinal organoids treated with 

or without matrigel retained their overall structural integrity after 14 days post-thaw. 

Additionally, PR and ganglion cells stained with Recoverin and SNCG markers were detected. 

Also, RLBP1 and Prox1 positive cells representing Müller glial and Horizontal cells, 

respectively, were expressed (Figure 2-52). Although the overall structure of cryopreserved 

organoids was maintained and all retinal-related cells were detected, the structure of 

cryopreserved organoids was disrupted. The nuclei were less in number and dotty than the 

control organoids. Similar observations were detected in WT2 cryopreserved organoids treated 

with or without matrigel, showing that retinal organoids preserved PRs, ganglion cells, Müller 

glial and horizontal cells immunostained with Recoverin, SNCG, RLBP1 and Prox1, 

respectively. However, big gaps were detected in the structure of WT2 cryopreserved organoids 

indicating degeneration of the organoids. Also, the nuclei in both cryopreserved groups 

(organoids treated with or without matrigel in the rinsing media) were dotty (Figure 2-53). 

These results suggest that the addition of matrigel in the rinsing media did not improve the 

survival of retinal cells, indicating that the unmodified ‘Master Liver Supercooling’ protocol 

remains the most effective protocol from all the protocols tested in this thesis for the 

cryopreservation of organoids. 
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Figure 2-52: Immunostaining of control and supercooled day 160 WT3 retinal organoids 

treated with the ‘Master Liver Supercooling’ protocol, with and without matrigel in the 

rinsing media, 14 days post-thaw. Sections through control and cryopreserved day 160 retinal 

organoids. PRs (Recoverin, green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and 

horizontal cells (Prox1, green) were present in day 160 control retinal organoids. For the 

unmodified ‘Master Liver Supercooling’ experiment without matrigel, the structure of 

supercooled organoids was preserved, and all retinal-related cells were detected. PRs 

(Recoverin, green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and horizontal cells 

(Prox1, green) were present in day 160 supercooled retinal organoids treated with matrigel. 

However, the structure of the organoids was slightly damaged when compared to the control 

organoids. Also, the nuclei in both groups were dotty compared to the control. Nuclei were 

counterstained with Hoechst (Hoe). Scale bars=50 µm. 
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Figure 2-53: Immunostaining of control and supercooled day 160 WT2 retinal organoids 

treated with the ‘Master Liver Supercooling’ protocol with and without matrigel in the 

rinsing media, 14 days post-thaw. Sections through control and cryopreserved day 160 retinal 

organoids. PRs (Recoverin, green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and 

horizontal cells (Prox1, green) are present in day 160 retinal organoids. For the ‘Master Liver 

Supercooling’ protocol without matrigel, the structure of supercooled organoids was mainly 

preserved, but gaps were observed, and all retinal-related cells were detected. PRs (Recoverin, 

green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and horizontal cells (Prox1, 

green) were present in day 160 supercooled retinal organoids treated with matrigel. However, 

the structure of the organoids was slightly damaged when compared to the control organoids. 

Also, the nuclei in both groups were dotty compared to the control. Nuclei were counterstained 

with Hoechst (Hoe). Scale bars=50 µm. 
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2.4.8.5.  Effect of ‘Master Liver Supercooling’ protocol with the addition of glycerol in the 

pre-conditioning stage for cryopreservation of retinal organoids  

Several studies have shown that the survival of cryopreserved tissues can be enhanced by pre-

incubating the samples with CPAs (Terry et al., 2006). This allows the CPAs to enter the 

intracellular space and fully equilibrate, improving their beneficial effects during 

cryopreservation. A widely used CPA that can act as a permeable and as a non-permeable CPA 

is glycerol. Therefore, it was hypothesised that pre-conditioning organoids with glycerol could 

improve their post-thaw viability and function. To investigate the effect of pre-conditioning 

with glycerol, day 160 retinal organoids were cryopreserved as described in section 2.3.4.8.5 . 

Bright-field images of organoids that have or have not pre-incubated with glycerol were 

acquired before cooling, after thawing, at day 7 and day 14 post-thaw. Bright-field images have 

shown that WT2 organoids treated with the unmodified ‘Master Liver Supercooling’ protocol 

maintained their overall structural integrity after 14 days post-thaw. However, the bright phase 

neuroepithelium of organoids was lost, the colour of the organoids was darker, and immediately 

after thawing the organoids shrunk (Figure 2-54). The same observations were detected in 

organoids pre-conditioned with glycerol followed by supercooling with the ‘Master Liver 

Supercooling’ protocol (Figure 2-54). 
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                       Master Liver Supercooling without glycerol pre-conditioning    Master Liver Supercooling with glycerol pre-conditioning              

 

Figure 2-54: Representative images of WT2 retinal organoids before and after supercooling using the ‘Master Liver Supercooling’ protocol with 

and without glycerol pre-conditioning. Bright-field images of day 160 retinal organoids before cooling (representing the organoids before 

cryopreservation experiment), after thawing (upon thawing of the organoids) at 7 and 14 days post-thaw (representing the recovery period of the organoids 

in a humidified environment at 37°C with 5% CO2). Scale bars=100 µm.  
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The presence and survival of retinal cells in 14 days post-thaw retinal organoids that have or 

have not pre-incubated with glycerol was assessed by IF analysis. The results showed the 

presence of Recoverin and SNCG positive cells in both groups of organoids. However, RLBP1 

and Prox1 positive cells representing Müller glial and Horizontal cells, respectively, were not 

present in any condition (Figure 2-55). The overall structure of cryopreserved organoids pre-

incubated either with or without glycerol was maintained; however, structural disruptions such 

as gaps in the lamination of cryopreserved organoids were detected (Figure 2-55). Collectively, 

these results suggest that pre-conditioning of retinal organoids with glycerol did not improve 

further the survival of retinal cells, suggesting that the most promising from all cryopreservation 

experiments tested herein were acquired from the unmodified ‘Master Liver Supercooling’ 

protocol. 

 

Figure 2-55: Immunostaining of control and supercooled day 160 WT2 retinal organoids 

treated with the ‘Master Liver Supercooling’ protocol with and without pre-conditioning 

with glycerol, 14 days post-thaw. Sections through control and cryopreserved day 160 retinal 

organoids. PRs (Recoverin, green), ganglion cells (SNCG, red), Müller cells (RLBP1, red) and 

horizontal cells (Prox1, green) were present in day 160 control retinal organoids. The structure 

of supercooled organoids treated with the ‘Master Liver Supercooling’ experiment without 

glycerol was preserved, and PRs (Recoverin, green), ganglion cells (SNCG, red), Müller cells 

(RLBP1, red) and horizontal cells (Prox1, green) were detected. PRs (Recoverin, green), 

ganglion cells (SNCG, red), Müller cells (RLBP1, red) and horizontal cells (Prox1, green) were 

present in supercooled organoids pre-conditioned with glycerol. However, the structure of the 

organoids was slightly damaged compared to the control organoids. Also, the nuclei in both 

groups were dotty compared to the control. Nuclei were counterstained with Hoechst (Hoe). 

Scale bars=50 µm. 
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2.5. Discussion 

Cryopreservation offers a substantial number of advantages in biomedicine, drug discovery, 

and regenerative medicine. Long-term storage of biological materials at low temperatures not 

only provides the possibility of using multiple cells from the same batch for therapeutical 

purposes but from a commercial perspective, cryopreservation provides the product with a shelf 

life and also obviates the necessity of long-term culture with possible consequent problems of 

epigenetic changes and genetic drift (Hunt, 2019). The aim of this study was to develop an 

optimal protocol that could cryopreserve effectively retinal organoids. To achieve that, different 

cryopreservation methods, including slow and fast freezing, cooling, and vitrification, were 

tested on retinal organoids. The effects and the efficacy of cryopreservation experiments on 

hiPSC-derived retinal organoids were assessed by a bright-field microscope examining the 

presence of the bright phase neuroepithelium, the morphology, and the structure of retinal 

organoids. Also, the presence of retinal cells was examined by IF analysis only in cases where 

the structural integrity of organoids was maintained. These results are summarized in Table 

2-15. 

To generate and establish a novel reproducible cryopreservation method, we have tested several 

cryopreservation methodologies which were adapted from previous cryopreservation studies 

that reported the successful cryopreservation of complex tissues (Pichugin et al., 2006, Richards 

et al., 2004, Fayomi et al., 2019, de Vries et al., 2019). The cryopreservation methods tested are 

listed below:  

1) Vitrification of retinal organoids using VEG or VM3 vitrification solutions, testing two 

different freezing rates, a slow (gradual vitrification) fast (direct) freezing rate (Pichugin 

et al., 2006). 

2) Cryopreservation using ES-HEPES vitrification solution (Richards et al., 2004). 

3) Cryopreservation using Mouse retinal protocol (Fayomi et al., 2019). 

4) Excision of optic vesicles and cryopreservation (Eiraku et al., 2011, Fayomi et al., 

2019). 

5) Cooling experiment, cooling the organoids at -10°C and -20°C. 

6) Liver supercooling, freezing the organoids at -4°C and -60°C (de Vries et al., 2019). 

 

Building upon previously published cryopreservation methodologies, some factors such as the 

concentration of the CPAs, the freezing temperature, the exposure time of organoids to CPAs, 

and the cooling and thawing rate were modified according to the aims of the study following 

discussions with our collaborator Dr Peter Kilbride (Asymptote, Cytiva), to investigate the 

optimal cryopreservation conditions for retinal organoids. Among all the cryopreservation 

experiments, the most promising was the “Master Liver Supercooling” protocol which 
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preserved the overall structural integrity and morphology of retinal organoids and retained the 

presence of PR markers; however, not all retina cells survived. 
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Table 2-15: Summary of cryopreservation experiments. 

Freezing Method Temperature Number 

and age of 

retinal 

organoids 

CPA Effects of CPAs on organoids 

Shrinkage Dark 

colour 

NE Structural 

Integrity 

Loss of 

nuclei 

Retinal cells 

V
E

G
 

Gradual -100˚C 16 retinal 

organoids 

Day 80 

24.2% DMSO, 13.96% Formamide, 16.84% 

EG, 0.8 mM Vitamin C, 300 mM Mannitol, 

Carrier solution (Glucose 90 mM Mannitol 45 

mM) 

√ √ Lost Partially 

preserved 

 No cells 

expressed 

Direct 16 retinal 

organoids 

Day 98 

√ √ Lost Partially 

preserved 

 No cells 

expressed 

V
M

3
 

Gradual -100˚C 16 retinal 

organoids 

Day 84 

22.3% DMSO, 12.86% Formamide, 16.84% 

EG, 7% PVP K12, 1% Supercool X-1000, 1% 

Supercool Z-1000, 300 mM Mannitol, Carrier 

solution (90 mM Glucose, 45 mM Mannitol) 

  Lost Rough √ No cells 

expressed 

Direct 16 retinal 

organoids 

Day 92 

  Lost Completely 

damaged 

  

E
S

-H
E

P
E

S
 

-100˚C 20 retinal 

organoids 

Day 91 

ES-HEPES Solution:  78% DMEM Knockout, 

20% FBS, 2% 1M HEPES, 10% vitrification 

solution, 80% HEPES, 10% DMSO, 10%, EG  

20% Vitrification solution 2: 30% ES-HEPES, 

30% 1M Sucrose Stock, 20% EG, 20%DMSO,  

1M sucrose stock: 624.5 mM Sucrose, 87.5% 

ES-HEPES Solution, 12.5% 

0.2M sucrose Stock: 20%, 1M Sucrose Stock, 

80% ES-HEPES Solution, 0.1M sucrose stock, 

10% 1M Sucrose Stock, 90% ES-HEPES 

Solution 

  Lost Completely 

damaged 

  

M
o

u
se

 r
e
ti

n
a

l 

p
ro

to
co

l 

-160˚C 20 retinal 

organoids 

Day 105 

Freezing media: 90% MEMa, 5% FBS, 5% 

DMSO 

Thawing media A: 100% HBSS, 100% 

maintenance media 

Thawing media B: 95%, 97%, 99% HBSS, 5%, 

2%, 1% DMSO, 100% maintenance media  

Thawing media C: 95%, 97% 99% 

maintenance media, DMSO 5%, 2%, 1%, 100% 

HBSS 

 √ Lost Mainly 

preserved 
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Freezing Method Temperature Number 

and age of 

retinal 

organoids 

CPA Effects of CPAs on organoids 

Shrinkage Dark 

colour 

NE Structural 

Integrity 

Loss of 

nuclei 

Retinal cells 

E
ex

ci
si

o
n

 o
f 

o
p

ti
c 

v
es

ic
le

s -100˚C 20 retinal 

organoids 

Day 155 

Freezing Solution: 

5% FBS, 90% DMEM F12, 5% DMSO 

Thawing Solution 

100%, HBSS, 100% maintenance Media 

 

 

  Lost Completely 

damaged 

  

C
o

o
li

n
g

 p
ro

to
co

l 

Immediate 

thawing 

-10˚C   

 

 

20 retinal 

organoids 

WT3 Day 

169 

Basic Thawing Solution: 1% P/S, 1% 

Glutamine, 31.9 mM Glucose, 98% DMEM F12 

Freezing Medium: 90%FBS, 10%DMSO 

Complete Thawing Medium: 25% FBS, 25% 

HBSS, 50% Basic Medium 

 

 

   

  Preserved Overall 

maintained, 

but 

lamination 

was 

damaged 

 Expressed 

Recoverin, 

HUCD, 

AP2a, 

RLBP1, 

Arrestin, 

Prox1, Opsin 

SW, Opsin 

MW/LW 

24 hours 

incubation 

-10˚C  

 

 

 √  Preserved Partially 

preserved 

 Expressed 

Recoverin, 

HUC/D, 

AP2a,  

Prox1, 

RLBP1, 

Arrestin 3, 

ARL13B, 

Opsin 

MW/LW 

-10˚C  Without Rock inhibitor in the thawing 

solution  

√  Lost Signs of 

damage 

  

-10˚C  With Rock inhibitor in the thawing solution √  Lost Partially 

damaged 

  

-20˚C  Without Rock inhibitor in the thawing 

solution 

√  Lost Partially 

damaged 

  

-20˚C  With Rock inhibitor in the thawing solution √  Lost Partially 

damaged 
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Freezing Method Temperature Number 

and age of 

retinal 

organoids 

CPA Effects of CPAs on organoids 

Shrinkage Dark 

colour 

NE Structural 

Integrity 

Loss of 

nuclei 

Retinal cells 

L
iv

er
 s

u
p

er
co

o
li

n
g

 

 -4˚C 

 

20 retinal 

organoids 

WT3  Day 

160 

Pre - supercooling recovery solution: 0.8% 

P/S, 100 mM PEG, 100 mM 3-O-Methyl-D-

glucose, 92.2% Maintenance media  

Loading Solution 1: 100 mM PEG, 5% 

Glycerol, 100 mM D-(+)-Trehalose dihydrate, 

3mM Glutathione, 100 mM Lactobionic Acid, 

30 mM Raffinose, 2.5% DMSO  

Loading Solution 2: 100 mM PEG, 10% 

Glycerol, 100 mM D-(+)-Trehalose dihydrate, 3 

mM Glutathione, 100 mM Lactobionic Acid, 30 

mM Raffinose, 5% DMSO  

Unloading Solution: 0.8% P/S, 100 mM PEG, 

2 mM Trolox, 5% Glycerol, 100 mM D-(+)-

Trehalose dihydrate 

Post-supercooling recovery solution: 0.8% 

P/S, 2 mM Trolox, 100 mM PEG 

Rinsing media: 10 µM Ri, 3 mM Glutathione  

√ √ Lost Partially 

damaged 

 No cell 

expressed 

 M
a

st
er

 L
iv

er
 

S
u

p
er

c
o

o
li

n
g

     -60˚C 20 retinal 

organoids 

WT3  Day 

160 

 √ √ Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

 Expressed 

Recoverin 

SNCG 

M
a

st
er

 L
iv

er
 S

u
p

er
c
o

o
li

n
g

  Unmodified   -60˚C 

 

20 retinal 

organoids 

WT3 Day 

160 

No modifications made  √ √ Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

 Expressed 

Recoverin 

SNCG 

Prox1 

RLBP1 

 

Condition 1 Addition of 10 µM Rock inhibitor and 3 mM 

Glutathione in the rinsing media 

√ √ Lost Completely 

damaged 

 

 

 

 

 

 

 

No cell 

expressed 
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Freezing Method Temperature Number 

and age of 

retinal 

organoids 

CPA Effects of CPAs on organoids 

Shrinkage Dark 

colour 

NE Structural 

Integrity 

Loss of 

nuclei 

Retinal cells 

M
a

st
er

 L
iv

er
 

S
u

p
er

c
o

o
li

n
g

  

Condition 2   -60˚C 

 

20 retinal 

organoids 

WT3 Day 

160 

2.5% and 5% of DMSO in loading solution 1 

and loading solution 2, respectively 

√ √ Lost Lamination 

was 

degenerated 

√ Expressed 

Recoverin 

Condition 3 

 

 

2.5% and 5% of DMSO in loading solution 1 

and loading solution 2, respectively and the 

addition of 10 µM Rock inhibitor and 3 mM 

Glutathione in the rinsing media. 

√  Lost Lamination 

was 

degenerated 

 Expressed 

Recoverin 

SNCG 

RLBP1 

 

M
a

st
er

 L
iv

er
 S

u
p

er
c
o

o
li

n
g

  

Unmodified  -60˚C 

 

20 retinal 

organoids 

WT3  Day 

150 

No modifications made √ √ Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

 Expressed 

Recoverin 

SNCG 

RLBP1 

 

Condition A RPE condition medium √ √ Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

√ Expressed 

Recoverin 

SNCG 

RLBP1 

 

Condition B 8 mg/ml ECM √ √ Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

 Expressed 

Recoverin  

Condition C RPE CM and 8 mg/ml ECM during the recovery 

period 

√ 

 

√ Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

 

√ Expressed 

Recoverin  

Condition D RPE CM and 8 mg/ml ECM 7 days prior to 

supercooling, and also during the recovery 

period 
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Freezing Method Temperature Number 

and age of 

retinal 

organoids 

Age 

CPA Effects of CPAs on organoids 

Shrinkage Dark 

colour 

NE Structural 

Integrity 

Loss of 

nuclei 

Retinal cells 

M
a

st
er

 L
iv

er
 

S
u

p
er

c
o

o
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n
g

  20 minutes 

incubation 

60˚C 

 

20 retinal 

organoids 

WT3  Day 

160 

 √ 

 

√ 

 

Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

 Expressed 

Recoverin 

2 hours 

incubation 

3 hours  

incubation 

M
a

st
er

 L
iv

er
 

S
u

p
er

c
o

o
li

n
g

  

Without 

Matrigel 

60˚C 

 

20 retinal 

organoids 

WT3 Day 

160  

No modifications made √ 

 

√ 

 

Lost Mainly 

preserved 

but 

lamination 

was 

disrupted 

√ 

 

Expressed 

Recoverin 

SNCG 

Prox1 

RLBP1 

 

With 

Matrigel 

2mg Matrigel 

Without 

Master 

20 retinal 

organoids 

WT2 Day 

160 

 

No modifications made 

With 

Matrigel 

2mg Matrigel 

M
a

st
er

 L
iv

er
 

S
u

p
er

c
o

o
li

n
g

  Without 

Glycerol 

60˚C 

 

20 retinal 

organoids 

WT2  Day 

160 

No modifications made 

 

 

 

√ 

 

√ 

 

Lost Mainly 

preserved 

but 

lamination 

was partially 

affected 

√ 

 

Expressed 

Recoverin 

SNCG 

 

With 

Glycerol 

2.5% Glycerol 
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Vitrification is a relatively new cryopreservation technique that enables the cooling of cells at 

very low temperatures preventing dehydration of the samples and intracellular ice formation. 

Vitrification has been used for the preservation of spermatozoa (Isachenko et al., 2004), oocytes 

(Chen et al., 2000), embryos (Rezazadeh Valojerdi et al., 2009) as well as ESCs (Zhou et al., 

2004). Additionally, this method has been used for the cryopreservation of more complex 

tissues such as hippocampal rat slices using VEG and VM3 vitrification solutions, showing that 

the structure of complex neural networks can be successfully maintained after vitrification 

(Pichugin et al., 2006). Vitrification of retinal organoids with VEG vitrification solutions 

indicated that the structural integrity of organoids was maintained; however, the survival of 

retinal populations was affected. No major differences were observed between gradually or fast 

rate vitrified organoids, suggesting that degeneration observed in VEG vitrified organoids is 

not attributed to the cooling rate. The observed degeneration can result from other factors such 

as the thawing rate, the tissue complexity (e.g multicellular tissue), the storage temperature, and 

the concentration and type of CPAs (Pegg, 2007). Similar results were observed in VM3 

gradually vitrified retinal organoids suggesting that ice blockers used such as supercool X-1000 

and supercool Z-1000 had no beneficial effects on the survival of organoids. However, our 

results do not agree with other studies which have shown that adding both Supercool X-1000 

and Supercool Z-1000 in the vitrification solution can increase the survival rate of mouse 

embryos post-thaw (Badrzadeh et al., 2010). Interestingly, retinal organoids vitrified with the 

VM3 vitrification solution at a fast cooling rate disintegrated completely by day 14 post-thaw, 

suggesting that the cooling rate plays a vital role in the cryopreservation of retinal organoids, 

and further optimisation is required. 

Additionally, complete disintegration was observed when retinal organoids were vitrified with 

ES-HEPES solution. Our results contradict the findings of a previous study that has shown to 

preserve a high percentage of viable hESC colonies after vitrification (Richards et al., 2004). 

Degeneration observed in our results could be attributed to the extremely high cooling rates that 

are required during vitrification, which are often not easily achievable. Also, vitrification is 

suitable for small scale of samples and can be achieved by increasing the concentrations of 

CPAs; however, for a larger scale of samples, which is the aim of the project, this is not a 

possibility leaving slow cooling the only available and practicable approach at the moment  

(Paynter, 2008).   

Alternative cryopreservation methods such as slow freezing were adopted from other studies 

(Fayomi et al., 2019) and tested on retinal organoids. Slow rate freezing (freezing at a slow 

cooling rate) is widely used for the cryopreservation and storage of variable samples and cells. 
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A recent study has reported the successful cryopreservation of prepubertal testicular tissues 

following slow rate freezing, which grafted under rhesus macaques' back skin and produced 

functional sperm (Fayomi et al., 2019). However, when this protocol was assessed on retinal 

organoids, our results showed that the appearance of organoids upon thawing was darker for 

the freezing conditions and concentrations of the DMSO used, suggesting cell death. Similar 

observations were detected upon cryopreservation of OVs using a similar protocol. Our results 

suggest that this is probably attributed to the addition of DMSO, which is toxic at high 

temperatures (above 4°C) or at increased concentrations. Also, prolonged exposure to DMSO 

can be detrimental for the cells (Santos et al., 2003, Syme et al., 2004).  

Additionally, to investigate an optimal freezing temperature, cooling the organoids at higher 

sub-zero temperatures (-10˚C and -20˚C) was attempted. Our results were variable between 

different experimental runs, and also disorganization of the lamination was detected by IF 

analysis. No significant improvements were observed when the ROCK inhibitor was 

supplemented in the thawing solution, which has been shown to reduce post-thaw apoptosis in 

hESC colonies (Martin-Ibanez et al., 2008). These results suggest that post-thaw apoptosis is 

probably triggered by other apoptotic mechanisms rather than caspase-based mechanisms. 

Also, the degeneration of organoids and the variability observed between runs could be a result 

of the enzymatic activities of the cells, which are reduced but remain active between 0˚C and -

25˚C. Also, the uncontrol formation of ice crystals, which are randomly formed causing cellular 

damage at such temperatures, could explain the variability observed between experimental runs 

(Bakhach, 2009).  

In addition, cryopreservation of retinal organoids was performed using a supercooling protocol 

adopted from a recent study (de Vries et al., 2019).  When retinal organoids were supercooled 

to -4˚C, it was observed that retinal sections disintegrated completely. However, supercooling 

at a lower temperature (-60˚C), retinal-related cells were preserved, despite the differences 

observed in the structure and lamination between the control and supercooled organoids. A 

possible speculation is that at high subzero temperatures, the enzymatic activity of the cells is 

reduced but not completely inactive, causing cell death. This could be investigated in future 

studies by assessing the enzymatic activity of cryopreserved organoids. Aiming at reducing cell 

death, we supplemented loading solutions with DMSO. Also, we tested the addition of 

glutathione, which has been shown to protect sperm motility and fertility from cryodamage (Shi 

et al., 2018), with a ROCK inhibitor, which has been shown to reduce apoptosis (Martin-Ibanez 

et al., 2008), in the rinsing media. However, our results did not show any significant 

improvements in the overall survival of cryopreserved organoids compared to control 
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organoids, suggesting that the use of different antioxidants at different concentrations might be 

more successful.   

An effort to improve the survival of organoids after supercooling of organoids using the ‘Master 

Liver Supercooling’ protocol was attempted by supplementing CPA solutions with RPE CM 

and/or ECM. ECM is pivotal in maintaining cell-matrix interaction and retaining an organized 

3D structure, preserving thus the structural and functional signals (Urbani et al., 2017, Kim et 

al., 2004). However, supplementation of CPA solution with RPE CM, either alone or in 

combination with ECM, did not improve the overall survival of organoids; instead, 

cryopreserved organoids shrunk. Upon adding CPAs, water effluxes from the cells by osmosis, 

and CPAs enter the cell to substitute the water. However, the failure of CPAs to enter the cells, 

either because CPAs could not cross the plasma membrane or due to slow entrance of CPAs in 

the cells, induces osmotic injuries such as dehydration and shrinkage (Meryman, 2007). In this 

case, this is a possibility, explaining why PR cells located at the ONL (outer side of the 

organoids) survived and retinal-related cells located on the INL (inner side of the organoids) 

were lost.  

Thereafter, an effort to improve the survival of organoids using the ‘Master Liver Supercooling’ 

protocol was attempted by extending the incubation time of loading solutions from 20 minutes 

to 2 and 3 hours before supercooling of organoids. This extends the incubation of cells with 

CPAs and allows sufficient penetration of CPAs in the cells (Raju et al., 2021). However, our 

results did not show any beneficial effects on the overall survival of organoids following longer 

incubation of organoids with CPAs. These results suggest that extending the incubation time of 

cells with CPAs before freezing using this particular protocol has no beneficial effects on the 

overall survival of organoids, and maybe other factors such as the pre-treatment of organoids 

with different CPAs could improve the survival of organoids.  

Therefore, a strategy to improve the survival of organoids was attempted by supplementing 

matrigel in the rinsing media. Although the addition of matrigel has been shown from other 

studies to improve the recovery of stem cells after cryopreservation (Ji et al., 2004), our results 

showed that the addition of matrigel in the rinsing media did not improve further the survival 

of retinal cells, suggesting that the survival of cells observed is not attributed to the addition of 

matrigel.  

Several studies have reported that the beneficial effects of CPAs can be enhanced by incubating 

the samples with CPA before freezing (Terry et al., 2006). This gives more time to the CPAs 

to enter the cells and protect them during cryopreservation. Considering the complex 
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mechanism of action of glycerol, which acts as a permeable agent at physiological temperatures 

and as a non-permeable agent at low temperatures (0˚C) (Bakhach, 2009), retinal organoids 

were pre-treated with glycerol for 30 minutes at 37˚C followed by cooling, to investigate 

whether glycerol could protect the cells intracellularly and extracellularly. Our results did not 

show any beneficial effects in the overall survival of cryopreserved organoids compared to 

control organoids, and also no major differences were observed between cryopreserved 

organoids treated with or without glycerol. Our results suggest that pre-incubation of retinal 

organoids with glycerol at the specific concentration used did not improve the survival of 

organoids.  

To improve the survival of retinal organoids, modifications on the ‘Master Liver Supercooling’ 

protocol were performed. In parallel, the unmodified ‘Master Liver Supercooling’ protocol was 

repeated in each experimental run for comparison. Interestingly, differences were observed in 

the structure (lamination), the presence of retinal-related cells, and the number of nuclei 

between all the unmodified ‘Master Liver Supercooling’ experiments (Figure 2-56), suggesting 

variability between the different runs. Although several studies have attempted to cryopreserve 

tissues or 3D complex structures, difficulties in the repetition of the experiments and differences 

in the results were reported. The differences between experimental runs following 

cryopreservation of 3D organoids may arise from the differences in cryotolerance and 

permeability of the variable interconnected single cells that constitute these multicellular 

systems. In combination with the differences in the diffusion of water and CPAs that each cell 

or organoid is experienced, these factors could lead to differences in the freezing environment 

(Ehrhart et al., 2009). These differences induce tissue degeneration, changes in the metabolic 

activities, distortion of the tissue's shape, reduced cell number, and loss of cell-specific function. 

The variable changes experienced by individual cells or organoids during cryopreservation 

explain the differences observed between technical and biological experimental repeats.   

 

2.6. Conclusion 

In respect to all cryopreservation methods tested, the ‘Master Liver Supercooling’ protocol 

provided the most promising results, indicating that it is possible to cryopreserve whole retinal 

organoids to some extent at sub-zero temperatures. However, more work is required to improve 

further the structure, morphology and cell survival of retinal organoids. To achieve this, future 

studies to understand the pathways activated upon freezing and thawing are required. Also, 

more work is required to understand the chemical and biological properties of the freezing and 
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thawing cycle that will provide a successful method for the cryopreservation of mature retinal 

organoids.  
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Figure 2-56: Summary of all 'Master Liver Supercooling' experimental runs. WT3 and WT2 retinal organoids cryopreserved using the ‘Master 

Liver Supercooling’ protocol stained with Recoverin (PRs, green), SNCG, (ganglion cells, red), RLBP1 (Müller cells, red) and Prox1 (horizontal cells, 

green). Variability in the structure of the organoids and in the presence of retinal organoids was detected between different runs. Nuclei were 

counterstained with Hoechst (Hoe). Scale bars=50 µm.  
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Chapter 3. Shipping of hiPSC derived retinal organoids at room 

temperature 

3.1. Introduction 

A new technology, the large-scale generation of three-dimensional (3D) retinal organoids, has 

emerged by differentiating human embryonic stem cells (hESCs) and human-induced 

pluripotent stem cells (hiPSCs) into “synthetic retinae”. These 3D retinal structures contain all 

major retinal cell subtypes with distinct layers that largely mimic the human retina's structural, 

morphological, and functional properties. The development of 3D retinal structures has a 

multidimensional role as retinal organoids can be used as disease models to understand better 

human retinal diseases; they can provide novel insights into human retinal development, reveal 

unknown mechanisms of pathogenesis, and provide new avenues for drug screening and cell-

based replacement therapies. 

The generation of retinal organoids is a labour-intensive and time-consuming procedure that 

requires specially trained researchers and considerable expertise and infrastructure. Therefore, 

this technology is only available to some specialized labs worldwide. Hence, transportation or 

shipping will facilitate the widespread application of well-characterised retinal organoids and 

make this technology more accessible globally. The availability of 3D retinal structures in 

multiple centres could facilitate and enhance the collaboration between research centres, 

pharmaceutical companies and medical centres. 

Transportation of samples depends on the nature of the cells or tissues (preserved or live) and 

the shipment method (air or road). Transportation of live tissues should ensure that the samples 

are shipped immediately using the shortest possible route to retain the survival, cellular 

structure, and functionality of the tissue. Additionally, transportation of tissues could take place 

using special containers that maintain the temperature within a specific range. This is critical 

as fluctuations to very high or low temperatures can affect the biological and mechanical 

activity of the tissue, causing cell injury and intracellular degeneration. Currently, many options 

are available for temperature-controlled shipments, but not always economically practical. Due 

to the frequent transportation of cells or samples between research centres, low-cost and 

efficient methods have been developed for long-distance shipments.  

A very common method that is widely used for the shipping of cryopreserved samples is dry 

ice transport. Several published studies reported the successful transportation of tissues at 

cooled or frozen conditions using commercially available containers. Rooney and colleagues 

have tested the shipping of allografts (Achilles tendon and femoral head) at -40°C using a 
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commercially available package. The study revealed that although the package including the 

samples was exposed to 37°C, the temperature was preserved at -40°C for at least 48 hours, 

indicating that human tissue safety and quality could be maintained during transportation. 

Despite the advantages that this method provides, dry ice is a hazardous material that can 

explode or cause suffocation. Due to its high risks, more than 50% of countries worldwide do 

not allow shipments that include dry ice, reducing the availability of cells globally (Stefan et 

al., 2001). Also, shipping cryopreserved samples using dry ice can be risky, especially if there 

are delays in the shipment, as dry ice evaporates after a few days and thus samples can be lost 

(Lou et al., 2014).   

Alternative methods have been introduced for shipping live cells internationally without using 

dry ice. A research study has developed an agarose gel coating method to transport live cells, 

such as human lung adenocarcinoma epithelial (A549) cells and Human Embryonic Kidney 

293 (HEK-293) cell culture plates at ambient temperatures. This was performed using a 1% 

agarose-medium mixture, which was heated at 45°C, then added to the plates to cover live cells, 

followed by their transportation. This study has successfully reported the survival of cells up to 

6 days under these conditions (Yang et al., 2009). However, this method cannot be used widely 

as not many cells can survive when exposed to high temperatures. In another study, NIH3T3 

cells were covered with gelatin solution prepared from animal skin. This study reported the 

survival of cells at 10°C and 23°C; however, at higher temperatures (37°C), the gelatin mixture 

melts, risking the survival of cells. This method also limits the shipment of cells at ambient 

temperature.  

Other studies have used insulated containers to transport samples to test whether temperature 

fluctuations can affect the tissue. Specifically, Miller and colleagues have reported the 

successful transportation of corneal tissues using insulated shipping containers at cooling 

temperatures (8˚C or lower) for the required duration (Miller et al., 2013). Another study has 

tested the effects of temperature fluctuations during the shipping of bone matrix putty. This 

study has shown that after continuous exposure of the sample to +50°C and multiple freeze-

thaw cycles, the osteoinductive potential or handling characteristics of the grafts were not 

affected (Schallenberger et al., 2016). Additionally, Hori and colleagues have demonstrated a 

new technology for shipping RPE tissues at room temperature (RT) by using a heat-insulating 

container to minimise the physical and chemical stress on the cells (Hori et al., 2019). Also, a 

new protocol for shipping retinal organoids at 37°C to facilitate the preclinical studies in animal 

models and potentially for transplantation purposes was reported. This protocol provides 

temperature control and live monitoring of the shipment conditions to maintain the viability of 
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the tissues over long distances preventing tissue damage (Singh et al., 2020). Shipping samples 

at ambient temperature could eliminate the necessity to freeze samples, thus facilitating 

substantial savings in time and money. Also, shipping at ambient temperature prevents freezing 

of the samples and hence preserves the tissue from possible degeneration from cryoinjuries that 

can be caused during cryopreservation.  

 

3.2. Aims 

The aim of this chapter is to determine whether storage of retinal organoids followed by 

shipment at RT at normal (0.04%) CO2 levels can affect the morphology, cellular dynamics and 

functionality of organoids compared to control organoids that were maintained in a humidified 

environment at 37°C with 5% CO2. 

 

3.3. Materials and Methods 

3.3.1. Cell lines 

Adult human dermal fibroblast cells (HDFs) were collected from healthy volunteers to generate 

control hiPSCs. Two hiPSCs lines, WT3 (Ad4, CC-2511 Female, 84-year-old female) and WT4 

(MJN1, Male, 57 years old), were derived and characterised in Lako’s group (Buskin et al., 

2018, Melguizo-Sanchis et al., 2018). 

 

3.3.2. Room Temperature experiment and Shipping of retinal organoids 

For the RT experiment, day 360 WT4 (MJN1) retinal organoids were maintained at RT 

conditions for five days. This was defined as ‘day -5’ (Figure 3-1 A). After 5 days of incubation 

at RT, the organoids were transferred to the incubator at 37°C with 5% CO2; this was defined 

as ‘day 0’ (Figure 3-1 A). The organoids were kept in the incubator for 15 days before their 

collection for IF analysis. This was defined as ‘day 15’ of the RT experiment (Figure 3-1 A).  

The shipment experiment was performed at two different time points during retinal 

differentiation: day 135 and 160. Before shipment, 96-well culture plates of retinal organoid 

were fed with 100 μl of fresh retinal organoid media as mentioned in section 2.3.3. The 96-well 

plates were covered with parafilm to prevent any leakage and were further sealed with a plastic 

sealed bag containing absorbent material and placed horizontally in a specific shipping 

container at RT in a controlled ambient environment system (QuickSTAT). The plates were 
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surrounded with tissue to prevent the movements of the plates and their leakage in the shipping 

container. According to the manufacturer's instructions, temperature control was activated and 

placed inside the box to record the temperature throughout the shipping.  

The parcel was delivered by car to London and then shipped by plane to Frankfurt, Germany, 

at RT at normal CO2 levels (0.04%). The day of delivering and shipping WT3 retinal organoids 

was defined as ‘day -3’ (Figure 3-1 B). Three days later, the parcel returned back to the 

Biosciences Institute at Newcastle, via the same route. The arrival of WT3 day 135 and 160 

retinal organoids back at the Institute was recorded as ‘day 0’ (Figure 3-1 B). Retinal organoids 

were placed into the incubator at 37C upon delivery, and media changes were performed every 

2 days. The organoids were maintained in the incubator for 7 days to recover before collecting 

for IF analysis (Figure 3-1 B). For comparison, control plates with WT3 day 135, 160 and WT4 

day 360 retinal organoids were maintained in a humidified environment at 37°C with 5% CO2. 

These control organoids were collected at the same time points as the RT and shipped 

organoids. 

 

3.3.3. TUNEL staining  

Slides containing thin sections (10 μm) of retinal organoids were incubated with PBS and 

subsequently with Proteinase K. Thereafter, the slides were incubated with 3% hydrogen 

peroxide (H2O2) for 10 minutes at RT, followed by 30 minutes incubation with reaction buffer. 

Thereafter, tunnel assay (Biovision, Mountain View, CA, USA) was used according to the 

manufacturer’s instructions to detect apoptotic and necrotic cells. Dead cells were detected with 

dark colour using the Axio Imager microscope with Apotome structured illumination 

fluorescence (Zeiss AxioVert 2 Germany). All images were acquired using the same 

magnification. Batch process analysis of the brown stained cells was performed by processing 

all images (from both control and RT conditions) together without distinguishing the category 

of each image at the time of the analysis. This was performed to achieve unbiased analysis and 

quantification. Analysis was performed using ImageJ by adjusting the brightness and contrast 

of all the images using the same threshold to mask the non-brown stained cells. Therefore, using 

the automated analysis button, the number of brown-stained cells per image was calculated. 

Following analysis, the identity of each image was revealed, and graphs were performed by 

using Prism (GraphPad, USA). 
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3.3.4. Transmission electron microscopy (TEM) 

Retinal organoids were collected and fixed using 2% gluteraldehyde in 0.1 M sodium 

cacodylate buffer and kept at 4°C. The samples were processed at the Newcastle University 

electron microscopy facility, where 1% of osmium tetroxide was used to fix further the samples. 

Thereafter, retinal organoids were dehydrated and embedded using gradient acetone, and epoxy 

resin, respectively. Heavy metals (uranyl acetate and lead citrate) were used to stain ultrathin 

sections (70 nm) on copper grids. Images were taken on a Philips CM100 TEM with high-

resolution digital image capture.  
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Figure 3-1: Schematic diagram of RT and shipping experiments. A) RT experiment. WT4 retinal organoids were maintained at RT conditions 

for five days (day -5). Then retinal organoids were transferred to the incubator at 37°C with 5% CO2 (day 0), where they were maintained for 15 

days to recover before their collection (day 15) for IF analysis. B) Shipment experiment. WT3 and WT4 retinal organoids were packed and shipped 

to Germany at RT at normal CO2 level (day -3). After three days, retinal organoids returned to the Biosciences Institute at Newcastle via the same 

route (day 0). Retinal organoids were kept in the incubator at 37°C with 5% CO2 for 7 days to recover (day 7) before their collection for IF analysis.  
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3.3.5. Immunofluorescence (IF) analysis  

Immunofluorescence analysis of control, RT incubated and shipped organoids was performed 

as mentioned in section 2.3.5.2. Primary (Table 3-1) and secondary antibodies (Table 3-2) used 

are mentioned below. 

 

Table 3-1: List of primary antibodies used for IF analysis on retinal organoids. 

 

 

Table 3-2: List of secondary antibodies used for IF analysis on retinal organoids. r=rabbit, 

m=mouse, GT=goat. 

 

3.3.6. Microscopy and image analysis 

Analysis of the images was performed using the Axio Imager upright microscope with Apotome 

structured illumination fluorescence (Zeiss, Germany). Fluorescent filters were used to cover 

multiple dyes such as Hoechst, Cy3, and Alexa 488. Using 20 x objective, hiPSCS- derived 

retinal organoids were analysed. 8-10 organoids were analysed per condition. Images are 

presented as a maximum intensity projection (MIP), and brightness and contrast were adjusted 

using Adobe Photoshop (Adobe Systems).  

Antibody Conjugate/Tissue Host Source Cat. No. Dilution 

Recoverin photoreceptors and midget OFF 

bipolar cells 
Rabbit Millipore AB5585 1:1000 

HuC/D Amacrine and retinal Ganglion 

Cells 

Mouse Invitrogen A21271 1:200 

Prox 1 Horizontal and Amacrine cells Rabbit Millipore AB5475 1:1000 

Opsin red/green L/M cone photoreceptors Rabbit Millipore AB5405 1:200 

ARL13B Connecting cilium Rabbit Abcam ab83879 1:250 

Opsin Blue S cone photoreceptors Rabbit Abcam AB5407 1:200 

RetP1 

(Rhodopsin) 

Rod photoreceptors Mouse Sigma O4886 1:200 

Ap2a Amacrine cells Mouse Santa Cruz sc-12726 1:200 

SNCG Retinal ganglion cells Mouse Abnova H00006623-

M01A  

1:500 

PKCa Bipolar Cells Mouse BD 

Transduction 

Laboratories,  

610107 1:200 

Vimentin Müller glial cells Rabbit Abcam ab92547 1:200 

Sox9 Müller glial cells Mouse Abcam ab76997 1:100 

Antibody Host Source Cat. No. Dilution 

Gt a-r Alexa (488) Jackson ImmunoResearch  Goat 111545144  1:800  

Gt a-m Cy3 Jackson ImmunoResearch Goat 115165003 1:800  
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3.3.7.  Image Quantification 

Image quantification was performed using the MATLAB software (Mathworks, MA), and 

software codes were provided by Dr Yuchun Ding (Newcastle University, UK). The data were 

presented as images where background noise was filtered out before analysis. Using 

MATLAB’s region props property, information about the size, the length and the average 

intensity of each retinal cell was calculated. The total size and percentage of positive cells in 

relation to nuclear stained cells was exported in an Excel file for additional analysis.  However, 

the percentage of ciliated cells was calculated as cilia numbers/total cell numbers (DAPI) in 

putative outer nuclear layer x 100. For the quantification and analysis of each retinal-related 

marker, five to six representative images per condition were quantified.  Further analysis of the 

results was performed using Microsoft Excel and Prism (GraphPad, USA).  

 

3.3.8. Measurement of the neuroepithelium thickness 

The thickness of the bright phase neuroepithelium (NE) was measured using bright-field images 

of retinal organoids which were captured using Axiovision 4.3 (Zeiss) microscope. The bright-

field images were taken using 5x magnification. Bright-field images from control and RT 

organoids were batched processed together by applying the same phase-contrast threshold to 

all images to distinguish the bright NE. Thereafter, vertical lines were drawn from the center of 

the organoids (dark colour) towards the edge of the organoids to measure the thickness of the 

NE in µm. 6 measurements were taken across the bright phase NE in 10 organoids from each 

condition, using ImageJ software. Unbiased analysis was performed by processing all images 

together without distinguishing the identity of each image the time of the analysis. (Figure 3-2). 

The average NE thickness from each condition was statistically analysed using Prism 

(GraphPad, USA). 

 

Figure 3-2: Measurements of neuroepithelium thickness in retinal organoids. (A) Bright-

field images of retinal organoids were taken, and the scale bar was set to 100 μm. (B) The bright 

phase neuroepithelium on the apical side of the organoids was identified (red circled area is an 

example of the bright phase neuroepithelium of the organoids). (C) 6 measurements across the 

bright phase neuroepithelium in each organoid were taken by drawing vertical lines (red) from 

the apical side of the neuroepithelium to the basal side using the ImageJ, (USA). 10 organoids 

were used per condition. NE= neuroepithelium. Scale bars=100 µm 
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3.3.9. Electrophysiological recordings 

Electrophysiological recordings of retinal organoids and analysis of the results were performed 

by Dr Gerrit Hilgen and Dr Birthe Dorgau, as described in Dorgau and Felemban et al., 2019 

(Dorgau et al., 2019). Briefly, 24 hours prior to electrophysiological recordings, retinal 

organoids were incubated with 9-cis-retinal (10 nM; Sigma-Aldrich, UK). The organoids were 

incubated in artificial cerebrospinal fluid (aCSF) containing 118 NaCl, 25 NaHCO3, 1 NaH2 

PO4, 3 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, 0.5 l-Glutamine, and 0.01 9-cis-retinal. The 

organoids were placed onto a 4096 channel multielectrode array (MEA), with the presumed 

RGC layer facing down. The organoids were flattened on the electrodes using a translucent 

polyester membrane filter (Sterlitech Corp., Kent, WA, USA), and were left for minimum 2 

hours to settle. BioCam4096 MEA platform with BioChips 4096S+ (3Brain GmbH, Lanquart, 

Switzerland) was used to record the data.  

Full field white light pulses (WLP, 200 ms, 217 µW/cm2 irradiance, 1Hz) were flashed for 5 

minutes onto the organoids following recording spontaneous activity in the dark for 5 minutes. 

Also, stimulations from blue light were used (SBL, 2 minutes darkness, 2 minutes SBL, 2 

minutes darkness), same irradiance as WLP) to record responses from intrinsically 

photosensitive RGCs (ipRGCs). The cGMP drug (8-Bromoguanosine 3’,5’-cyclic 

monophosphate, Sigma-Aldrich, MO) was puffed in the recording chamber (final 

concentration: 100μM) and readings from continuous 4 minutes, starting at 2 minutes before 

the puff were recorded. Firing-rate analyses were performed by using MATLAB (Mathworks, 

MA), and statistical significance tests (Mann-Whitney test) were evaluated using Prism 

(GraphPad, CA). Retinal ganglion cells were considered responsive if they changed their 

spiking activity at least 25% (increase or decrease) during 30 seconds after WLP onset 

compared to the similar time window before the light stimulus (dark condition).  

 

3.3.10.  Statistical Analysis  

Statistical analysis was performed using Prism (GraphPad, USA). Two-tailed Student’s t-test 

was used to test statistical significance between the groups. Error bars represent standard error 

of the mean (SEM) unless indicated otherwise. Statistical significance of pairwise comparisons 

is indicated by asterisks: * p-value <0.05, ** p-value <0.01, ***= p-value <0.001.  ***= p-

value ****<0.0001. 

 

 



 

166 

 

3.4. Results 

3.4.1. Short-term storage of WT4 day 360 retinal organoids at RT does not induce 

phenotypic or structural differences 

Retinal organoids were generated by differentiating hiPSCs using an established protocol 

(section 2.3.3) (Kuwahara et al., 2015). To evaluate the effect of RT storage, day 360 organoids 

were kept outside of the incubator (at RT) for 5 days (Figure 3-1 A). Following 5 days of 

incubation at RT, retinal organoids were transferred to the incubator for 15 days to recover, as 

mentioned in section 3.3.2. Bright-field images from both day 360 control and RT incubated 

organoids were taken at day -5, 0, and day 15 of the RT experiment (Figure 3-1 A), showing 

no morphological changes between the control and RT group. The colour, size, and bright phase 

neuroepithelial layer were preserved after storage of organoids at RT for 5 days. Additionally, 

the bright phase neuroepithelial thickness was measured, showing no significant differences 

between the two groups (Figure 3-3 B).  

 

 

Figure 3-3: Morphological characteristics of control and RT retinal organoids before and 

after exposure to RT conditions. A) Representative examples of hiPSCs-derived retinal 

organoids at day 360 of differentiation. Top images represent control retinal organoids that 

remained in a humidified environment at 37 °C with 5% CO2. Bottom images represent retinal 

organoids that were kept at RT for 5 days. Day -5 represents the first day of storing organoids 

at RT, day 0 represents the day that the organoids were transferred to the incubator at 37 °C 

with 5% CO2, and day 15 represents the recovery period of the organoids, before their 

collection, in a humidified environment at 37 °C with 5% CO2. Scale bars=100 μm. B) The 

thickness of the neuroepithelial layer across the whole organoid was measured in µm using the 

ImageJ software. Data are shown as mean ± SEM. 10 organoids were used and analysed per 

condition. Student’s unpaired t-test was performed to estimate differences in the neuroepithelial 

thickness between the control and RT organoids showing no significant differences between 

the groups (p=0.3713). 
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The morphology and structure of day 360 retinal organoids were evaluated in detail by 

immunofluorescence staining, which revealed the presence of all key retinal cell types in control 

and RT conditions (Figure 3-4). The expression of pan PR marker Recoverin was observed at 

the apical side of the organoids (Figure 3-4), while HuC/D positive cells, representing ganglion 

and amacrine cells, were mainly located in the basal layer of the organoids (Figure 3-4). Also, 

immunostaining for gamma synuclein (SNCG) was also used to identify the putative retinal 

ganglion cells (Figure 3-4). All cone types, long-wavelength, /middle wavelength, and short-

wavelength (LW/MW and SW), were also found in both conditions (Figure 3-4). Rod PR cells 

were identified by Rhodopsin at the apical layer of control and RT organoids (Figure 3-4). The 

presence of Müller glial cells was confirmed by Vimentin staining neurofilaments, which 

extended throughout the retina, and Sox9 staining the nucleus of Müller glial cells (Figure 3-4). 

Bipolar and amacrine cells identified by PKCα and AP2α respectively were also identified in 

both conditions (Figure 3-4). Putative horizontal cells detected with Prox1 antibody were 

mainly found in the middle layer of the organoids (Figure 3-4). 
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Figure 3-4: Immunofluorescence analysis of retinal markers of control and RT retinal 

organoids after 15 days of recovery from storage at RT for 5 days. Presence of PRs 

(Recoverin, green), amacrine and ganglion cells (HuC/D, red), Müller cells (Vimentin – green, 

Sox9 - red), bipolar cells (PKCα, red), Rod PRs (Rhodopsin, green), ganglion cells (SNCG, 

green), amacrine cells (AP2α, red), S cone PRs (Opsin SW, green), L/M cone PRs (Opsin 

MW/LW, green) and horizontal cells (Prox1, green). Nuclei were counterstained with Hoechst 

(Hoe, blue). Scale bars=50 μm.   
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To investigate whether storage of retinal organoids for 5 days had an impact on the survival of 

retinal cells, quantification analysis of retinal cells positive for Recoverin, HuC/D, PKCα, 

Rhodopsin, SNCG, Opsin MW/LW, AP2α, Prox1, ARL13B, and Opsin SW was performed. 

The results indicated that there were no significant differences between RT and control 

organoids (Figure 3-5), suggesting that storage of organoids for 5 days at RT did not affect the 

survival of retinal cells. 

 

Figure 3-5: Quantification analysis of immunopositive cells in control and RT organoids. 

Recoverin (p=0.4766), HuC/D (p= 0.3463), PKCα (p= 0.6996), Rhodopsin (p= 0.1608), SNCG 

(p= 0.1254), AP2α (p= 0.1506), Opsin SW (p= 0.2012), Opsin MW/LW (P = 0.5941) and Prox1 

(P = 0.0624), analysis revealed no significant difference in the percentage of immunoreactive-

positive cells between control and RT conditions. Data are shown as mean ± SEM, n= 5 

representative images per cell marker were quantified per condition.  

 

To further evaluate the survival of hiPSCs derived retinal organoids following storage at RT 

for 5 days, the number of dead cells in control and RT condition was assessed by Tunel assay 

as mentioned in section 3.3.3. This method stains with brown colour the necrotic and apoptotic 

cells. The results revealed no significant differences between the control and RT incubated 

organoids (Figure 3-6 A). Therefore, to confirm the results, quantification analysis of the 

brown-stained cells was performed, confirming that there were no significant differences 

between the two groups (Figure 3-6 B). These results suggest that storage of retinal organoids 

for 5 days at RT has no effects on the structure or the morphology of retinal organoids; instead, 

the morphology of organoids and the number of retinal cells were maintained.  
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Additionally, ultrastructural analysis of day 360 control and RT organoids was performed by 

TEM to identify differences between control and RT organoids. The TEM results revealed the 

presence of developing OS, inner segments (IS), outer limiting-like membrane (OLM), 

connecting cilia (CC), basal body (bb) and mitochondria (mt) in both conditions (Figure 3-6 

C), showing no differences between the two groups. In conclusion, these data suggest that 

retinal organoids can survive at RT for 5 days without affecting the structure or the morphology 

of organoids or the survival of retinal cells.  

Figure 3-6: Ultrastructural characteristics of WT4 day 360 retinal organoids after storage 

at RT. A) Bright-field images of apoptotic cells stained with dark brown colour, indicated by 

red arrows, in control (left image) and RT (right image) condition. Scale bars=50 μm. 10 

organoids were used and analysed per condition. B) Quantification analysis of apoptotic cells 

was performed, showing no significant differences between the two conditions (p= 0.8442). 

Data are shown as mean ± SEM. 10 images were quantified per condition. C) Ultrastructural 

analysis of recovered RT and control retinal organoids revealed the presence of outer segments 

(OS), inner segments (IS) connecting cilium (CC), basal body (bb), outer limiting membrane 

(OLM), and mitochondria (mt). 
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3.4.3. Transportation of organoids at RT conditions 

Following the successful storage of retinal organoids for 5 days at RT, we investigated whether 

retinal organoids could be shipped abroad in a controlled environment (Figure 3-7 A). 

Therefore, WT3 retinal organoids aged day 135 and 160 were delivered from our lab in 

Newcastle to London by car and then shipped to Frankfurt by air at ambient temperature, using 

temperature control to monitor the temperature of the environment. Following three days, the 

parcel returned back to the lab via the same route (Figure 3-7 B & C). Based on the temperature 

control that was used, records indicated temperature fluctuations between 23.8 and 18.8˚C 

(Figure 3-7 C). Upon arrival in our laboratory, the organoids were placed in the incubator for 

7 days to recover and then collected and compared to the control group, which was maintained 

in standard culture conditions (at 37°C with 5% CO2). 

 

Figure 3-7: Shipment of WT3 retinal organoids. A) Retinal organoids were covered with 

parafilm to prevent leakage and were further sealed with a plastic bag containing absorbent 

material and placed horizontally in a special container at RT. Temperature control was activated 

and placed inside the box according to the manufacturer’s instructions to record the temperature 

throughout the shipping. B) The parcel was delivered by car to London and then by plane to 

Frankfurt, Germany, at RT at normal CO2 levels (0.04%). After three days, the parcel returned 

back to the Biosciences Institute at Newcastle via the same route. C) The graph is a record of 

temperature changes during the shipping of the organoids. 

 

3.4.3.1. Comparison of control and shipped WT3 organoids at day 135 

To assess whether retinal organoids survived after shipping at ambient temperature, bright-field 

images of day 135 organoids were taken before and after shipment and after 7 days of recovery 

in the incubator. The overall structure and bright phase neuroepithelium of organoids were 
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maintained after shipping. Also, the bright phase edges, the structure, the colour, and the size 

of shipped organoids were retained 7 days post-recovery (Figure 3-8 A). To confirm that there 

were no differences in the thickness of the bright phase neuroepithelium between shipped and 

control organoids, quantification was performed as descripted in section 3.3.8. The results 

confirmed our previous observations, indicating no significant differences between day 135 

shipped and control organoids (Figure 3-8 B).  

 

Figure 3-8: Morphological characteristics of WT3 day 135 control and RT shipped retinal 

organoids before and after shipping. A) Bright-field images of day 135 hiPSCs-derived 

retinal organoids were captured on day -3 (representing the organoids before shipping), day 0 

(arrival of shipped organoids) and day 7 (representing the recovery period of the organoids in 

a humidified environment at 37 °C with 5% CO2). Scale bars=100 μm. B) The thickness of the 

bright phase neuroepithelium of day 135 RT shipped retinal organoids compared to control 

organoids. Data are shown as mean ± SEM. 10 organoids were used and analysed per condition. 

Statistical analysis was performed using Student’s unpaired t-test. No statistically significant 

differences were observed between the two groups, p=0.4104. 

 

The localisation and presence of retinal cells in day 135 shipped retinal organoids were assessed 

by IF analysis. To identify maturing retinal cells, a panel of retinal-related markers including 

Recoverin, HuC/D, SNCG, Rhodopsin, AP2α, ARL13B, Prox1, Vimentin and Sox9 were used. 

IF results revealed no significant differences in percentage and position of Recoverin positive 

PR cells between control and shipped organoids (Figure 3-9 A and B). Additionally, cells 

positive for HuC/D, a marker of amacrine and ganglion cells, were present in the centre of the 

retinal organoids in both conditions (Figure 3-9 A). Also, the presence of ganglion cells was 

detected by the SNCG marker in both conditions (Figure 3-9 A). Rod PR cells were identified 

by Rhodopsin at the apical layer of control and shipped retinal organoids. Horizontal and 

amacrine cells stained by Prox1 and AP2α respectively were observed in the middle layer or 

the organoids in both conditions (Figure 3-9 A). ARL13B was detected at the apical side above 
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PR cell nuclei in both control and shipped organoids, indicating the formation of connecting 

cilia (Figure 3-9 A). The presence of Müller glial cells was confirmed by Vimentin that stains 

the neurofilaments extended throughout the retina. Sox9 was used to detect the nucleus of 

Müller glial cells (Figure 3-9 A). Subsequently, quantification analysis of retinal markers was 

performed to assess whether the percentage of retinal cells in control and shipped organoids 

was similar. Quantification analysis confirmed that there were no significant differences 

between shipped and control organoids (Figure 3-9 B).  

Thereafter, the viability of hiPSCs derived shipped retinal organoids was evaluated by Tunel 

assay as mentioned in section 3.3.3, where the apoptotic and necrotic cells were detected by 

dark brown colour. Stained sections of control and shipped retinal organoids revealed no 

differences in the number of dead cells between the two groups (Figure 3-9 C). These 

observations were further confirmed by quantification analysis of brown-stained cells that 

indicated no significant differences between the two groups (Figure 3-9 D). These results 

suggest that day 135 retinal organoids can retain their structure and morphology following 

shipment at RT conditions. 
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Figure 3-9: Analysis of WT3 day 135 retinal organoids after shipment. A) Expression of 

retinal markers in both control and shipped retinal organoids revealed the presence of PRs 

(Recoverin, green), rod PRs (Rhodopsin, green), amacrine cells (AP2α, red), amacrine and 

ganglion cells (HuC/D, red), ganglion cells (SNCG), connecting cilium (ARL13B red), Müller 

cells (Vimentin – green, Sox9 – red) and horizontal cells (Prox1, green). Nuclei were 

counterstained with Hoechst (Hoe, blue). Scale bars=50 μm. B) Quantification graphs of 

Recoverin (p= 0.1120), AP2α (p= 0.7156), HuC/D (p= 0.5570), ARL13B (p= 0.2566), SNCG 

(p= 0.4259), Prox1 (p= 0.2329) and Rhodopsin (p= 0.5804) revealed no significant differences 

in the percentage of immunoreactive-positive cells between control and RT shipped organoids. 

Data are shown as mean ± SEM. 5 representative images per cell marker were quantified per 

condition. C) Bright-field images of apoptotic and necrotic cells were detected in control (left 

image) and shipped organoids (right image), stained with dark brown colour, indicated by red 

arrows. Scale bars=50 μm. 10 organoids were used and analysed per condition. D) No 

significant differences were observed between control and shipped organoids (p= 0.9355). Data 

are shown as mean ± SEM. 10 images were quantified per condition. 
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Thereafter, the physiological functionality of day 135 retinal organoids that were shipped and 

further placed in the incubator for another 45 days (day 180 of organoids’ differentiation) was 

assessed using multielectrode recordings. This experiment was carried out by Dr Birthe Dorgau, 

as mentioned in section 3.3.9. In both conditions, putative OFF retinal ganglion cells (RGCs) 

revealed a decrease in their spiking activity after white light pulses (WLP) (Figure 3-10 A), 

indicating no significant differences between the two groups (Figure 68 B; p= 0.77). In the same 

way, presumed ON RGCs, which increase their spiking activity when exposed to WLP showed 

no differences between both conditions (Figure 3-10 B; p= 0.18). Taken together, these results 

support that day 135 retinal organoids can retain their structure, morphology and function 

following shipment at RT conditions. 

 

Figure 3-10: Functionality of WT3 day 135 retinal organoids after shipping. A) Spike 

raster plots (top) and firing rate histogram (bottom) from putative OFF retinal ganglion cells 

(RGCs) of control and shipped day 135 organoids revealed that their spiking activity decreased 

after white light pulses (WLP).  Each row in the raster plot (y-axis) represents a different RGC, 

and each vertical bar represents a spike from the corresponding RGC. The red line illustrates 

the stimulus onset, whereas the left half before indicates the spontaneous activity before WLP 

exposure and the right half when exposed to WLP.  B) Box plot indicates the decreased firing 

rate (in%) of putative OFF RGCs (top) and ON RGC (bottom) in control and shipped at RT 

retinal organoids. In both cases, no significant differences were observed (Mann Whitney test; 

p= 0.77 for OFF RGCs and p= 0.18 for ON RGCs). The box plot shows the median (red line). 

 

3.4.3.2. Comparison of control and shipped WT3 organoids at day 160 

To identify whether retinal organoids at advanced differentiation stage would be affected by 

the shipment at RT conditions, day 160 retinal organoids were shipped to Germany, returned 

back in our lab 3 days after, and maintained in the incubator to recover for 7 days, as mentioned 

in section 3.3.2. To assess the morphology and neuroepithelium thickness of day 160 organoids, 

bright-field images were taken. The results indicated that the morphology and structure of 
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organoids were preserved after shipment. Also, the size and the colour of shipped organoids 

were retained after 7-days post-shipment, and the bright phase neuroepithelium was present 

(Figure 3-11 A). Therefore, quantifications analysis of the neuroepithelium thickness between 

control and shipped organoids was performed, indicating no significant differences between the 

two groups (Figure 3-11 B).  

 

Figure 3-11: Morphological characteristics of WT3 day 160 control and RT shipped 

retinal organoids after shipping. A) Bright-field images of day 160 hiPSCs-derived retinal 

organoids were captured on day -3 (representing the organoids before shipping), day 0 (arrival 

of shipped organoids), and day 7 (representing the recovery period of the organoids in a 

humidified environment at 37 °C with 5% CO2). Scale bars=100 μm. B) Measurement of 

neuroepithelial thickness of day 160 shipped and control organoids. Data are shown as mean ± 

SEM. 10 organoids were used and analysed per condition. The thickness of the neuroepithelium 

was measured in µm. Student’s unpaired t-test was performed to estimate differences in the 

thickness of the bright phase neuroepithelium between the control and RT organoids, indicating 

no significant differences between the two groups, p=0.1328. 

 

Therefore, IF analysis was performed to reveal the presence of retinal cells in day 160 shipped 

organoids. The results revealed the presence of Recoverin positive PR cells in the apical layer 

in both control and shipped organoids (Figure 3-12 A). Additionally, AP2α positive cells were 

found in the middle layer, indicating the presence of amacrine cells in both conditions (Figure 

3-12 A).  HuC/D and SNCG positive cells were detected in the basal layer of both control and 

shipped retinal organoids, revealing the presence of ganglion cells (Figure 3-12 A). A small 

percentage of Prox1 positive cells, indicating the presence of horizontal cells, was observed in 

both shipped and control organoids (Figure 3-12 A). Müller glial cells identified by Vimentin 

and Sox9 were also found to span the length of the control and shipped organoids (Figure 3-12 

A). ARL13B positive cilia were observed in the apical layer above PR nuclei in both groups, 
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suggesting the presence of connecting cilia and the beginning of OS formation (Figure 3-12 

A). The presence of rod PRs was assessed by Rhodopsin in the apical layer in both conditions 

(Figure 3-12 A). To confirm our observations, quantification analysis of retinal-related markers 

including Recoverin, HuC/D, Rhodopsin, SNCG, AP2α, Prox1, ARL13B, Vimentin and Sox9, 

was performed, indicating no significant differences in the percentage of positive cells between 

control and shipped retinal organoids (Figure 3-12 B).  

To detect the number of apoptotic and necrotic cells in control and shipped organoids, Tunel 

assay was used, as mentioned in section 3.3.3. The apoptotic and necrotic cells indicated by red 

arrows showed no significant differences between the two conditions (Figure 3-12 C). This 

was confirmed by quantification analysis of Tunel positive cells (Figure 3-12 D), suggesting 

that shipment of retinal organoids does not affect their structure or morphology.  
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Figure 3-12: Analysis of WT3 day 160 retinal organoids after shipment. A) Expression of 

retinal marker for PRs (Recoverin, green), amacrine cells (AP2α, red), amacrine and ganglion 

cells (HuC/D, red), ganglion cells (SNCG, green), connecting cilium (ARL13B red), Müller 

cells (Vimentin – green, Sox9 - red), Rod PRs (Rhodopsin, green) and horizontal cells (Prox1, 

green) in control and shipped organoids. Nuclei were counterstained with Hoechst (Hoe, blue). 

Scale bars=50 μm. B) Quantification of retinal marker protein expression for Recoverin (p= 

0.2648) AP2α (p= 0.4005), HuC/D (p= 0.1785), SNCG (p= 0.1594), ARL13B (p= 0.6913), 

Rhodopsin (p= 0.7023) and Prox1 (p= 0.1785) revealed no significant difference in the 

percentage of immunoreactive-positive cells between control and shipped organoids. Data are 

shown as mean ± SEM. 5 representative images per cell marker were quantified per condition. 

C) Bright-field images illustrate with red arrows the apoptotic and necrotic cells in control (left 

image) and shipped organoids (right image), stained with dark brown colour. Scale bars=50 

μm. 10 organoids were used and analysed per condition. D) No significant differences were 

observed between control and shipped day 160 organoids (p= 0.1888). Data are shown as mean 

± SEM. 10 images were quantified per condition. 
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Functional assays using multielectrode recordings was performed by Dr Birthe Dorgau at the 

collaborator’s lab (Prof. Evelyne Sernagor) as discussed in section 3.3.9, to assess the 

physiological function of shipped organoids in response to light stimulation. Following 20 days 

of incubation after shipping (day 180 of organoids’ differentiation), the shipped and control 

retinal organoids exhibited similar retinal ganglion cells responses. For example, presumed 

OFF centre RGC responses showed a reduction in their spiking activity in both conditions and 

putative ON centre RGC responses, which increased their spiking activity after light exposure 

(Figure 3-13 A). There were no significant differences between the control and the shipped 

group (OFF centre responses: p= 0.56, ON centre responses p= 0.86; Figure 3-13 B), which 

indicates that shipment of day 160 retinal organoids has no effect on their function. Overall, 

these data suggest that the structure, morphology or function of retinal organoids is not affected 

by short term storage or shipment. 

Thereafter, ultrastructural analysis of control and shipped organoids at day 160 was performed 

by TEM as mentioned in section 3.3.4. The results revealed the presence of organised PR-like 

ultrastructural features, including the PR OS, IS, connecting cilium (CC) and outer limiting 

membrane (OLM) residing in the apical layer of retinal organoids (Figure 3-13 C). In addition, 

basal body (bb) located at the base of connecting cilium and PR IS-rich in mitochondria were 

observed (Figure 3-13 C). These results confirmed the previous findings and indicated no 

ultrastructural differences between RT and control organoids. 
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Figure 3-13: Functionality and ultrastructural characteristics of WT3 day 160 retinal 

organoids after shipping. A) Spike raster plots (top) and firing rate histogram (bottom) from 

putative OFF RGCs of control and shipment group (day 160) showed a decreased spiking 

activity after white light pulses (WLP).  B)  Box plot revealed the decreased firing rate (in%) 

of putative OFF RGCs (top) and ON RGC (bottom) in control and RT condition. There were 

no significant differences between both conditions (Mann Whitney test; p= 0.56 for OFF RGCs 

and p= 0.86 for ON RGCs). The box plot shows the median (red line). (C) Ultrastructural 

analysis of day 160 retinal organoids revealed the presence of connecting cilium (CC), basal 

body (bb), outer segments (OS), PRs possessing inner segments (IS), outer limiting membrane 

(OLM) and mitochondria (mt) in both shipped and control organoids. 
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3.5. Discussion 

In the last decade, improvements in the generation of retinal organoids from hiPSCs have been 

reported in several key studies (Hallam et al., 2018a, Mellough et al., 2019b, Mellough et al., 

2019a, Zhong et al., 2014, Nakano et al., 2012), leading to the generation of 3D aggregates, 

which resemble the adult retina in terms of cell-type composition and layering and to some 

extent the electrophysiological function. However, the generation of organoids requires skills 

and expertise, which may not be available in every lab; thus, validation of most optimal 

transport conditions which maintain their structure and function is very important for ensuring 

worldwide applications in drug discovery and cell therapy-based studies. 

Shipment of retinal tissue should be performed as quickly as possible at optimal conditions to 

prevent sample damage. Temperature is a critical factor for the transportation of samples. 

Several studies have attempted to transport samples (either cryopreserved or live) at variable 

temperatures and reported the temperature's effects on samples' viability. Any changes in the 

temperature that can damage the tissue are costly and can delay the project for 3 to 6 months, 

which is the time needed to differentiate hiPSCs to mature retinal organoids. Additionally, 

delays in transportation can induce degeneration of the tissue affecting tissue viability. In 

addition, another critical factor that can influence tissue viability during transportation is the 

type of containers in which samples are transported. Although many studies have reported the 

shipping of frozen samples using dry ice, this method has many drawbacks, including the 

hazardous effects of dry ice and defrosting of samples in case of delays. Additionally, 

transportation of frozen samples requires thawing, which necessitates expertise to avoid 

degeneration of tissues due to apoptosis caused by mishandling of the samples. Therefore, other 

more convenient, low-cost, and fast methods have been used for transporting samples at long 

distances. Some studies have used special containers that control and maintain the environment 

at ambient temperature, preventing temperature fluctuations and thus minimising the risk of 

cell death or functional impairment of tissues. Importantly, maintaining the organoids at RT 

conditions facilitates a quick recovery period, enabling experiments and tests to be performed 

quicker, avoiding lost time, structural damage and toxicity effects associated with 

cryopreservation  (Jang et al., 2017). 

Recently, Singh and colleagues have reported the development of a new protocol for shipping 

retinal organoids at 37°C using a battery-driven portable shipping container. This study 

provides a new method to ship viable retinal tissue over long distances facilitating collaboration 

between research centres (Singh et al., 2020). However, shipment of retinal tissue at 37°C using 

a battery-driven portable shipping container to maintain the temperature could induce many 
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implications. Such containers may be heavy and therefore less cost-effective for shipping 

purposes. Also, battery failure during transportation may delay results for the next 5-7 months 

(Singh et al., 2020).    

In this study, to facilitate the widespread application of retinal organoids in multiple research 

centres for drug discovery and cell therapy-based studies, it is important to validate the most 

optimal transport conditions that will retain retinal organoids' structural and functional 

characteristics. This study investigated the impact of five-day storage and three-day shipment 

at RT on retinal organoids. A special container with a temperature tracker was used to observe 

whether the environment was maintained at ambient temperature, detecting temperature 

fluctuations throughout shipping. The results of this study indicated that retinal organoids 

generated from two different hiPSC lines retained their morphology at RT conditions following 

subsequent recovery period. Moreover, the study confirmed that shipment of retinal organoids 

at different developmental stages did not affect the structure, morphology, biological activity 

or physiological function, thus providing an optimal solution for increasing their applications 

to a large number of labs. These results were peer-reviewed and published (Georgiou et al., 

2020). Our findings provide an optimal and cost-effective solution for shipping viable hiPSCS-

derive retinal organoids worldwide, facilitating cross-collaboration between research centres 

and increasing their availability to many research and pharma labs globally.  

 

3.6. Conclusion 

In summary, our data indicated that shipment of retinal organoids at RT using a controlled 

environment container maintained their structural features and biological activity. Therefore, 

live shipment at RT can provide the method of choice to enable collaboration between 

laboratories. The organoid recovery time is short and the costs of transportation low, making 

this an optimal and cost-effective solution for broad application in research and cell-based 

therapies. This work was published in (Georgiou et al., 2020). 
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Chapter 4. Investigating the role of alternative splicing in autosomal 

dominant retinitis pigmentosa using a PRPF31 patient-specific hiPSC 

disease model 

4.1. Introduction 

Retinitis Pigmentosa (RP) is the most common among all inherited retinal disorders causing 

blindness, with an incidence of 1 in 4000 people and more than 1 million affected individuals 

worldwide (Hartong et al., 2006). The major pathological events in autosomal dominant RP 

(adRP) cases are the progressive degeneration of PRs and the loss of retinal pigmented 

epithelium (RPE) cells (McKie et al., 2001). Remodelling of the retina cells leads to gradual 

loss of peripheral cells and subsequently constriction of the visual field, causing partial or 

complete blindness, depending on the severity of the disease (Ferrari et al., 2011).  

The high heterogeneity seen in RP patients is associated with the diverse genetic defects related 

to the disease. In the early 90s, the identification of the first gene involved in adRP, known as 

Rhodopsin (RHO), was reported (Dryja et al., 1990). Since then, and every year, new genes 

associated with non-syndromic RP have been added to the list, with more than 80 genes 

identified up to date (Verbakel et al., 2018). Most causative genes are retina-specific, meaning 

that they have a distinct role and/or expression in the retinal and RPE cells (Ferrari et al., 2011). 

However, other genes, which are expressed in all cell types, have been associated with RP. 

These include pre-mRNA processing factors (PRPFs) such as PRPF3, PRPF8, PRPF31, PAP1 

and SNRN200 (Farkas et al., 2014). 

PRPFs are all components of the U4/U6.U5 tri-snRNP complex that constitute the spliceosome,  

a large macromolecular complex essential for the catalysis of pre-mRNA splicing (Utz et al., 

2013). Mutations in PRPFs constitute 15% of adRP cases and affect the spliceosome assembly, 

leading to mis-splicing of genes important for retinal function (Buskin et al., 2018). About 10% 

of adRP cases are caused by defects in PRPF31, an essential component for the assembly and 

stability of the tri-snRNP (Waseem et al., 2007). This type of RP is known as RP11. Mutations 

in PRPF31 have been shown to cause PR degeneration in animal models such as zebrafish and 

have been linked with RPE disorders causing retinal disease phenotype with no evidence of 

other symptoms (Yin et al., 2011). However, the mechanisms associating defects in splicing 

genes and retinal-specific phenotype are still unclear. A possible hypothesis is that defects in 

splicing factors affect all tissues; however, only retinal cells are affected due to their high 

demands for mRNA production. An alternative theory supports that splicing defects are 

associated only with retina-specific transcripts either due to the susceptibility of PR cells to 
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splicing stress during the renewal of OSs, or due to reduced splicing activity. This theory is 

associated with our previous findings which showed that mutations in PRPF31 are associated 

with retinal-specific spliceosome downregulation which contribute to retinal specific 

phenotypes (Buskin et al., 2018). 

Up to now, several animal and cellular models have been used to understand the effects of 

PRPF mutations in RPE and PR cells. A research study with PRPF31 mutations in zebrafish 

models reported the morphological changes in PR cells and diminished transcription of PR-

specific genes (Yin et al., 2011), suggesting that the defects in rod PRs are probably a result of 

the incorrect splicing and reduced transcription of retina-specific transcripts (Yin et al., 2011). 

Subsequent studies that used transgenic mice with mutations in PRPF3, PRPF8, and PRPF31 

indicated reduced phagocytic function of RPE cells (Farkas et al., 2014). These results are 

consistent with the findings from the Graziotto study (Graziotto et al., 2011), supporting that 

mutations in RNA splicing factors affect the RPE cells primarily (Farkas et al., 2014).  

Using hiPSC-derived retinal cells, Lako’s group previously reported the presence of large 

deposits in the basal side of RP11-RPE cells. Notably, patient-specific RPE cells (but not PR 

cells or non-retinal cells) were characterised by the presence of mutant PRPF31 protein, 

suggesting that RPE cells are the most affected cell types (Buskin et al., 2018). Recently, 

findings by Diaz-Corrales and colleagues have demonstrated the aggregation of mutant PRPF31 

protein in the cytoplasm of RPE cells in the Prpf31.A216P/+ mouse model (Valdés-Sánchez et al., 

2019) accompanied by the overexpression of HSPA4L chaperone (Valdés-Sánchez et al., 

2019). This study supports the hypothesis that chaperones are probably activated and recruited 

in the cytoplasmic aggregates to rescue the misfolded proteins by correcting and reassembling 

them (Valdés-Sánchez et al., 2019).  

Published evidence indicates that mammalian cells with PRPF3 mutations are characterised by 

less soluble proteins that are more prone to aggregation (Comitato et al., 2007). For example, 

mutations in PRPF3 affect the localisation of PRPF3 protein itself, leading to the aggregation 

of misfolded proteins, which trigger the apoptosis of PR cells (Comitato et al., 2007). 

Additionally, defects in the Rhodopsin gene, the most commonly affected gene causing RP, 

induce its accumulation and aggregation within the cell, prohibiting its translocation to the 

plasma membrane to form the visual pigment (Surgucheva et al., 2005). These aggregates are 

ubiquitinated and targeted for degradation by the proteasome (Illing et al., 2002). However, 

saturation of the proteolytic machinery enhances the accumulation of rhodopsin aggregates 

(Saliba et al., 2002). Nevertheless, the role of misfolded aggregates in disease pathogenesis and 

their association with PR cell death has not been fully understood. 
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Aggregation and accumulation of misfolded proteins is also a common feature of many multiple 

neurodegenerative diseases (NDs) such as Alzheimer disease (AD), Parkinson disease (PD), 

Amyotrophic Lateral Sclerosis (ALS), Macular Degeneration, and others (Hyttinen et al., 

2014). Aberrant accumulation of self-aggregating proteins intracellularly and extracellularly 

causes cellular toxicity due to the formation of insoluble non-native aggregates, which disrupt 

protein homeostasis and eventually lead to cellular dysfunction or cell death (Sweeney et al., 

2017). Although protein aggregates differ in protein composition, size and structure in distinct 

NDs, they share common cytotoxic effects and accumulate progressively over time (Soto and 

Pritzkow, 2018). 

An initial cellular response to misfolded proteins is the activation of molecular chaperone 

machinery which plays an important role in NDs. Under normal conditions, chaperones protect 

the cells by stabilising folding intermediates to prevent protein misfolding and aggregation. 

However, misfolded proteins that cannot reassemble correctly are ubiquitinated and targeted 

for degradation by the proteolytic degradation machinery. In the case where UPR malfunctions, 

an intrinsic apoptotic pathway is activated as a secondary response to degrade the accumulated 

proteins. However, dysregulation of autophagy often leads to protein aggregation diseases 

(Hyttinen et al., 2014).  

In this chapter, PRPF31 patient-specific RPE cells were utilised to better understand disease 

pathomechanisms. RP caused by PRPF31 mutations is classified as RP11, thus all patient cell 

lines for this chapter are named as RP11 followed by ‘S’ for Severe and ‘VS’ for Very Severe 

clinical phenotype.  
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4.2. Aims 

The aim of this chapter was to identify the disease mechanisms causing PRPF31-RP. The 

specific aims were: 

• Differentiate hiPSC from patients with PRPF31 mutations and unaffected controls to 

RPE cells. 

• Investigate the impact of PRPF31 mutations on the proteome of RPE cells using mass 

spectrometry. 

• Select key candidates and validate their expression and location using Western Blot and 

IF analysis. 

• Integrate the information to discover the mechanism of PRPF31-RP.  
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4.3. Materials and Methods 

4.3.1. Human cell lines 

All samples used in this study were obtained with informed consent according to the protocols 

approved by Yorkshire and the Humber Research Ethics Committee (REC ref. no. 03/362). 

PRPF31-hiPSC lines used in this study were derived from three patients with severe (RP11S1, 

RP11S3) and very severe (RP11VS) phenotypes as described in our earlier work (Buskin et al., 

2018). RP11VS and RP11S1 cell lines harbour the same PRPF31 mutation (c.1115_1125 

del11) but vary in the severity of the disease, and RP11S3 harbours a different mutation 

(c.522_527+10del). CRISPR/Cas9 corrected (Cas9-RP11VS) and unaffected cell line (WT1) 

were used as controls (Buskin et al., 2018). 

 

4.3.2. Culture of hiPSCs 

hiPSCs from patient cell lines harbouring PRPF31 mutation, control, and isogenic control cell 

lines were cultured on 6-well plates pre-coated with matrigel (Corning, 354230), using 

mTeSR™1 (StemCell Technologies, 05850) media supplemented with 1% 

penicillin/streptomycin (P/S) (Gibco, 15140). Media changes were performed on a daily basis. 

Every 4-5 days, when hiPSCs reached approximately 80% confluency, they were passaged 

using Versene (EDTA 0.02%) (Lonza, BE17-771E) solution for 3-5 minutes at 37°C. The 

hiPSCs were split at a ratio of 1:6 and transferred to a new matrigel coated plate. All cultures 

were maintained at 37°C, in a humidified environment, with 5% CO2. Freezing of the hiPSCs 

was performed using freezing media containing 90% Fetal Bovine Serum (Gibco, 10270), 10% 

Dimethyl Sulfoxide (DMSO) (Sigma D2650), and 10 µM ROCK inhibitor (Y-27632, Chemdea, 

CD0141). 

 

4.3.3. Directed RPE Differentiation  

Differentiation of hiPSCs to RPE cells was performed as described by Regent and colleagues 

(Regent et al., 2019). Briefly, control and patient-derived hiPSCs were cultured on Matrigel-

coated 6-well plates using mTeSR™1 media. When 80-95% confluency was reached, 

mTeSR™1 media was replaced with 2 ml of differentiation medium containing Dulbecco’s 

modified Eagle’s medium (high glucose, Thermo Fisher Scientific) supplemented with 55 µM 

β-mercaptoethanol, 1% minimum essential medium–nonessential amino acids (MEM-NEA, 

Thermo Fisher Scientific), and 20% of knockout serum replacement (KOSR). The day of 
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adding the differentiation media in the cells was defined as ‘day 0’ of differentiation (Figure 

4-1). The basal differentiation medium was supplemented with additional small molecules at 

specific time points. Between day 0-7, cells were supplemented with 10 mM of Nicotinamide 

(Sigma) (Figure 4-1). Subsequently, from day 7 to day 14, Nicotinamide was replaced with 

100 ng/ml Activin A. Thereafter, Nicotinamide was substituted with 3 μM CHIR99021 (Sigma, 

SML1046) from day 14 to 42 (Figure 4-1). From day 42 onwards until harvesting of the RPE 

patches, the cells were fed three times a week with a differentiation medium containing DMEM 

(High Glucose), 50 μM β-mercaptoethanol, 1 x MEM NEAA and 4% KOS. RPE patches were 

mechanically collected between day 90 and 120 using a scalpel. The collected RPE patches 

were dissociated in TrypLE (10×) (Invitrogen, USA) for 20 minutes at 37°C. The RPE cells 

were sieved using a 40 µm cell strainer and re-plated at 1.5 × 105 and 150.000 cells on 12-well 

plates or on 24-well transwell inserts (GreinerBioOne, 662641), respectively. Half-medium 

changes were performed 3 times a week until RPE cells became confluent and formed a 

pigmented monolayer. 

 

Figure 4-1: Differentiation of hiPSCs to RPE cells.  

 

4.3.4. Assessment of RPE maturity 

4.3.4.1. Pigmentation and Cellular morphology 

Maturation of RPE cells has been evaluated based on qualitative criteria, such as cellular 

morphology and pigmentation (Al-Ani et al., 2020), and quantitative methods, such as 

transepithelial resistance (TER). 

 

4.3.4.2. Measurement of transepithelial resistance (TER) 

TER is a measurement of RPE maturity, measuring the transepithelial resistance or barrier 

function of RPE cells. The TER values were measured from 24 transwell inserts using a 

Millicell ERS-2 Voltohmmeter (Millipore, MERS00002), which contains two electrodes, a 

short electrode and a long electrode. Before measuring the resistance in transwells containing 
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RPE cells, the resistance of a blank TW containing PBS (Gibco, 14190) was measured by 

inserting the tip of the short electrode in the inner side of the transwell insert, and the tip of the 

longer electrode in the outer side of the transwell insert. Three measurements were obtained 

from each transwell insert. After that, the readings from the blank transwells were subtracted 

from the readings obtained from transwells containing RPE cells. Based on the formula Unit 

area resistance = Resistance (Ω) x Effective Membrane Area (cm2), the results were multiplied 

by 0.3, which is the membrane area of a transwell, and final values were given in ohms (Ω). 

TER measurements were performed one day after feeding the RPE cells to avoid variability in 

the TER readings.   

 

4.3.5. Protein extraction 

RPE cells from wild type hiPSCs, patient-specific RP11-hiPSCs (RP11S1, RP11VS, RP11S3) 

and CRISPR/Cas9 isogeneic control (Cas9-RP11VS) were plated on 12-well plates until they 

were fully confluent and pigmented before their collection. RPE cells from all the cells lines 

were collected at passage 3 for consistency. For the collection, RPE cells were washed with 

PBS and then were collected using a cell scraper. The cells were centrifuged at 1000 x g for 3 

minutes and processed immediately. RPE cells were incubated with a lysis buffer (40 mM 

HEPES-NaOH, 150 mM NaCl, 0.5 mM DTT, 1% Triton X-100, 1 PhosStop tablet (phosphatase 

inhibitor) per 10 ml, 1 complete ULTRA tablet (EDTA-free protease inhibitor)), for 20 minutes 

on ice. Following centrifugation at 1000 x g for 20 minutes at 4⁰C, the supernatant was collected 

and transferred to a fresh Eppendorf tube which was processed immediately or stored at -80 ⁰C.  

 

4.3.6. Isolation of insoluble fractions in RPE cells 

RPE cells from control and RP11 patients were washed with PBS and collected using a cell 

scraper. Cell pellets were lysed using lysis buffer containing 10 mM Tris-HCL (Sigma, 1185-

53-1), pH 7.5, 5 mM EDTA, 1% NP-40 (Sigma, 127087-87-0), 0.5% deoxycholate, 150 mM 

NaCl (Sigma, 7647-14-5) and 1 complete ULTRA tablet (EDTA – free protease inhibitor) 

(Sigma, 06 538 282 001). The lysates were incubated on ice for 15 minutes, followed by 

vortexing at 4˚C for 15 minutes. Thereafter, the lysates were sonicated for three 5-seconds 

intervals to prevent heating of the samples. Following centrifugation for 15 minutes at 13,000 

x g, the supernatant was transferred in a fresh tube and labelled as the soluble fraction. The 

remaining pellets were mixed with 20 µl of a lysis buffer (60 mM Tris-HCL (Sigma, 
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10812846001) pH 7,2% SDS and 2.5% 2-Mercaptoethanol (Sigma, 60-24-2), and sonicated on 

ice for 15 minutes with 2-second intervals. The samples were centrifuged at 16,000 x g for 20 

minutes at 4˚C, and the collected supernatant was labelled as the insoluble fraction.  

 

4.3.7. Quantification of protein concentration 

Protein quantification of RPE lysates was performed using a Pierce BCA assay kit (Pierce, 

ThermoFisher Scientific) following the manufacturer’s instructions. Following 30 minutes of 

incubation at 37⁰C, colourimetric readings were recorded by measuring absorbance at 562 nm 

using a Varioskan LUX multimode Microplate reader (ThermoFisher Scientific). A linear 

standard curve to estimate protein concentration was performed based on the colourimetric 

readings of the standards used. 

 

4.3.8. Protein separation by gel electrophoresis 

Following protein quantification, protein samples were reduced and denatured using a loading 

buffer containing 4x lithium dodecyl sulphate (LDS) sample buffer, reducing agents (NuPAGE, 

ThermoFisher Scientific) and distilled H2O, followed by heating of the samples for 5 minutes 

at 95°C. Subsequently, the samples were cooled on ice for 10 minutes. Protein separation was 

performed by loading 20 µl of the protein mixture onto each well of the polyacrylamide gel 

electrophoresis (NuPAGE, 4 to 12% Bis-Tris 1.0-mm mini gel, NP0322BOX, ThermoFisher 

Scientific), which was inserted in an electrophoresis chamber. Alongside with protein samples, 

5 µl of a molecular weight protein marker (26619, PageRuler Plus prestained protein ladder 

250µl, ThermoFisher Scientific) was loaded. Running buffer, either MOPS (3-(N-

morpholino)propanesulfonic acid) for high molecular weight proteins, or MES (2-(N-

morpholino)ethanesulfonic acid), for low molecular weight proteins, were used to run the gels. 

Gels were run at 200 V until proteins were fully separated. 

 

4.3.9. Western Blotting 

Following separation of the proteins by SDS-PAGE, proteins were transferred into a 

polyvinylidene difluoride (PVDF) membrane using an iBlot2 system (IB24002, ThermoFisher 

Scientific). The transfer was performed by inserting the gel containing the resolved proteins 

between two stacks of a copper-coated electrode and on top of the pre-activated PVDF transfer 
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membrane. The transfer was performed at 200 V for 7 minutes. The PVDF membranes were 

stained by Ponceau S (Sigma-Aldrich) for approximately 3 minutes followed by three 5 minutes 

washes with distilled H2O and were then exposed to a photographic film to detect whether the 

transfer of the proteins was successful. Ponceau staining was washed using tris-buffered saline 

(TBS) solution substituted with 0.05% Tween (TBS-T). The PVDF membranes were blocked 

with 5% non-fat milk in TBS-T for one hour at RT. Thereafter, the membranes were incubated 

overnight at 4°C with primary antibodies (Table 4-1) in 5% milk with TBS-T. Following 

washes of the membranes with TBS-T three times for 5 minutes each, the membranes were 

incubated with the appropriate HRP-conjugated secondary antibodies (Table 4-2) for 1 hour at 

RT. Thereafter, the membranes were washed three times with TBS-T for 5 minutes each. 

Protein bands were detected using SuperSignal West Pico PLUS Chemiluminescent Substrate 

(ThermoFisher, 34578), and the signal was developed using Amersham Imager 600, where 

bands were visualised and analysed (Figure 4-2). 

 

4.3.10. Immunofluorescence (IF) analysis of RPE cells  

hiPSC-derived RPE cells grown on 24-well PET hanging cell culture inserts (Merck) (pore size 

0.4 μm) were fixed with 4% paraformaldehyde (PFA) (Sigma, 47608) for 20 minutes at RT. 

Before blocking, the pigmentation of RPE cells was removed using Melanin Bleach Kit 

(Polysciences), followed by 3 washes with PBS. RPE cells were blocked for 1 hour at RT in 

PBS supplemented with 10% donkey serum and 0.3% Triton-X100 (Sigma, T8787) to 

permeabilise the cells.  For p62 and LC3, methanol fixation was used instead, and no bleaching 

prior to immunostaining was carried out. The RPE cells were incubated with primary antibodies 

(Table 4-1) overnight at 4°C. Following three washes with PBS, RPE cells were incubated with 

secondary antibodies (Table 4-2) diluted in antibody dilution buffer (PBS, 1% donkey serum, 

and 0.1% Triton X-100) and stored overnight at 4°C. Nuclei were stained with Hoechst (Life 

Technologies, UK). Then, RPE cells were mounted with Vectashield and sealed with a 

coverslip. The RPE cells were stored at 4°C until microscopic analysis using the Axio Imager 

upright microscope. 

 

4.3.11. Image acquisition and analysis 

Fluorescent images of RPE cells were captured using the Axio Imager upright microscope with 

Apotome structured illumination fluorescence (Zeiss, Germany). Fluorescent filters were used 

to cover multiple dyes such as Hoechst, FITC, Alexa 488, Alexa 546 and Alexa 647. Using 20x 
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objective, 40x and 63x oil objectives, hiPSC-derived RPE cells were analyzed. Approximately 

five to six representative images were taken per condition for each sample. Images were 

presented as a MIP, and brightness and contrast were adjusted using Adobe Photoshop (Adobe 

Systems). 

 

Table 4-1: List of primary antibodies 

Antibody Host Source Cat. No. Dilution 

ACTB Mouse Santa Cruz Biotechnology sc-47778 WB: 1:500 

ATG5 Rabbit Sigma-Aldrich A0856 WB: 1:500 

Beclin 1 Rabbit Abcame ab210498 WB: 1:500 

Caspase-3 Rabbit Cell Signaling Technology 9661S IF: 1:400 

FK1 Mouse Enzo Life Sciences PW8805 IF: 1:500 

WB: 1:500 

Fus Rabbit Proteintech 11570-1-AP IF: 1:50 

WB: 1:500 

GAPDH Mouse Santa Cruz Biotechnology sc-47724 WB: 1:500 

HSPA2 Mouse Antibodies-online GmbH ABIN561382 IF: 1:100 

WB: 1:500 

HSPA4L Rabbit Novus Biologicals NBP2-48700 IF: 1:250 

WB: 1:500 

HSPB1 Mouse Insight Biotechnology OASG03654 IF: 1:250 

WB: 1:500 

LC3B Rabbit Cell Signaling Technology 3868S IF: 1:500 

WB: 1:500 

MAP1LC3B Rabbit Cell Signaling Technology 3868S IF: 1:200 

WB: 1:500 

p62 Mouse BD Biosciences 610832 IF: 1:200 

WB: 1:500 

PRPF31 Goat Sigma SAB2500828 IF: 1:250 

WB: 1:500 

p-S6 

(Ser235/236) 

Rabbit Cell Signaling Technology 4858S WB: 1:500 

20S proteasome 

α/β subunits 

Rabbit Enzo Life Sciences BML-

PW8155-0025 

WB: 1:1000 

RLBP1 Mouse Abcam ab15051 IF: 1:100 

WB: 1:500 

S6 Rabbit Cell Signaling Technology 2217S WB: 1:1000 

ZO1 Goat St John's Laboratory STJ140055 IF: 1:50 

ZO1 Rabbit Invitrogen 61-7300 IF: 1:50 

ZO1 Mouse Thermo Scientific  33-9100 IF: 1:50 
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Table 4-2: List of secondary antibodies 

 

 

 

 

 

 

 

 

4.3.12.  Proteasome Activity Assay 

RPE cells from control and patient cell lines were washed with PBS and collected using a cell 

scraper. Pellets were resuspended in lysis buffer containing 0.5% NP-40 supplemented in 

distilled H2O and incubated on ice for 30 minutes, followed by centrifugation at 13,000 x g for 

20 minutes at 4°C. To measure the protein concentration, the supernatant was collected and 

analysed by Pierce BCA Protein Assay kit (Pierce, ThermoFisher Scientific). Proteasome 

substrate Bz‐VGR‐AMC (BW9375, Biomol International) was used to measure the trypsin-

like activity of the proteasome. As a control, a proteasome inhibitor, MG132, was used. The 

trypsin-like activity was measured at excitation/emission wavelength of 360 nm/460 nm, 

respectively, using a Varioskan LUX multimode Microplate reader (Figure 4-2) (ThermoFisher 

Scientific). 

 

4.3.13. Transmission electron microscopy (TEM) 

Transwell inserts of RPE cells were washed with PBS and then fixed with 2% glutaraldehyde 

in 0.1 M sodium cacodylate buffer. The samples were processed at the Newcastle University 

electron microscopy facility, where they were further fixed in 1% osmium tetroxide, dehydrated 

in gradient acetone, and embedded in epoxy resin. Sections of 70 nm thickness were picked up 

on coper grids, stained with uranyl acetate and lead citrate and imaged using a Philips CM100 

transmission electron microscope with high-resolution digital image capture (Figure 4-2).

Antibody Source Cat. No. Dilution 

Donkey anti-Goat Alexa 488  Life Technologies A11055 1:800  

Donkey anti-Goat Alexa 647 ThermoFisher  A21447  1:800 

Donkey anti -Mouse FITC Jackson ImmunoResearch 715-095-151-JIR 1:800  

Donkey anti-Mouse Alexa 488 Life Technologies A21202 1:800 

Donkey anti-Rabbit Alexa 546 Life Technologies A10040 1:800 

Donkey anti-Mouse Alexa 488 Life Technologies A21202 1:800 

Donkey anti-Rabbit Alexa 546 Life Technologies A10040 1:800 

Polyclonal Swine Anti-Rabbit 

Immunoglobulins/HRP, 

Agilent Dako P0399 1:2000 

Rabbit Anti-Mouse 

Immunoglobulins/HRP 

Agilent Dako P0260 1:2000 

Polyclonal Rabbit Anti-Goat 

Immunoglobulins/HRP 

Agilent Dako P0449 1:2000 
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4.3.14. Phagocytosis assay to assess functionality of RPE cells 

Bovine rod POSs (InVisionBioResources, 98740) were centrifuged at 2600 × g for 4 minutes, 

and the pellet was resuspended with 0.4 mg/ml FITC (Sigma, F7250) for 1 hour at RT followed 

by agitation in the dark. Following centrifugation at 2600 × g for 4 minutes and washing of the 

POSs three times with PBS (Gibco, 14190), POSs were resuspended in AdRPMI 1640 (12633, 

Gibco) media supplemented with B-27 Supplement (Gibco, 17504) and FBS (Gibco, 10270). 

The staining of POSs was confirmed under a Bioscience Axiovert microscope. RPE cells were 

treated with unlabeled and FITC-labelled POSs (20 POSs per cell) and incubated for 4 hours at 

37°C. However, as a control, RPE cells were treated with FITC-labeled POSs but were 

incubated at 4°C for 4 hours. Both control and RP11-RPE cells were washed with PBS and 

were detached from the wells using 200 μl of TrypLE Express (Gibco, 12604013) for 15 

minutes. Then, control and RP11-RPE cells were resuspended in flow buffer (PBS with 2% 

FBS) and were transferred into Eppendorf tubes followed by centrifugation at 300 × g. To 

distinguish cells from debris and unbound POSs, RPE cells were incubated with 5 mM DRAQ5 

(Biostatus, DR50200; 1:200) for 5 minutes. Also, to quench fluorescence from unbound POSs, 

cells were incubated with 0.2% trypan blue solution (Sigma, T8154) for 10 minutes. RPE cells 

were washed 3 times with PBS, and cell pellets were resuspended in flow buffer. Samples were 

run on a LSRII flow cytometer, and 10,000 events were collected per sample. Results were 

analyzed using FacsDiva software (Figure 4-2). 

 

4.3.15. Evaluation of cytoplasmic aggregates in RP11 and control RPE cells after feeding 

with POSs. 

Monolayers of control and RP11-RPE cells were cooled for 30 minutes at 17°C and were 

incubated with unlabeled POSs or FITC-labelled POSs (20 POSs /cells) for another 30 minutes 

at 17°C. Cooling at 17°C was performed to maximize the binding of POSs in RPE cells. Then, 

media and unbound POSs were aspirated and replaced with fresh warmed media. RPE cells 

were kept in a humidified incubator at 37°C with 5% CO2. RPE cells were collected at 0, 48, 

96 and 144 hours post-POSs feeding. The RPE cells were washed with PBS twice and then 

fixed with 4% PFA before immunofluorescence analysis. 
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4.3.16. Drug treatments 

RPE cells were treated with Rapamycin, Trehalose, Arimoclomol, Salubrinal and STF-083010, 

of which final concentrations were prepared using the appropriate diluent (Table 4-3). RPE 

cells were treated for 7-days with daily media changes containing freshly added drugs. The drug 

concentrations were adopted from previous published studies (Table 4-3).  

 

Table 4-3: Drug treatments of RPE cells. 

Drug Final 

Concentration 

Drug concentrations 

adopted from the 

following studies 

Diluent Company Cat. number 

Rapamycin 500 nM (Cerniauskas et al., 

2020) 

DMSO InvivoGen 53123-88-9 

Trehalose 50 mM (Abokyi et al., 2020) diH2O Sigma Aldrich 90210 

Arimoclomol 1 µM (Parfitt et al., 2014) DMSO Carbosynth FA159627 

Salubrinal 25 µM (Matsuoka and 

Komoike, 2015) 

DMSO Sigma Aldrich SML0951-

5MG 

STF-083010 50 µM (Barez et al., 2020) DMSO Sigma Aldrich SML0409-

5MG 

 

4.3.17. Statistical analysis 

Statistical analysis was performed using Prism (GraphPad, USA). Comparisons between 

variables and statistical significance between groups were performed using ANOVA or Two-

tailed Student’s t-test. Error bars represent the standard error of the mean (± SEM) unless 

indicated otherwise. Statistical significance was established as indicated by asterisks *P< 0.05, 

**P<0.01, *** P<0.001, and **** P<0.0001.  

 

4.3.18. Proteomic analysis 

To prepare cell lysates, 1 million RPE cells per cell line were used according to the protocol 

described from Pierce Mass Spec Sample Prep Kit (Thermo Scientific). Protein samples from 

each cell line were digested using trypsin overnight at 37 °C, following sonication of the lysates 

using Covaris S220 ultrasonicator (Covaris). Using the Pierce BCA protein assay kit, protein 

concentration was measured, and 100 µg of the total proteins from patient and control cell lines 

were labelled with tandem mass tag (TMT)-isotopes using TMTduplex Isobaric Mass Tagging 
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Kit (Thermo Scientific). Analysis of the labelled peptides was performed in triplicates using an 

Orbitrap Fusion or a Q Exactive HF-X mass spectrometer. On the orbitrap fusion, from a survey 

MS1 scan the most intense precursors in the m-z range of 400-1200 Th, with 2-7 charge state 

were selected for MS2 fragmentation. Then from MS2 scan, up to 10 top resulting fragments 

were collected for MS3 subsequent analysis, which was performed using HCD fragmentation 

and detected in orbitrap with 30.000 resolution. However, for samples measured on the Q 

Exactive HF-X, the 20 most intense precursors in the m/z range of 350–1600 Th were selected 

for MS2 fragmentation. MS2 spectra were acquired in Orbitrap with a resolution of 15,000. 

This work was performed by our collaborator Dr Sina Mozzafari-Jovin (Max-Planck Institute 

of Biophysical Chemistry, Göttingen, Germany). 

 

4.3.19. TMT labelling for mass spectrometry 

Total cell lysates were prepared from RP11 and control RPE cells using Pierce Mass Spec 

Sample Prep Kit (Thermo Scientific) (Figure 4-2). Lysates were diluted and sonicated. Protein 

concentrations were determined using the Pierce BCA protein assay kit (Thermo Scientific), 

and 100 μg of the total proteins from each cell line were labelled with 6-plex isobaric tandem 

mass tag (TMT6) reagents (Thermo Scientific) following the manufacturer’s instruction. To 

this end, samples were reduced by the addition of tris(2-carboxyethyl)phosphine, alkylated with 

iodoacetamide and acetone precipitated. Protein pellets were resuspended in 50 mM triethyl 

ammonium bicarbonate (TEAB) buffer and were digested with trypsin overnight at 37°C. 

Patient  RPE cell lines, RP11S1, RP11VS, RP11S3, were labelled with TMT6-127, TMT6-128 

and TMT6-129 reagents, respectively, and control WT1 samples were labelled with TMT6-126 

reagent. Proteomics data from RP11VS and Cas9-RP11VS RPE cells obtained in our early 

study were also included for analysis (Buskin et al., 2018). Reactions were quenched by 5% 

hydroxylamine for 15 minutes. Fifty micrograms of TMT-labelled peptides from RP11 and 

control cells were combined and cleaned up using C18 spin columns (Harvard Apparatus), dried 

by SpeedVac (Eppendorf) and subjected to peptide pre-fractionation using high-pH reversed-

phase chromatography. After constituting the dried, TMT-labelled peptides in 100 μl buffer A 

(10 mM NH4OH), fifty microliters of peptide mixtures were injected into an XBridge BEH 

C18 HPLC column (150mm × 1 mm ID, 3.5 μm; Waters) and separated in 80 fractions using a 

gradient of buffer B (10 mM NH4OH, 80% acetonitrile) over 90 min. Collected fractions were 

combined into 20 fractions, dried and resuspended in 20 μl of 0.1% trifluoroacetic acid (TFA) 

for mass spectrometry analysis. This work was performed by our collaborator Dr Sina 

Mozzafari-Jovin. 
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4.3.20. LC/MS/MS analysis 

Peptides in each fraction were analysed in three replicates using either an Orbitrap Fusion or a 

Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific), both coupled with an UltiMate 

3000 RSLCnano HPLC system (Thermo Fisher Scientific), as previously described (Buskin et 

al., 2018). This work was performed by our collaborator Dr Sina Mozzafari-Jovin. 

 

4.3.21. Data processing  

MS/MS spectra were searched against a Swiss-Prot human database containing 20,341 

reviewed protein entries using Mascot algorithm (Matrix Science) via Proteome Discoverer 2.2 

(PD, Thermo Fisher Scientific) and were processed as previously described (Buskin et al., 

2018). At least two quantifiable unique peptides in each replicate were required for protein 

quantification. Protein ratios were log-transformed and then median normalised in Perseus. 

These data were combined with our previous proteomic data from RP11VS and its Cas9-

corrected isogenic control (Buskin et al., 2018). The reported RP11/control ratios are the 

average of at least two replicates. To identify the differentially expressed (DE) proteins, those 

proteins with mean a log2 fold change (LFC) less than −0.5 or greater than +0.5 were defined 

as regulated. Gene Ontology (GO) enrichment analyses were carried out by Metascape (p-value 

cut-off 0.02) (Zhou et al., 2019) or by the Perseus software version 1.6.2.2 with a Benjamin–

Hochberg FDR 2% (Tyanova et al., 2016). 
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Figure 4-2: Schematic summary of the procedure from collection to analysis of RPE cells. Following differentiation, RPE patches were manually 

collected and plated in a 12-well plate. After passage 2, RPE cells were passaged either in 12-well plates or 24-well transwell inserts. A) RPE cells were 

collected using a cell scraper, transferred in Eppendorf tubes and centrifuged. RPE pellets were used for Western blot analysis or were used for proteomic 

analysis. B) RPE cells on 24 trans-wells were used for IF analysis after being fixed with 4% PFA. Staining was performed using the appropriate 

antibodies. The RPE sections were imaged using Axio Imager upright microscope, and analysis was performed using Zeiss Zen blue software and Adobe 

Photoshop (Adobe Systems). RPE cells were fed with FITC-labelled POSs to assess the phagocytosis activity of RPE cells. RPE transwell inserts were 

used for the proteasome assay as well as for the TEM analysis, which was performed after fixation of RPE cells with 2% glutaraldehyde.  
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4.4. Results 

4.4.1. Derivation and characterization of hiPSCs from PRPF31 patients 

 The generation and characterisation of patient and controls hiPSCs was reported in our 

previous publication (Buskin et al., 2018). Clinical data on all RP11 patients for this study are 

summarised in Table 4-4. 

 

Table 4-4: Information of clinical data from Control and PRPF31 patients (Buskin et al., 

2018). 

Case 

No. 

Sample 

No. 

Lab 

ID. 

Age  

(biopsy) 

Age 

(onset of 

symptoms) 

Sex Type Genotype Phenotype 

Control WT1 AD2 51 - M - - Unaffected [Lonza, CC-2511] 

1 RP11S1 F116 69 10 F PRPF31 c.1115_1125 

del11 

Severe - Presented with night 

blindness aged 10yrs old with 

decreased central vision by 

30yrs. Cataract requiring 

surgery in 50s. Current visual 

acuity 6/60 and 6/24. Bilateral 

extensive bone spicular fundal 

pigmentation, attenuated 

arterioles and pale optic discs 

with small, preserved islands of 

RPE in macula. 

2 RP11VS F119 45 10 M PRPF31 c.1115_1125 

del11 

Very Severe - Presented with 

night blindness aged 10yrs old 

with decreased central vision 

by 30yrs.  Also has right optic 

nerve hypoplasia. Current 

visual acuity - No perception of 

light right eye and 6/18 left. 

Bilateral extensive bone 

spicular fundal pigmentation, 

attenuated arterioles and pale 

optic discs and visual field 

restricted to around 5 degrees 

from fixation. 

3 RP11S3 F150 50 15 F PRPF31 c.522_527+10del Severe – Presented with night 

blindness aged 15yrs old with 

decreased central vision by 

30yrs. Current visual acuities 

6/18 and 6/36 with a refraction 

of -2 and bilateral posterior 

subcapsular cataracts. Bilateral 

extensive bone spicular fundal 

pigmentation, attenuated 

arterioles and pale optic discs. 
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4.4.2. Differentiation of hiPSCs into Retinal Pigmented Epithelium Cells 

Differentiation of control and RP11-RPE cells was performed as described in section 4.3.3. The 

differentiation of RPE cells was variable among all the cell lines concerning the size, the 

number and the morphology of the patches. RPE patches derived from RP11VS-Cas9 and 

RP11VS hiPSCs were small in size and rare, whereas patches derived from WT1, RP11S1 and, 

RP11S3 hiPSCs were larger in size (Figure 4-3 A). Although hiPSC-derived RP11S1 and 

RP11S3 RPE cells generated multiple patches, differences in the morphology of the patches 

were observed. RP11S1 hiPSC-derived RPE patches were expanded into irregular shapes with 

darker edges and brighter interiors. However, hiPSC-derived RP11S3 RPE patches were 

spherical. A similar shape was observed in the patches derived from WT1, although WT1 

patches were darker (Figure 4-3 A). Despite the differences in size, number and morphology 

of the RPE patches observed during the differentiation, RPE cells from all cell lines were 

characterised with brown pigmentation and hexagonal shape after been seeded for 12 weeks 

into 12-well transwell inserts (Figure 4-3 B). 
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Figure 4-3: Representative images of RPE differentiation from control and PRPF31- 

hiPSCs. A) The images were scanned from 6-well plates at day 30, 60, 90 and day 120 of 

differentiation of control (WT1), isogenic control (Cas9-RP11VS), and patient (RP11VS, 

RP11S1, and RP11S3) cell lines. B) Control and patient RPE cells at 12 weeks of post-plating 

in 24-well transwell inserts. Representative images from 5 independent experiments. 
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4.4.3. Expression of PRPF31 in control and RP11-RPE cells 

In the earlier study from our group, a decreased PRPF31 expression and the presence of long 

mutant form of PRPF31 was detected only in RP11-RPE cells (Buskin et al., 2018). To assess 

the localisation of PRPF31 in detail, immunofluorescence analysis in three RP11-RPE cells 

(RP11VS, RP11S1, and RP11S3) harbouring either the PRPF31 c.1115_1125del11 or the 

PRPF31 c.522_527+10del heterozygous mutation was performed using an antibody against the 

N-terminus of PRPF31 that detects both the WT and PRPF31 isoforms. Clear differences were 

observed with PRPF31 being localised in the nucleus of control RPE cells and predominantly 

in the cytoplasm of RP11-RPE cells (Figure 4-4 A). Additionally, the tight junctions stained 

with ZO1 antibody were disrupted in RP11-RPE cells compared to the control cells (Figure 

4-4 A). These results corroborate previous observations from a study showing that tight junction 

and adherens junctions were associated with protein modifications in the retina of an animal 

model of autosomal dominant RP (adRP) (Campbell et al., 2006).  

To distinguish localisation of PRPF31 variants in soluble and insoluble fractions, a Western 

blot of the two fractions was performed as described in sections 4.3.6 and 4.3.9, revealing a 

dramatic decrease in the amount of PRPF31 in the soluble fraction of RP11-RPE compared to 

control cells (Figure 4-4 B). Notably, whilst the wild type PRPF31 protein could be detected 

in the insoluble fraction of both control and RP11 RPE cells, the long mutant isoform was only 

detected in the insoluble fraction of RP11-RPE (Figure 4-4 B). Together our data suggest that 

a significant fraction of cytoplasmic aggregates in RP11-RPE is composed of the mutant 

PRPF31.  
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Figure 4-4: Assessment of PRPF31 localisation in RPE cells from control, patient-specific 

RP11-RPE and CRISPR/Cas9 isogeneic control. A) Control and RP11-RPE cells were 

immunostained with an anti-PRPF31 N terminus (green) and ZO1 (red) antibodies. Cell nuclei 

(blue) were stained with Hoechst. Immunofluorescence analysis showing localisation of 

PRPF31 protein mainly in the nucleus of WT1 and RP11VS-Cas9 RPE cells in speckle-like 

structures and predominantly in the cytoplasm in an aggregate-like pattern in RP11-RPE cells. 

Scale bars=20 µm. B) Western blot showing the expression of WT and mutant PRPF31 protein 

in the soluble and insoluble fractions of RP11VS-Cas9 and RP11VS RPE cells with anti-

PRPF31 N terminal antibody. GAPDH was used as a loading control. Representative images 

from three independent experiments. LM= Long Mutant, WT= Wild Type.  
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4.4.4. Proteomic analysis 

4.4.4.1. Differential Protein expression in RP11-RPE cells compared to unaffected control 

and isogenic control RPE cells 

To assess changes in protein abundance between control and RP11-RPE cells, quantitative 

proteomic analysis using Tandem Mass Tag (TMT)-labelling and Mass spectroscopy was 

performed (as mentioned in sections 4.3.18 and 4.3.19) by our collaborators, Professor 

Reinhard Luhrman and Dr Sina Mozzafari-Jovin (Goettingen, Germany). Quantitative 

proteomics analysis of RPE cells derived from control (WT1, Cas9-RP11VS) and RP11 patients 

(RP11S1, RP11S2, RP11VS) identified a total of 5310 proteins, of which 1304 proteins were 

differentially expressed (Georgiou et al., 2021). These data were published in BioArchive in 

this link, https://www.biorxiv.org/content/10.1101/2021.10.11.463925v1 (Supplementary 

Table 2).  

Thereafter, differentially abundant proteins in RP11-hiPSCs derived RPE cells revealed from 

mass spectrometry analysis were subjected to the Gene Ontology Biological Process (GOBP) 

database to identify biological processes and pathways that were significantly affected. GOBP 

analysis revealed, amongst others, enrichment of the differentially expressed (DE) proteins in 

RNA splicing, the spliceosome complex, retinoid metabolic process and visual perception, and 

protein folding pathways. 

 

4.4.4.2. RNA Splicing pathway 

Based on the GOBP enrichment analysis, 90 DE proteins were involved in RNA splicing 

pathway. Of the 90 DE proteins in the RNA splicing pathway, Fused in Sarcoma (FUS) was 

the most downregulated protein (Figure 4-5 A, B). Western blot and immunofluorescence 

analysis corroborated these results and moreover showed that FUS was predominantly localised 

in the cytoplasm of RP11-RPE in an aggregate-like pattern, unlike control cells where 

expression was nuclear (Figure 4-5 C).  

Fus is a DNA and RNA binding protein that is involved in many cellular RNA metabolic 

processes, including mRNA transport (Kanai et al., 2004), spicing (Zhou et al., 2013), 

transcription (Yang et al., 2014), stabilization (Udagawa et al., 2015) and DNA repair (Wang 

et al., 2018). The mis-localisation of FUS from the nucleus to the cytoplasm has been reported 

previously by other studies, and it has been associated with neurotoxicity (Monahan et al., 2017) 

and amyotrophic lateral sclerosis (ALS) (Tyzack et al., 2019).
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Figure 4-5: GO analysis reveals enrichment of proteins involved in ‘RNA splicing’ pathway in RP11-RPE cells. A) GO analysis showing 

DE proteins involved in RNA splicing highlighting with black square FUS, which was the most downregulated protein in RP11-RPE cells. B) 

Western blot showing downregulation of FUS in RP11-RPE cells. GAPDH was used as a loading control. Immunostaining of RP11-RPE and 

control RPE cells with FUS (red) and ZO1 (white). Cell nuclei were stained with Hoechst. Scale bars=10 µm. Analysis performed 12 weeks post-

plating of RPE cells in transwell inserts. Representative images from three independent experiments.
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4.4.4.3. Retinoid Metabolic Process and Visual Perception 

The GOBP analysis identified 19 DE proteins involved in visual perception, and 18 DE proteins 

in the retinoid metabolic pathway. The classical visual cycle pathway involves the cycling of 

retinoids between the POSs and the RPE cells (Tsin et al., 2018). This is known as the 

phototransduction pathway and is important for the regeneration of 11-cis-retinal, a 

photosensitive derivative of vitamin A that is transported from the RPE cells to the PRs. 

Conversion of all-trans retinal back to 11-cis-retinal is important for visual continuity, and this 

is achieved by a series of reactions including several proteins and enzymes (Travis et al., 2007).  

Among the DE proteins detected in the visual perception pathway, the most consistently 

upregulated protein between all RP11-RPE cells was RLBP1 (Figure 4-6 A). RLBP1 is a 

soluble retinoid carrier, which plays an important role in the regeneration of 11-cis-retinol 

during the visual cycle (Kiser et al., 2014). The upregulation of RLBP1 protein in RP11-RPE 

cells was further confirmed by Western blotting (Figure 4-6 B) and by IF analysis. Interestingly 

it was observed that RLBP1 is accumulated in an aggregate-like pattern only in RP11-RPE cells 

(as indicated by the yellow arrow), but not in control RPE cells (Figure 4-6 C).  Additionally, 

the tight junctions stained with the ZO1 marker were disrupted, and the nuclei were absent in 

areas containing these large aggregates (Figure 4-6 C).  

Interestingly, RLBP1 immunostained aggregates were associated with PRPF31 in aggregate 

like structures only in RP11-RPE cells (Figure 4-7). Upregulation of visual cycle genes in RPE 

cells has been associated with the accumulation of retinoid by-products in the aged RPE cells 

(Butler et al., 2021). These results suggest that RP11-RPE cells might develop similar features 

to aged RPE.  
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Figure 4-6: GO analysis reveals enrichment of proteins involved in the ‘Retinoid metabolism and visual perception’ pathway in RP11-

RPE cells. A) GO analysis showing DE proteins involved in the ‘Retinoid metabolism and visual perception’ pathway, highlighting RLBP1 with 

a black square. B) Western blot showing the upregulation of RLBP1 in RP11-RPE cells. GAPDH was used as a loading control. C) Immunostaining 

of RP11-RPE and control RPE cells with RLBP1 (red). ZO1 (white) was used to define the tight junctions of RPE cells. Accumulated of RLBP1 

in the cytoplasm of RP11-RPE cells in the form of aggregates (shown by yellow arrow) but not in control RPE cells. Scale bars=10 µm. Analysis 

performed 12 weeks post-plating of RPE cells in transwell inserts. Representative images from three independent experiments.
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Figure 4-7: Increased expression of RLBP1 protein in patient-specific RP11-RPE cells. 

Magnified images showing increased expression of RLBP1 and association with PRPF31 in 

aggregate-like pattern in RP11-RPE cells (RP11VS, RP11S1, and RP11S3), but not in control 

(WT1) or isogenic control (Cas9-RP11VS) RPE cells. White arrows showing the association 

of PRPF31 with RLBP1. RLBP1 (red), PRPF31 (Green), and ZO1 (white). Nuclei were 

counterstained with Hoechst (Blue). Scale bars=10 µm. Analysis performed 12 weeks post-

plating of RPE cells in transwell inserts. Representative images from five independent 

experiments. 
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4.4.4.4. Protein Folding pathway - Unfolded Protein Response 

The third pathway revealed from GOBP enrichment analysis was the protein folding pathway. 

The protein folding pathway is an intracellular signalling pathway that is activated in response 

to misfolded proteins to restore protein conformation and to prevent protein aggregation 

(Adams et al., 2019). Upon activation, translation of most mRNAs is downregulated to prevent 

further accumulation of misfolded proteins (Rao and Bredesen, 2004), which interrupt the 

normal function of the ER, causing ER stress (Sano and Reed, 2013). Also, molecular 

chaperones such as heat shock proteins (HSPs) are upregulated to facilitate protein folding 

(Hartl, 1996).  

The GOBP analysis revealed 23 DE proteins that were enriched in the protein folding pathway. 

Three molecular chaperones involved in the protein folding/UPR pathway, namely HSPB1, 

HSPA2 and HSPA4L, which are activated in response to misfolded proteins to restore protein 

conformation and to prevent protein aggregation, were upregulated in RP11-RPE cells (Figure 

4-8 A). The upregulation of HSPB1, HSPA2 and HSPA4L in RP11VS RPE cells compared to 

RP11VS-Cas9 RPE cells was confirmed by Western blotting (Figure 4-8 B), and thereafter by 

IF analysis demonstrating HSPB1 and HSPA2 expression in an aggregate-like pattern (as 

indicated by yellow arrows) predominantly located in areas lacking nuclei and characterised by 

disrupted ZO1 staining (Figure 4-8 C). Also, HSPA4L was significantly overexpressed in 

RP11-RPE compared to control cells (Figure 4-8 C). Notably, strong punctate PRPF31 was 

associated with the HSPB1 and HSPA2 immunostained aggregates in RP11VS RPE cells 

compared to control RPE cells. Furthermore, association of HSPA4L with PRPF31 was 

observed in the cytoplasm of RP11-RPE but not control RPE cells (Figure 4-8 C). Our results 

corroborate recent results by Valdés-Sánchez and colleagues showing association of HSPA4L 

with PRPF31 in the cytoplasm of RP11-RPE cells (Valdés-Sánchez et al., 2019). Additionally, 

the expression of HSPB1 in combination with PRPF31 was assessed in all RP11-RPE cells that 

harbour different mutations and vary in the severity of the disease, confirming the association 

of HSPB1 with punctate PRPF31 in the cytoplasm of all RP11-RPE cells (Figure 4-9). Taken 

together, our results suggest the activation of protein folding pathway in response to the 

accumulation of misfolded proteins in RP11-RPE cells.  
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Figure 4-8: GO analysis reveals enrichment of proteins involved in the ‘Protein folding’ pathway in RP11-RPE cells. A) GO analysis 

showing the upregulation of proteins involved in the protein folding pathway, highlighting with black square three HSPs; HSPB1, HSPA2 and 

HSPA4L. B) Western blot showing the upregulation of HSPB1, HSPA2 and HSPA4L in RP11-RPE cells. GAPDH was used as a loading control. 

C) Immunostaining of RP11-RPE and control RPE cells with HSPs (red). ZO1 (white) was used to define the tight junctions of RPE cells. 

Accumulation of HSPs in the cytoplasm of RP11-RPE cells in the form of aggregates (shown by yellow arrow) but not in control cells. Cell nuclei 

were counterstained with Hoechst (blue). Scale bars=10 µm. Analysis performed 12 weeks post-plating of RPE cells in transwell inserts. 

Representative images from three independent experiments.
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Figure 4-9: Increased expression of HSPB1 protein in patient-specific RP11-RPE cells. 

Magnified images showing increased expression of HSPB1 in association with PRPF31 in aggregate-

like pattern in the cytoplasm of RP11-RPE cells (RP11VS, RP11S1, and RP11S3), but not in control 

(WT1), or isogenic control (Cas9_RP11VS) RPE cells. White arrows showing the association of 

PRPF31 with HSPB1. HSPB1 (red), PRPF31 (Green), and ZO1 (white). Cell nuclei were 

counterstained with Hoechst (blue). Scale bars=10 µm. Analysis performed 12 weeks post-plating of 

RPE cells in transwell inserts. Representative images from three independent experiments. 
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4.4.5. Proteomic analysis to investigate the composition of aggregates 

Our results have shown the presence of wild type and mutant PRPF31 protein in the insoluble 

aggregates of RP11-RPE cells (Figure 4-4 B). To assess in detail the composition of the insoluble 

fraction, comparative proteomic analysis of the insoluble fractions prepared from control and RP11-

RPE cells separated by SDS-PAGE and analyzed by mass spectrometry was performed as described 

in sections 4.3.6 and 4.3.19. Mass spectrometry was performed by Dr Sina Mozaffari-Jovin.  

Proteomic analysis detected a total of 4061 proteins, of which 934 were DE in patient RP11-RPE 

cells (LFC cut off value of 1). Data were published in BioArchive and can be found in the following 

link: https://www.biorxiv.org/content/10.1101/2021.10.11.463925v1 (Supplementary Table 3) 

(Georgiou et al., 2021). To graphically display the quantitative data, a volcano plot of log10(P-

value) vs. log2(fold change of patients/control) – was constructed (Figure 4-10 A). Based on a 

comparative analysis performed using Venn diagram, the results indicated that 19.4% of the total 

(soluble and insoluble) DE proteins identified in the cellular extract fraction fall into the insoluble 

category, including proteins belonging to the visual cycle (RLBP1, DHRS3), protein folding 

(HSPB1) and splicing (PRPF31) (Figure 4-10 B). Furthermore, GOBP enrichment analysis 

performed by Metascape showed that 934 DE proteins were involved in several key pathways, 

including mRNA splicing, protein folding, response to ER stress and UPR (Figure 4-10 C), some of 

which were mentioned earlier (section 4.4.4) to be affected in RP11-RPE cells. Notably, several key 

spliceosomal tri-snRNP proteins, including PRPF8, SNRNP200 (Brr2) and PRPF6, implicated in RP, 

as well as EFTUD2 (Sunu114), USP39, SART1 and SART3 were amongst the splicing factors whose 

amounts were significantly increased in the insoluble fraction (Figure 4-10 C). Moreover, the 

abundance of several HSPs is notably increased, including components of the HSP90/R2TP 

chaperone system (HSP90, RUVBL1 and 2), previously implicated in the assembly of U4 and U5 

snRNPs (Malinova et al., 2017). Together these data suggest that key components of mRNA splicing, 

waste disposal, ER stress/UPR are deposited within the insoluble aggregates, preventing proper 

functions of these vital processes in RP11-RPE cells. 
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Figure 4-10: Differential protein abundance in the insoluble fractions of RP11-RPE cells. A) 

Volcano plot indicating the DE proteins in the insoluble fractions of RP11-RPE cells highlighting 

protein folding or unfolded protein response (blue), retinoid metabolism and visual perception (cyan) 

and spliceosome related (green) proteins. A Log2 fold change cut off 1 was applied for the 

identification of significantly regulated proteins between insoluble fractions of control and RP11-

RPE cells. B) Venn diagram showing overlapping proteins between DE proteins detected from total 

cell extract (blue) and insoluble fractions (yellow) of RP11-RPE cells. C) Cluster illustrating the 

affected pathways of enriched GOBP insoluble proteins, including RNA splicing, mRNA processing, 

mRNA metabolic process, protein folding, UPR, regulation of protein stability, protein catabolic 

process, translation and RNP assembly and biogenesis.  



 

215 

 

4.4.6. Accumulation of misfolded ubiquitin - conjugated proteins in RP11-RPE cells 

Intracellular misfolded or damaged proteins are selectively degraded to amino acids and are replaced 

by newly synthesized proteins to maintain fundamental cellular homeostasis (Glickman and 

Ciechanover, 2002). Initially, most proteins targeted for degradation are labelled by ubiquitin 

molecules and then are degraded into small peptides by a large proteolytic complex, the 26S 

proteasome, that prevents the accumulation of non-functional and potentially toxic proteins 

(Goldberg, 2003).  

Given that the GO analysis showed the enrichment of proteins involved in protein folding and 

proteolysis in RP11-RPE cells, an FK1 antibody that detects polyubiquitin–conjugated protein chains 

was used to identify ubiquitin-conjugated misfolded proteins. Western blot analysis performed as 

described in section 4.3.9 showed an increased abundance of ubiquitin-conjugated proteins in RP11- 

RPE compared to the control cells (Figure 4-11 A). The Western blot results were further validated 

by IF analysis, which revealed an increased expression of ubiquitin-conjugated proteins in an 

aggregate-like pattern in patient-specific RP11-RPE cells but not in control cells, suggesting an 

increase in the number of misfolded proteins targeted for degradation in RP11-RPE cells (Figure 

4-11 B). Importantly, these FK1 positive large aggregates were found in areas with disrupted tight 

junctions (ZO-1 staining) and devoid of nuclei (Figure 4-11).  

 

Figure 4-11: Accumulation of ubiquitin-conjugated proteins in RP11-RPE cells. A) Western blot 

showing upregulation of FK1 (ubiquitin-conjugated proteins) in RP11VS-RPE cells compared to 

control Cas9-RP11VS-RPE cells. GAPDH was used as a loading control. B) Immunostaining of 

RP11VS-RPE and control Cas9-RP11VS-RPE with FK1 (red) and ZO1 (white) showing 

accumulation of FK1 in RP11VS-RPE cells in the form of aggregates (shown by yellow arrow) but 

not in control cells. Cell nuclei were counterstained with Hoechst (blue). Scale bars=10 µm. Analysis 

performed 12 weeks post-plating of RPE cells in transwell inserts. Representative images from three 

independent experiments. 
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Importantly, PRPF31 itself was associated with these FK1 positive aggregates. This was observed 

only in RP11-RPE cells and not in control RPE cells (Figure 4-12). Taken together, these results 

suggest that misfolded proteins destined for degradation are accumulated in the form of large 

aggregates in RP11-RPE but not in control RPE cells, which indicates some dysfunction in the 

proteasome-mediated degradation system in patient-specific RP11-RPE cells. 

 

Figure 4-12: Increased expression of FK1 protein in patient-specific RP11-RPE cells. Magnified 

images showing increased expression of FK1 in association with PRPF31 in an aggregate-like pattern 

only in RP11-RPE cells (RP11VS, RP11S1, and RP11S3), but not in control (WT1) or isogenic 

control (Cas9-RP11VS) RPE cells. White arrows showing the association of PRPF31 with FK1. FK1 

(red), PRPF31 (green), and ZO1 (white). Cell nuclei were counterstained with Hoechst (blue). Scale 

bars=10 µm. Analysis performed 12 weeks post-plating of RPE cells in transwell inserts. 

Representative images from three independent experiments.  
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4.4.7. Accumulation of aggregates in RP11-RPE cells 

The results of this study revealed the accumulation of visual cycle proteins, chaperones, and 

misfolded proteins in the cytoplasm of RP11-RPE cells in an aggregate-like pattern. To validate the 

presence of cytoplasmic aggregates in RP11-RPE cells, TEM analysis was performed as described in 

section 4.3.13, revealing striking differences between control and RP11-RPE cells. Control RPE cells 

were characterised by normal cuboidal morphology, presenting long cilia on the apical side, with no 

visible signs of degeneration (Figure 4-13). However, RP11-RPE cells were characterised by the 

presence of multivesicular bodies (MVBs) (indicated by red arrowheads) as well as big vacuoles 

filled with electrodense material suggesting the accumulation of cytoplasmic aggregates (Figure 

4-13). Additionally, big gaps between RP11-RPE cells filled with debris (black arrowheads) were 

detected (denoted by red dotted lines), suggesting the accumulation of aggregates between RP11-

RPE cells and disruption of tight junctions. Additionally, TEM images revealed the presence of 

expanded ER (red arrows) and the presence of stress vacuoles (indicated by” V”) in patient-derived 

RP11-RPE cells (Figure 4-13). 

 

Figure 4-13: Accumulation of misfolded protein in RP11-RPE cells. Representative TEM images 

of control and RP11-RPE cells showing the accumulation of amorphous electrodense material (black 

arrowheads) located between patient-derived RPE cells (red dotted line), the presence of stress 

vacuoles (V), expanded endoplasmic reticulum (ER) (red arrow), and multivesicular bodies (MVBs) 

(red arrowhead). Control RPE cells were characterised by normal cuboidal morphology, with no signs 

of degeneration.  
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4.4.8. Evaluation of tight junction integrity in RP11-RPE cells 

The findings of this study revealed the presence of cytoplasmic aggregates containing the mutant 

PRPF31 and misfolded, ubiquitin conjugated proteins and visual cycle proteins in RP11-RPE cells. 

Our results have shown that cytoplasmic aggregates affect the tight junctions in RP11-RPE cells. The 

tight-junction integrity is a general phenotype of healthy RPE cells, and it can be measured using 

trans-epithelial resistance (TER) as described in section 4.3.4.2. Therefore, to evaluate the tight-

junction integrity, the TER measurements from control and RP11-RPE cells that have been seeded 

on TWs for 12 weeks were taken. The results indicated that control and isogenic control cell lines 

have significantly higher TER values compared to RP11-RPE cells (Figure 4-14). These results 

corroborate our previous observations that tight-junction integrity is affected in RP11-RPE cells.  

 

 

Figure 4-14: Trans-epithelial resistance of controls and RP11-RPE cells. TER values indicate a 

significant difference between control and RP11-RPE cells. Data are shown as mean ± SEM, n=5.  

 

4.4.9. Disfunction of the waste disposal mechanisms in RP11-RPE cells 

In all tissues, the initial cellular defence mechanism is the ubiquitin proteasomal degradation pathway 

which, together with the chaperone system, degrades the majority of misfolded proteins (Hyttinen et 

al., 2014). Most of the misfolded proteins are targeted for degradation by ubiquitin proteins and thus 

degraded by the 26S proteasome. The 26S proteasome is composed of two 19S regulator complexes 
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that cap the catalytic core cylinder known as the 20S. Degradation of the proteins occurs in the central 

20S catalytic chamber, which is composed of numerous subunits, although proteolytic activities are 

specifically performed by β1, β2, β5 subunits, which have caspase-like, trypsin-like, and 

chymotrypsin-like specificities, respectively (Tanaka, 2009).  

Based on our previous observations, it was detected that misfolded proteins are accumulated in the 

cytoplasm of RP11-RPE cells in the form of aggregates. Also, quantitative proteomic analysis 

revealed the downregulation of proteins responsible for the enzymatic activities of chymotrypsin-like 

(PSMB8), caspase-like (PSMB9) and trypsin-like (PSMB10) in RP11-RPE cells compared to the 

control cells. Therefore, to validate these results, Western blot was performed using an antibody to 

the PSMB10 protein (involved in the trypsin-like activity), which was the most downregulated 

proteasomal related protein (mean LFC = -0.656). The results confirmed the downregulation of 

PSMB10 protein in RP11-RPE compared to control cells (Figure 4-15 A). Thereafter, the trypsin-

like activity was further evaluated, as outlined in section 4.3.12, showing a significant decrease in the 

activity in RP11-RPE compared to control cells (Figure 4-15 B). Together these results suggest a 

significant downregulation of the proteasome proteolytic activity in RP11-RPE cells, which may 

impair the clearance of misfolded proteins, leading to their accumulation in the cytoplasm of patient-

specific RPE cells.  

Overwhelming of the chaperone and ubiquitin-proteasome systems that mediate refolding and 

degradation of ubiquitinated proteins, respectively, leads to the activation of an intrinsic apoptotic 

pathway, the autophagy pathway (Kroemer et al., 2010), which aids the degradation of accumulated 

ubiquitin-labelled proteins (Hyttinen et al., 2014).  

Therefore, to identify whether the autophagy pathway is activated in response to accumulated 

cytoplasmic aggregates, the expression of key components involved at different steps 

(autophagosome initiation, formation, and degradation) in the autophagy pathway was assessed. 

Western blot results indicated a significant increase in pS6, S6, p62, and LC3-I expression in RP11-

RPE compared to control cells, but no differences in expression of Beclin 1 or ATG5-ATG12 were 

observed (Figure 4-15 C), suggesting a block in the late stages of the autophagy-lysosome pathway. 

Immunofluorescence assays fully corroborated these data revealing increased p62 and LC3 

expression in RP11-RPE cells (Figure 4-15 D). Quantification analysis confirmed that p62 and LC3 

were significantly upregulated in RP11VS RPE cells compared to control RPE cells (Figure 4-15 E). 

Malfunctioning of the autophagy pathway due to accumulation of protein aggregates has been 

reported in other neurodegenerative diseases such as Huntington's disease (Metcalf et al., 2012) 
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(Ravikumar et al., 2004). Our findings suggest the activation of the mTOR pathway and inhibition of 

autophagy, which together with dysfunction of the proteasome-mediated degradation may lead to 

accumulation of misfolded proteins in cytoplasmic-like aggregates.  

 

Figure 4-15: Dysfunction of waste disposal mechanisms RP11-RPE cells. A) Western blot of RPE 

samples showing downregulation of PSMB10 protein in RP11VS RPE cells compared to Cas9-

RP11VS RPE cells. GAPDH was used as a loading control. B) Reduced proteasome Trypsin-like 

activity in RP11-RPE cells compared to control RPE cells. Statistically significant differences were 

determined by t-test (*P<0.001, **P<0.001). The data are shown as mean ± SEM, n=3. C) Western 

blot of key autophagic components showing upregulation of p62, LC3-I, p-S6 and S6 expression in 

RP11-RPE cells compared to Cas9-RP11VS RPE cells. Actin B was used as a loading control. D) 

Immunofluorescence analysis showing upregulation of p62 (red) and LC3 (green) in RP11-RPE 

compared to Cas9-RP11VS RPE cells. ZO1 (white) was used to define the tight junctions of RPE 

cells. Cell nuclei were counterstained with Hoechst. Scale bars=10 µm. E) Quantification analysis of 

LC3 and p62. Statistically significant differences were indicated by t-test (* p-value <0.05). The data 

are shown as mean ± SEM, n=5. Analysis performed 12 weeks post-plating of RPE cells in transwell 

inserts. Representative images from three independent experiments.
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4.4.10. Progressive accumulation of cytoplasmic aggregates in RP11-RPE cells 

Misfolding, aggregation, and deposition of abnormal proteins is a common hallmark event of 

multiple neurodegenerative diseases such as Alzheimer’s, Huntington’s, Parkinson’s, and 

Amyotrophic Lateral Sclerosis (ALS) (Ciechanover and Kwon, 2015) (Takalo et al., 2013). All 

these diseases are characterised by progressive pathology. Accumulation of self-aggregating 

proteins intracellularly and extracellularly occurs progressively due to the formation of 

insoluble non-native aggregates, which accumulate over time, disrupting protein homeostasis 

and eventually lead to cellular dysfunction or cell death.  

To investigate whether this also occurs in RP11 and assess the kinetics of aggregate 

accumulation in RP11-RPE cells, IF analysis at weeks 4, 8 and 12 post-plating of RP11-RPE 

cells in transwell inserts was performed, using RLBP1, HSPB1 and FK1 antibodies, which we 

showed earlier to accumulate in an aggregate-like pattern. At week 4, RP11-RPE cells displayed 

increased expression of RLBP1 and HSPB1 but not FKI compared to control cells (Figure 

4-16). Further increases in the expression of RLBP1, HSPB1 were noticeable in RP11-RPE 

cells assessed at week 8. At this time point, RLBP1 was the only protein that showed 

accumulation in an aggregate-like pattern (Figure 4-16). At 12 weeks, all three markers 

displayed this aggregate-like accumulation but only in patient RP11-RPE cells, corroborating 

our earlier data. These results suggest a progressive accumulation of visual cycle proteins, 

chaperones, and misfolded-ubiquitinated proteins in the cytoplasm of RP11-RPE cells.  
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Figure 4-16: Progressive accumulation of cytoplasmic aggregates in RP11-RPE cells. Immunofluorescent images of control (Cas9-RP11VS) 

and RP11 (RP11VS) RPE cells at week 4, 8 and 12 post-plating of RP11-RPE cells in transwell inserts showing a gradual increase and accumulation 

of RLBP1, HSPB1, and FK1 (red), forming large aggregates. Cell nuclei were counterstained with Hoechst (blue). Scale bars=20 µm. 

Representative images from three independent experiments.  



 

223 

 

4.4.11. Daily feeding of RP-11 RPE cells with photoreceptor outer segments accelerates 

cytoplasmic aggregate accumulation 

One of the main functions of RPE cells is the engulfment and phagocytosis of POSs, which are shed 

from PRs daily at a very high rate. To assess the aggregate accumulation under physiologically 

relevant conditions, the control and RP11-RPE cells that were differentiated in transwell inserts for 4 

weeks were fed with unlabeled POSs (as outlined in section 4.3.15) and collected at 0, 48, 96 and 144 

hours post-feeding. Also, FITC-labelled POSs were used as a control to confirm phagocytosis of 

POSs by RPE cells. Thereafter, the presence of intracellular aggregates containing RLBP1, HSPB1 

and/or FK1 was analysed by immunofluorescence microscopy. 

RP11-RPE cells fed with POSs at 0 hours did not show any differences in the expression of RLBP1, 

HSPB1 and FK1 compared to control RPE cells (Figure 4-17). However, at 48 hours post-feeding 

with POSs, RP11-RPE cells showed a significant increase in the accumulation of cytoplasmic 

aggregates containing RLBP1, HSPB1 or FK1 (Figure 4-17). A further accumulation of proteins was 

observed at 96 and 144 hours post-feeding, with RLBP1, HSPB1 and FK1 expressed as large 

aggregates in the cytoplasm of RPE cells disrupting the tight junctions between the cells (Figure 

4-17). However, in control RPE cells, no differences were observed in the expression of RLBP1, 

HSPB1 or FK1 at 0, 48, 96 and 144 hours post-feeding with POSs (Figure 4-17), suggesting that 

accumulation of cytoplasmic aggregates containing RLBP1, HSPB1 or FK1 is prevented in control 

cells. Under normal steady-state conditions, these cytoplasmic aggregates should be digested by 

autophagy or proteasome-mediated degradation.   

Additionally, the expression of LC3 and p62 was assessed, showing a gradual increase in the 

expression of autophagic proteins with time post POSs feeding (Figure 4-17), resulting in the 

formation of large aggregates akin to those observed in RP11-RPE cells at the later time points of 

differentiation (12 weeks). Accumulation of p62 and LC3 was observed only in RP11-RPE cells 

(Figure 4-17), suggesting that the waste disposal mechanism is impaired or overwhelmed, resulting 

in aggregate accumulation. Additionally, phagocytosis of POSs was observed after feeding of RP11 

and control RPE cells with FITC-labelled POSs. Interestingly, FITC-labelled POSs accumulated and 

aggregated in RP11VS RPE cells compared to Cas9-RP11VS RPE cells. Altogether these results 

suggest that daily feeding of RP11-RPE cells with POSs accelerates the accumulation of cytoplasmic 

aggregates containing amongst others RLBP1, FK1 and HSPB1 proteins in RP11-RPE cells.  
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Figure 4-17: Evaluation of cytoplasmic aggregates in RP11 and control RPE cells after feeding with POSs. Representative immunofluorescent 

images of RP11-RPE and Cas9-RP11-RPE cells after daily feeding with unlabelled POSs (20 POSs/cell) and collection at different time points (0, 

48, 96 and 144 hours post-feeding). Accumulation of cytoplasmic aggregates (containing RLBP1, HSPB1 and FK1 (red) and autophagic markers, 

LC3 (green) and p62 (red) in RP11-RPE cells only. To ensure internalisation of POSs, control and RP11-RPE cells were fed with FITC-labelled 

POSs (white) and were collected at 144 hours post-feeding. Cell nuclei were counterstained with Hoechst. Scale bars=20 µm. Representative 

images from 3 independent experiments.  



 

225 

 

4.4.12. Cytotoxic effects of cytoplasmic aggregates in RP11-RPE cells 

To assess the impact of cytoplasmic aggregate accumulation on cell survival, control and RP11-

RPE cells were immunostained with a Caspase-3 antibody as described in section 4.3.10. 

Caspase-3 is synthesised as an inactive proenzyme and is localised in the cytoplasm. However, 

during apoptosis, Caspase-3 is proteolytically cleaved (Luo et al., 2010), activated, and 

translocated into the nucleus causing fragmentation of DNA damaging essential cellular 

proteins, including enzymes involved in  DNA repair (Kamada et al., 2005). 

To identify the localization of Caspase-3 in control and RP11-RPE cells, IF analysis was 

performed. Using an anti-cleaved Caspase-3 antibody, the results revealed that Caspase-3 was 

predominantly expressed in the cytoplasm in control RPE cells in contrast to RP11-RPE cells 

(RP11VS) where Caspase-3 was mainly expressed in the nucleus (Figure 4-18), suggesting the 

activation of Caspase-3 in the latter. 

 

Figure 4-18: Activation of Caspase-3 in RP11-RPE cells. Immunofluorescence images of 

RP11VS and RP11VS-Cas9 RPE cells stained with Caspase-3 (red) and ZO1 (white) showing 

nuclear localisation of Caspase-3 in RP11-RPE cells (shown by white arrow) and cytoplasmic 

localisation in control RPE cells. Cell nuclei were counterstained with Hoechst. Scale bars 

=10µm. Analysis performed 12 weeks post plating of RPE cells in transwell inserts. 

Representative images from three independent experiments. 

 

Taken together, our findings revealed the accumulation of cytoplasmic cellular aggregates 

containing amongst others both the wild type and mutated PRPF31 isoforms, misfolded 

ubiquitin-conjugated, chaperones, and visual cycle proteins in RP11-RPE cells. The 

proteasome-mediated and autophagy degradation pathways are both impaired, resulting in the 

progressive accumulation of these cytoplasmic aggregates with time. This process is 

exacerbated under physiological conditions, leading to disruption of tight junctions and cell 

death through apoptosis.  
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4.4.13. Elimination of aggregates in RP11-RPE cells by pharmacological interventions  

In this current study, progressive accumulation of visual cycle proteins, chaperones, and 

misfolded-ubiquitinated proteins in the cytoplasm of RP11-RPE cells was detected. Therefore, 

to assess whether the cytoplasmic accumulation of aggregates could be eliminated, different 

pharmacological approaches were used as described in section 4.3.16; These are activators 

HSPs (Arimoclomol), inhibitors of UPR (Salubrinal and STF-083010) and activators of 

autophagy (Rapamycin and trehalose) (Figure 4-19). 

 

4.4.13.1. Inducer of HSPs 

Arimoclomol is a heat-shock protein co-inducer that has been shown to enhance the expression 

of HSPs in vitro (Vígh et al., 1997) and  (Kieran et al., 2004) and to alleviate protein aggregation 

(Figure 4-19). Arimoclomol is an investigational drug currently in phase III of a clinical trial 

for ALS (Benatar et al., 2018) that has been shown to improve the survival of motor neurons in 

ALS mouse model (SODG93A). Additionally, Arimoclomol has been shown to reduce 

aggregation of P23H rod opsin in mutant rhodopsin-expressing cells (P23H rod opsin RP) to 

preserve retinal function and prolong the survival of PRs in P23H rhodopsin transgenic rat 

models (Parfitt et al., 2014).  

 

4.4.13.2. Inhibitors of UPR 

Another strategy to eliminate misfolded proteins is to target the UPR, which is mainly regulated 

by three distinct pathways known as IRE1α, ATF6 and PERK.  Salubrinal is a selective inhibitor 

of the PERK pathway that blocks eIF2α leading to further inhibition of the protein synthesis 

(Figure 4-19) (Wang et al., 2019). Salubrinal protects the cell against apoptosis and has been 

shown to induce neuroprotective effects in ALS animal models (Huang et al., 2012, Saxena et 

al., 2009). A novel pharmacological compound known as STF-083010 is an effective inhibitor 

of IRE1 that blocks the splicing of XBP1 (Figure 4-19) which mediates the UPR. Treatment 

with STF-083010 has been shown to decrease cell death and attenuate oxidative stress (Liu et 

al., 2018b). 
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4.4.13.3. Inducers of autophagy 

Another strategy to eliminate accumulated misfolded proteins is to activate autophagy by 

inhibiting the mammalian target of rapamycin (mTOR) (Kim and Guan, 2015). mTOR exists 

in two complexes, mTORC1 and mTORC2. A common selective inhibitor of mTORC1 that 

activates autophagy is Rapamycin (Figure 4-19). Positive results have been obtained from a 

randomized please II clinical trial in which the efficacy of Rapamycin in the clearance of 

harmful cytoplastic aggregate-prone-proteins in patients with ALS was reported (Mandrioli et 

al., 2018). An alternative strategy to activate autophagy is through an AMPK-dependent 

activator. An example is Trehalose, which has been shown to activate autophagy in neural cells 

and confer beneficial effects in eliminating cytoplasmic aggregate-prone proteins (Figure 4-19) 

(Chen et al., 2016).  

The effects of pharmacological agents on cytoplasmic aggregates were assessed following 7-

day treatment of RP11S1-RPE cells (as mentioned in section 4.3.16) differentiated on trans-

wells for 12 weeks. Immunostaining with RLBP1, HSPB1 and FK1 was performed to detect 

cytoplasmic aggregates. The data showed no obvious differences in the accumulation of 

cytoplasmic aggregates containing RLBP1, HSPB1 or FK1 in RP11VS-RPE cells treated with 

Salubrinal, Arimoclomol, STF-083010 or Trehalose (Figure 4-20 A). Interestingly, a 

significant reduction in cytoplasmic aggregate accumulation was observed in RP11VS-RPE 

cells treated with Rapamycin only (Figure 4-20 A). The same results were obtained in RP11S3-

RPE cells harbouring a different PRPF31 mutation (c.522_527+10del) (Figure 4-21). Also, 

Western blot analysis was performed to assess whether autophagy was indeed activated in 

RP11-RPE cells after treatment with Rapamycin, demonstrating a decrease in the expression of 

pS6 and S6 in the Rapamycin-treated RP11-RPE cells and an increase in the expression of LC3-

I to LC3-II (Figure 4-20 B) However, no differences were detected in the expression of LAMP1 

and p62. Furthermore, a decrease in the expression of RLBP1 and HSPB1 was detected after 

treatment of RP11S3 RPE cells with Rapamycin, suggesting that Rapamycin induced the 

activation of autophagy in RP11-RPE cells leading to a significant elimination of aggregates 

containing RLBP1, HSPs or FK1 in RP11-RPE cells (Figure 4-20 B). Together, our results 

suggest that Rapamycin has induced the activation of autophagy in RP11-RPE cells, providing 

beneficial effects in eliminating aggregates containing RLBP1, HSPs or FK1 in RP11-RPE 

cells. Our results agree with other studies using Drosophila (Berger et al., 2006) and mouse 

models (Ravikumar et al., 2004), which are characterised with aggregate-prone proteins, 

showing the clearance of cytoplasmic aggregates after treatments with Rapamycin. These 
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results demonstrate the potential of Rapamycin for therapeutic use in diseases associated with 

aggregate accumulation (Berger et al., 2006, Ravikumar et al., 2004).  
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Figure 4-19: Overview of pharmacological strategies to target misfolded proteins. Activation of autophagy by targeting the mTOR-dependent 

pathway and the mTOR-independent pathway using Rapamycin (that blocks mTORC1) and Trehalose, respectively. Misfolded proteins can be rescued, 

and protein aggregates could be clear by B) HSPs, which their production is amplified by Arimoclomol. C) Another strategy to reduce misfolded and 

aggregated proteins is by targeting the UPR pathway by selectively blocking any of the three distinct pathways. Salubrinal inhibits PERK by selectively 

blocking eIF2α. Inactivation of eIF2α prevents further the influx of proteins in the ER lumen and hence reduce protein synthesis. Also, STF-083010 

selectively inhibits IRE1 endonuclease activity inhibiting cell death.  
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Figure 4-20: Elimination of aggregates in RP11-RPE cells by application of pharmacological interventions. A) Immunostaining of RP11S1-

RPE cells showing a significant decrease of cytoplasmic aggregates containing RLBP1, HSPB1 and FK1 (red) upon daily treatment with 

Rapamycin (500 nM) for 7 days. Seven days of treatment with Arimoclomol (1 µM), Salubrinal (25 µM), STF-083010 (50 µM) and Trehalose (50 

mM) showed no significant differences. DMSO or distilled water were used as vehicle controls. Cell nuclei were counterstained with Hoechst. 

Scale bars=20 µm. B) Western blot showing a decrease in the expression of S6, p-S6 RLBP1, HSPB1, and activation of LC3-II in Rapamycin-

treated RP11S3-RPE cells compared to vehicle-treated RP11S3 RPE cells. Analysis performed 12 weeks post-plating of RPE cells in transwell 

inserts. Representative images from three independent experiments.  
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Figure 4-21: Elimination of aggregates in RP11-RPE cells by pharmacological interventions in RP11S3-RPE cells. Immunostaining of 

RP11S3-RPE cells showing a significant decrease of cytoplasmic aggregates containing RLBP1, HSPB1 and FK1 (red) upon daily treatment with 

Rapamycin (500 nM) for 7 days. No significant differences were detected after 7 days of treatment with Arimoclomol (1 µM), Salubrinal (25 µM), 

STF-083010 (50 µM) and Trehalose (50 mM). Cell nuclei were stained with Hoechst. Scale bars=20 µm. Analysis performed 12 weeks post-

plating of RPE cells in transwell inserts. Representative images from three independent experiments.
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4.4.14. Decreased activated Caspase-3 after treatment with Rapamycin 

The previous results showed that cytoplasmic aggregates containing RLBP1, HSPB1 and FK1 

in RP11-RPE cells could be eliminated after 7 days of treatment with Rapamycin. Therefore, 

the effects of Rapamycin on cell survival after 7 days treatment of RP11-RPE cells with vehicle 

or Rapamycin were assessed by IF analysis using an anti-cleaved Caspase-3 antibody as 

described in section 4.3.10. 

The results showed that Rapamycin-treated RP11-RPE cells had reduced nuclear localization 

of Caspase-3 compared to vehicle-treated RP11-RPE cells, indicating a positive effect in cell 

survival (Figure 4-22). These results suggest that Rapamycin has a positive impact on the 

elimination of cytoplasmic aggregates, potentially leading to enhanced cell survival.  

 

Figure 4-22: The effects of Rapamycin on RP11VS-RPE cell survival. Immunofluorescence 

images of Rapamycin and vehicle-treated RP11VS-RPE cells stained with Caspase-3 (red) and 

ZO1 (white) showing reduced nuclear levels of cleaved Caspase-3 in the nucleus of Rapamycin-

treated RP11VS-RPE cells (shown by white arrow). Analysis performed 12 weeks post-plating 

of RPE cells in transwell inserts. Representative images from three independent experiments.  
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4.4.15. Phagocytosis 

Phagocytosis of POSs is one of the most important functions of RPE cells. The RPE cells engulf 

shed POSs from PRs daily to maintain the PR cells. However, defects in this process could 

cause several retinal diseases.  

To assess the ability of RPE cells to phagocytose, untreated and 7 days vehicle- or Rapamycin-

treated control and RP11-RPE cells were fed with FITC-labelled POSs (Figure 4-23 A) and 

analyzed by Fluorescence-activated cell sorting (FACS) as mentioned in section 4.3.14. For the 

robustness of the data, a number of control experiments were used. RP11-RPE cells were fed 

with FITC-labelled POSs at 4°C to block their ability to phagocytose (Figure 4-23 B). Also, 

RPE cells were fed with unlabeled POSs to assess background fluorescence (Figure 4-23 B). 

Additionally, to prevent false-positive fluorescence signals from free or unbound POSs, Trypan 

blue was used to quench any extracellular fluorescence. Analysis of the results was performed 

by FCS Express 7.  

The results were expressed as a percentage of FITC-positive cells, indicating the percentage of 

cells from the total population that have ingested POSs, and as median fluorescence intensity 

(MFI), indicating the amount of FITC-labelled POSs internalized by individual cells as an 

indication of cell-surface receptor density involved in phagocytosis. 

The results indicated that there were no significant differences in the percentage of FITC-

positive cells that internalized POSs between untreated and Rapamycin-treated RP11-RPE 

(Figure 4-23 C). Similarly, no significant differences were observed in MFI values between 

untreated and Rapamycin-treated RP11VS and RP11S1 RPE cells. However, a significant 

difference in MFI values was observed between untreated and Rapamycin-treated RP11S3 RPE 

cells (Figure 4-23 C), suggesting that probably Rapamycin improved phagocytosis of POSs 

only in RP11S3 RPE cells. 
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Figure 4-23: Phagocytosis of photoreceptor outer segments in hiPSC-derived RPE cells by flow cytometry. A) FITC-labelled POSs. B) Example 

of the results fed with unlabelled, 4°C FITC-labelled, and 37°C labelled POSs. C) The results show no significant differences in the percentage of 

internalised POSs between Rapamycin-treated and untreated RP11-RPE cells. No significant differences were detected in the number of POSs 

internalised by each cell in Rapamycin-treated and untreated RP11VS and RP11S1 RPE cells. However, an increase in the MFI value in Rapamycin 

RP11S3 RPE cells was seen compared to untreated RP11S3 RPE cells. All cells were age-matched with regards to the length of differentiation time (~5 

months). Statistically significant differences are indicated by t-test (**p< 0.001). The data are shown as mean ± SEM, n=3. 
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4.4.16. The effects of Rapamycin treatment on tight-junction integrity in RP11-RPE cells 

The findings of this study revealed that cytoplasmic aggregates disrupt the tight junctions in 

RP11-RPE cells; however, 7-day treatment of RP11-RPE cells with Rapamycin has shown to 

eliminate the presence of these cytoplasmic aggregates. Therefore, to investigate whether tight 

junction integrity can be improved, TER measurements were taken, as mentioned in section  

4.3.4.2, before and after 7 days treatment of RP11-RPE cells with Rapamycin or with vehicle 

(DMSO). 

The results indicated that Rapamycin-treated RP11-RPE cells have lower TER measurements 

compared to vehicle-treated RP11-RPE cells (Figure 4-24). These results suggest that despite 

the beneficial effects of Rapamycin in reducing cytoplasmic aggregates, the tight junction 

integrity of RP11-RPE cells cannot be restored upon treatment with Rapamycin at the selected 

dose and treatment duration.  

 

Figure 4-24: Trans-epithelial resistance of Rapamycin and vehicle-treated RP11-RPE 

cells. TER values of RP11-RPE cells decreased after 7 days of treatment with Rapamycin 

compared to RP11-RPE cells treated with vehicle. Data are shown as mean ± SEM, n=5. 
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4.5. Discussion  

The generation of hiPSC-derived RP disease models provides a powerful tool to study and 

identify the mechanisms causing RP and investigate the impact of mutations on the proteome 

of retinal cells. PRPF31 mutation accounts for approximately 15% of RP cases, and although 

PRPF31 is ubiquitously expressed and is involved in the formation and stability of U4/U6.U5 

tri-snRNPs, mutations have been associated with retinal-specific phenotypes specifically.  

In previous work, using a hiPSC-disease modelling approach, we have shown that mutations in 

the spliceosomal U4/U6 snRNP-specific protein PRPF31 result in global splicing changes, 

specifically in retinal cells and RPE (Buskin et al., 2018). To fully understand the impact of 

such global splicing dysregulation on the RPE cells, we have undertaken a detailed quantitative 

proteomic and immunofluorescence analysis of RPE cells harbouring PRPF31 mutations. 

These new findings have shown the predominant accumulation of mutant PRPF31 protein as 

aggregates in the cytoplasm of RPE cells. This results in reduced nuclear levels of wild type 

isoform in RP11 patient RPE cells. Quantitative proteomics revealed that several key cellular 

processes in addition to mRNA splicing, namely waste disposal and UPR were significantly 

affected, resulting in progressive accumulation of insoluble aggregates containing key 

components of each of the aforementioned pathways within RPE cells, that affected cell 

survival. Aggregate formation also affected the expression and/or localization of key proteins 

of the retinoid metabolism and visual perception pathways, including RLBP, which 

accumulated in the PRPF31 cytoplasmic aggregates. Furthermore, proteomic analysis of 

insoluble aggregates in RP11-RPE cells identified the presence of other core components of the 

tri-snRNP including PRPF6, PRPF4 and PRPF8 (all of which are linked to adRP) together with 

chaperone proteins important for U4/U6 and U5 snRNPs assembly. Strikingly, activating 

autophagy via the application of Rapamycin resulted in the reduction of these cytoplasmic 

aggregates and improved cell survival (Figure 4-25). 

Aggregation of PRPFs in retinal PRs and RPE cells has been reported previously and shown to 

be cell type specific. For example, the mutant PRPF3T494M amasses in big aggregates in the 

nucleolus region (Comitato et al., 2007), causing mislocalisation of splicing factors that may be 

detrimental for PR cells. In contrast, the mutant PRPF31 protein forms insoluble aggregates in 

the cytoplasm of RPE cells of Prpf31A216P/+ mice (Valdés-Sánchez et al., 2019), decreasing the 

protein levels of this splicing factor in the nucleus. Our data show reduced nuclear expression 

of the wild type PRPF31 and cytoplasmic localisation of mutant PRPF31 protein, corroborating 

the mouse RPE studies. Nonetheless, the impacts of PRPF mutations on tri-snRNPs formation, 



 

237 

 

the spliceosome activity and abundance directly on patient-specific RPE cells has not been 

reported previously.  

In addition to splicing dysregulation, our proteomics data revealed an enrichment of proteins 

involved in the retinoid metabolic process and visual perception. Of particular interest in the 

retinoid metabolic and visual perception is the Retinaldehyde-binding protein (RLBP1), which 

is significantly overexpressed in RP11-RPE cells and found in the form of cytoplasmic 

aggregates. RLBP1 is a retinoid-binding protein expressed in RPE and Müller glial cells and 

involved in the conversion of 11-trans-retinal to the light-sensitive 11-cis retinal (Xue et al., 

2015). Mutations in RLBP1 cause a range of retinopathies, including retinitis punctata 

albescens (RPA), Bothnia-type dystrophy (BD), Newfoundland rod-cone dystrophy (NFRCD), 

RP and fundus albipunctatus (FA) (Hipp et al., 2015). Based on our data, our hypothesis is that 

the accumulation of RLBP1 in the insoluble aggregates reduces the available RLBP1 protein 

needed for recycling of retinal, impacting directly on the visual cycle and the phototransduction 

pathway. 

Studies performed in the RPE of Prpf31A216P/+ mice have revealed overexpression of heat shock 

protein 70 (Hsp70) family and its co-localisation with mutant PRPF31 in the insoluble 

cytoplasmic aggregates. It is reasonable to assume that protein aggregation of mutant PRPF31 

is responsible for activating the chaperone response.  Corroborating these studies, our data also 

revealed significant changes in expression of several HSPs and overexpression of HSPA4L, 

HSPB1 and HSPA2, that accumulated in the form of aggregates in association with PRPF31 in 

RP11-RPE cells. HSPs facilitate protein homeostasis and cell protection against damaged 

proteins or aggregation of harmful denatured proteins. Their upregulation in RP11-RPE cells 

could be a direct response of global splicing deregulation, which is bound to result in misfolded 

or aggregated proteins, as shown in our study.  Previous studies have reported that under stress 

conditions (e.g. hyperglycemia) or upon mutations, soluble HSPs are depleted, becoming 

unavailable to target other proteins, affecting further their functionality (Reddy et al., 2013) and 

leading to the accumulation of insoluble aggregates in the retina (Reddy et al., 2013). Our data 

demonstrate preferential HSP accumulation in the insoluble aggregates of RP11-RPE cells, 

suggesting a change in their solubility and function, which could be due to “overwhelming” of 

HSP response by a large amount of misfolded or aggregates proteins resulting from the global 

spliceosome dysfunction.  

The formation of cytoplasmic aggregates is a common hallmark event of many 

neurodegenerative diseases and is associated with protein misfolding (Sweeney et al., 2017). 

Usually, in response to misfolded protein, cellular defence mechanisms like molecular 
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chaperones such as HSPs are activated. However, when quality control systems are incapable 

to restore the normal conformation of denature proteins and thus are overloaded with an 

excessive amount of denatured proteins, then it is possible that the solubility of HSPs can be 

transformed from a soluble state to an insoluble form, as shown in this study. When HSPs fail 

to restore misfolded proteins, denatured or aggregated proteins are tagged with ubiquitin (Ub) 

and are directed to the Ub-proteasome system (UPS) for proteolytic degradation (Ciechanover 

and Kwon, 2015). Our results revealed increased protein ubiquitination and reduced enzymatic 

activity (trypsin-like) of the proteasome degradation system in RP11-RPE compared to control 

RPE cells. The reduced proteasome activity revealed in our results is also a common 

characteristic feature of other NDs such as AD, PD, ALS, and HD (Ciechanover and Kwon, 

2015). Particularly in AD disease, various studies have shown that tau aggregates can bind to 

the recognition site of the 19S catalytic particle of the proteasome, inducing protein congestion 

that further leads to impairment of protein degradation (Tai et al., 2012). Also, misfolded prion 

proteins (β-sheet-rich PrP) in Prion disease disrupt the opening of the 20S proteasome particle, 

thus inhibiting the function of the 26S proteasome (Andre and Tabrizi, 2012). This association 

of pathogenic protein aggregates and reduced or blocked proteasome activity has been reported 

by several studies focusing on the AD (Lindersson et al., 2004, Gregori et al., 1995). Our data 

mirror these findings, however, in the case of RP11-RPE cells, it is unknown whether the 

accumulation of misfolded/aggregated proteins is a result of decreased proteasome activity or 

whether the proteasome system is incapable of coping with the burden of misfolded, 

ubiquitinated and aggregated proteins resulting from global spliceosome dysregulation.  

Under stress conditions when the chaperone and proteasome systems are overwhelmed, 

clearance of cytoplasmic aggregates is facilitated by autophagy, where cytoplasmic substrates 

are engulfed and degraded into amino acids (Ciechanover and Kwon, 2015). Although most 

proteins in the human genome can be successfully degraded from the cells, genetic defects can 

affect their conformation leading to the formation of aggregates. For example, mutations of 

huntingtin proteins inhibit the proteolytic machinery and induce the accumulation of 

cytoplasmic aggregates in patients with HD (Qi et al., 2012). This is characterised by an 

increase of key autophagic components such as p62, LC3 in HD mouse models due to the 

impairment of cargos to be directed to autophagic vacuoles for degradation (Martinez-Vicente 

et al., 2010). Likewise, our results demonstrate an upregulation of p62 and LC3 expression in 

RP11-RPE cells compared to control RPE cells suggesting an impairment of autophagy. We 

hypothesise that this combined dysfunction of proteasome and autophagy-mediated degradation 

together with accumulation of HSPs in the insoluble fractions leads to the accumulation and 
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growth of larger aggregated proteins, which may be cytotoxic to the cells. This is a 

characteristic of many NDs such as HD, AD, PD, and ALS, where mutant aggregated proteins 

become resistant to degradation, inducing cytotoxicity and neuronal cell death (Ciechanover 

and Kwon, 2015). To this end, it has been reported that neuronal cells of AD patients (Louneva 

et al., 2008) have increased levels of Caspase-3, associated with degeneration of synapses and 

a decrease in synaptic plasticity, suggesting that intracellular protein deposits might disrupt the 

normal function of neurons, inducing stress which in turn leads to the initiation of cell death. 

Similarly, our results have shown the progressive accumulation of large cytoplasmic aggregates 

containing the mutant PRPF31 itself as well as misfolded, ubiquitin conjugated, and visual 

cycle proteins found in areas with disrupted tight junctions and increased Caspase 3 activity. 

Tight junction disruption has been reported by other studies associating RPE remodeling with 

retinal degeneration (Falasconi et al., 2019). Collectively these results suggest that continuous 

accumulation of aggregates in patient-specific RP11-RPE cells impairs RPE cell survival. 

One potential strategy to enhance the degradation of misfolded proteins is to induce the 

activation of autophagy. Many small molecules have been developed to activate autophagy and 

induce clearance of pathogenic proteins, and the most widely known is by inhibiting mTORC1 

by Rapamycin. It has been shown that Rapamycin can effectively reduce cytoplasmic mutant 

proteins such as α-synuclein (Webb et al., 2003), huntingtin (Sarkar and Rubinsztein, 2008), or 

tau mutant proteins (Rodriguez-Navarro and Cuervo, 2010) from the brains of transgenic mouse 

models. Our study showed that treatment of RP11-RPE cells with Rapamycin for 7 days at a 

selected concentration can reduce cytoplasmic aggregates and can improve cell survival; 

however, the integrity of tight junctions as well as the ability of RP11-RPE cells to phagocytose 

have not been improved. Nevertheless, a significant increase in the number of POSs 

phagocytosed by RP11S3 Rapamycin-treated cells was observed compared to vehicle-treated 

RP11S3 cells. However, other pharmacological treatments targeting autophagy (Trehalose), ER 

stress (Salubrinal and STF-083010) or inducers of HSPs such as Arimoclomol had no beneficial 

effects in reducing the volume of cytoplasmic aggregates in RP11-RPE cells at the selected 

concentrations used. The improved aggregate clearance by activation of autophagy via 

Rapamycin administration indicates that it is the progressive aggregate accumulation that 

overburdens the waste disposal machinery rather than direct PRPF31 initiated misplicing. 

Hence therapeutic strategies aiming at waste disposal activation present an important approach 

that needs to be investigated in close conjunction with gene therapy studies. Work was 

published in Georgiou et al 2021. These data were published and can be found in the following 

link: https://www.biorxiv.org/content/10.1101/2021.10.11.463925v1. 
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4.6. Conclusion  

Mutations in pre-mRNA processing factor 31 (PRPF31) result in autosomal-dominant retinitis 

pigmentosa (adRP), characterised by global dysregulation of spliceosome in retinal cells and 

the adjacent retinal pigment epithelium (RPE). Proteomic analysis of RPE cells from three 

patients with severe and very severe adRP revealed RNA splicing, protein folding (UPR) and 

visual cycle-related pathways to be significantly affected. The patient-derived RPE were 

characterised by the presence of insoluble aggregates containing the mutant PRPF31 and 

misfolded, ubiquitin-conjugated proteins, including key visual cycle protein, which 

accumulated progressively with time. The waste disposal mechanisms via autophagy and 

proteasome-mediated degradation were impaired, further exacerbating aggregate formation, 

which was closely linked with activation of cell death (Figure 4-25). Targeting the waste 

disposal mechanisms by activating the autophagy pathway using Rapamycin resulted in the 

reduction of these cytoplasmic aggregates in RP11-RPE cells, leading to improved cell survival 

(Figure 4-25). Together these data indicate a vicious circle initiated by mutations in PRPF31, 

which lead to spliceosome dysregulation and accumulation of misfolded proteins in the form 

of insoluble cytoplasmic aggregates that affect RPE cell survival. Relieving the RPE cells from 

the accumulation of these insoluble cytoplasmic aggregates presents a novel therapeutic 

strategy (Figure 4-25) that can be combined with gene therapy studies to fully restore RPE 

function in RP11 patients. 
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Figure 4-25: Schematic presentation showing the pathway in control, RP11 and Rapamycin-treated RP11-RPE cells. The diagram illustrates the 

localisation of mutant PRPF31 in the cytoplasm of RP11-RPE cells and the accumulation of aggregates containing HSPs, visual cycle and ubiquitin 

conjugated proteins, which were much reduced upon application of Rapamycin (autophagy activator).  m=mutant PRPF31, WT= Wild type PRPF31, 

Ub-ubiquitin.  
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Chapter 5. General Discussion and Future Work 

 

Inherited retinal diseases (IRDs) are a diverse group of heterogeneous disorders leading to 

blindness. Approximately 1 in 3000 individuals (Olivares-Gonzalez et al., 2021) and more than 

2 million people are affected worldwide. IRDs are characterised by the gradual degeneration of 

key retinal cells, including PRs and RPE cells. The loss of retinal cells leads to visual 

impairment and blindness in the working-age population, profoundly impacting individuals’ 

quality of life (Jones et al., 2003). IRDs have some common pathological features; however, 

they are clinically and genotypically variable with a broad spectrum of symptoms such as loss 

of visual acuity, night vision problems, visual field defects and colour vision difficulties (Sahel 

et al., 2014). There are many different types of IRDs classified as syndromic and non-

syndromic, with the most common to be Retinitis Pigmentosa (RP) with 1:4000 individuals 

affected worldwide (Cremers et al., 2018). Individuals with RP are characterised by progressive 

loss of peripheral retinal cells leading to blindness (Hamel, 2006). 

Animal models such as mice, monkeys, primates and dogs have been used for disease modelling 

providing major insights into the pathogenesis of many diseases, including retinal dystrophies 

(Moshiri et al., 2019, Winkler et al., 2020). Despite the numerous advantages, animal models 

do not faithfully mimic key aspects of human pathophysiology due to the differences between 

human and animal species in terms of retinal architecture, cellular composition and longevity 

(Singh et al., 2015), preventing full understanding of the mechanisms or pathways causing 

retinal dystrophies. Despite the existing ethical issues, animal models are very expensive, and 

their response to drugs is not always similar to the human response (Doke and Dhawale, 2015). 

An alternative method to study retinal diseases is patients' primary cells; however, their 

availability is limited.  

Instead, hiPSCs are an excellent choice for drug testing and disease modelling as they can be 

patient-specific, mimicking disease phenotypes and studying the pathogenesis of the diseases 

(Karagiannis et al., 2019). These advantages give the possibility to differentiate hiPSCs into 

retinal organoids (Nakano et al., 2012, Mellough et al., 2012) or RPE cells (Buchholz et al., 

2009). 

In this study, retinal-specific cells mimicking human retinal and RPE cells were generated from 

hiPSCs to study their applications in cryopreservation (Chapter 2), shipping (Chapter 3) and 

disease mechanisms causing RP (Chapter 4), which are discussed below: 
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5.1. Cryopreservation  

The first aim of this thesis was to generate and establish a novel reproducible cryopreservation 

method to freeze retinal organoids (Chapter 2). Cryopreservation protocols were adopted from 

previous cryopreservation studies that reported the successful cryopreservation of complex 

tissues (Pichugin et al., 2006, Richards et al., 2004, Fayomi et al., 2019, de Vries et al., 2019). 

Building upon previously tested cryopreservation methodologies, key factors, such as the 

concentration of cryoprotectants (CPAs), the incubation time of organoids with CPAs, and the 

cooling and thawing rate, were modified according to the total freezing volume and the number 

of organoids used per cryovial. The cryopreserved retinal organoids were compared to control 

(non-cryopreserved) retinal organoids, and a brightfield microscope was used to assess their 

overall structural integrity and presence of the neuroepithelium. Cryopreserved organoids that 

maintained their overall structural integrity after 14-days post-thaw were collected and analyzed 

further by immunofluorescence analysis using retinal-cell specific markers to quantify the 

expression of retinal-related cells. I have tested several different cryopreservation protocols in 

this study, including slow and fast freezing and vitrification methodologies. Among all, the 

most effective cryopreservation protocol was the ‘Master Liver Supercooling’ protocol. 

Compared to all other protocols that were tested in this study, cryopreserved organoids using 

the ‘Master Liver Supercooling’ protocol retained their overall structural integrity and 

morphology and preserved PR cells in all experimental runs. However, not all retina cells 

survived, and their presence was variable within different experimental runs. This study 

enhances our knowledge and understanding of the most suitable conditions for cryopreserving 

retinal organoids and offers the foundations for building an optimal protocol. To the best of my 

knowledge, no previous studies have reported the cryopreservation of whole retinal organoids 

at day 80 or older after cryopreservation. 

 

5.1.1. Strengths 

Cryopreservation is vital for the long-term storage of tissues at cryogenic temperatures. In this 

study, attempts to cryopreserve and store mature retinal organoids were performed, aiming to 

provide retinal organoids to pharmacological companies and collaborating labs for drug and 

toxicological tests on demand supply.  

The generation of retinal organoids is a labour-intensive method that requires skilled 

researchers. It is a very lengthy procedure and demands precision. Developing a 

cryopreservation method allows the storage of many retinal organoids, reducing the laborious 
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continuous generation of organoids without limiting their availability. Also, cryopreservation 

of a large number of organoids reduces batch to batch variability.  

The ‘Master Liver Supercooling’ protocol, which has been the most promising protocol in this 

study for the cryopreservation of organoids, contains reagents and CPAs that are commonly 

used, relatively cheap, and easily accessible, allowing the application of the protocol by other 

researchers worldwide. In contrast, some cryopreservation studies use ready-made CPAs that 

are usually expensive, increasing the experiment's cost, especially when using a large number 

of samples. Usually, ready-made CPAs are provided by specific suppliers or companies, 

limiting their availability (Arai et al., 2020, Pichugin et al., 2006).  

The ‘Master Liver Supercooling’ is relatively quick and easy protocol to follow without 

requiring specialized skills. A major advantage of this protocol is that no special equipment are 

needed, apart from the Via freeze machine, which can be substituted by any other automated 

freezing machinery, making this procedure applicable globally. In contrast, other 

cryopreservation protocols require special equipment such as thawing devices (Heger et al., 

2017), limiting the protocol's application or replication in other laboratories.    

In our study, retinal organoids derived from two control cell lines (WT2 and WT3) were 

cryopreserved using the ‘Master Liver Supercooling’ protocol with no significant variation in 

their overall survival. This implies that the differences observed between control and 

cryopreserved retinal organoids are not cell-line dependent, suggesting that probably retinal 

organoids derived from different control and probably patient cell lines can be cryopreserved 

using the same methodology. 

In this study, several cryopreservation protocols, including vitrification and slow-cooling 

experiments, were tested. Additionally, several CPAs, cooling rates and freezing temperatures 

were assessed to define an optimal cryopreservation protocol. Despite the variable and negative 

results obtained from most cryopreservation experiments tested herein, including the loss of the 

bright phase neuroepithelium and the shrinkage of organoids, this study provides information 

about which reagents, CPAs, and freezing conditions may be more optimal for future 

cryopreservation studies in retinal organoids.  

 

5.1.2. Limitations 

The ‘Master Liver Supercooling’ protocol was the most promising approach for the 

cryopreservation of mature retinal organoids. Although this protocol preserves the structure and 
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morphology of retinal organoids to some extent, the overall survival needs to be further 

improved. Based on the IF results, cryopreserved organoids lost several key retinal cells 

compared to control sections, and the structure of cryopreserved organoids was not fully 

preserved. Interestingly variability between experimental repeats in the lamination and 

expression of retinal-related cells were observed. This could be due to the differences in 

cryotolerance, or permeability of the variable interconnected single cells that constitute 

multicellular systems like retinal organoids. In combination with the differences in the diffusion 

of water and CPAs that each cell or organoid is experienced, these factors lead to differences 

in the freezing environment (Baust et al., 2009). A better understanding of the biology and 

chemistry behind freezing and thawing will help to develop an effective cryopreservation 

method for retinal organoids (Jang et al., 2017). 

In most cryopreservation experiments, the bright phase of the neuroepithelium and the structure 

of retinal organoids were damaged within 14 days post-thaw, suggesting cell death; however, 

the mechanisms causing cell death in retinal organoids are far from being clearly understood. 

To improve the survival of retinal organoids, modifications were applied to the ‘Master Liver 

Supercooling’ protocol by changing one parameter at a time. Changes included the pre-

treatment of the organoids with CPAs, the extension of the incubation time of organoids with 

CPAs or the enrichment of the thawing solution with matrigel, glycerol, ROCK inhibitor or 

other CPAs. However, no improvements in the overall survival of organoids were observed, 

making the development of an effective protocol more challenging. To maximize the survival 

rate of retinal cells, several factors such as the cooling and thawing rate, storage temperature, 

concentration, and type of CPAs should be considered and optimized (Pegg, 2007).  

It is challenging to define an optimal cryopreservation protocol suitable for all cell types or 

tissues due to the complexity and the different cell types that organoids are composed of (Baust 

et al., 2009). Each cell differs in sensitivity to stress responses and cell death processes between 

other cells. These differences could be due to uncontrol ice nucleation that is performed during 

cryopreservation (Morris and Acton, 2013). Due to these challenges, variability between runs 

is a significant limitation of the study. 

In this study, we developed a protocol to cryopreserve retinal organoids with a final freezing 

temperature -60°C. Although lower freezing temperatures (-80°C) have been used for the 

storage of cells (red blood cells), showing good survival rates up to 10 years after 

cryopreservation (also such temperatures have been approved by FDA) (Lagerberg, 2015), for 

maximum stability of the samples, ultra-low temperatures (below −150°C) are recommended. 
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This is because, at very low temperatures, metabolic activities and chemical reactions are 

inhibited.  

A disadvantage for this setup is that organoids were stored at -60˚C for 24 hours only without 

testing extended storage at such temperatures. At temperatures above -130˚C, the biological 

and metabolic reactions are not completely ceased leading to tissue degeneration (Paynter, 

2008). Investigating the period of time that retinal organoids can be maintained at -60˚C will 

provide more insights into their storage and survival. 

The cryopreservation methods have been tested using a relatively small scale (10-20) of 

organoids. Therefore, scaling up the number of organoids will be more representative in a real 

scenario of bulk cryopreservation experiments. Until this point, 10-20 retinal organoids were 

cryopreserved in 0.3 ml total volume, in 1.8 ml cryovials. However, on a larger scale, this will 

be impractical and probably the addition of more organoids in one vial will affect the results. 

This study focused on the findings of previously tested cryopreservation methodologies 

(Pichugin et al., 2006, Richards et al., 2004, Fayomi et al., 2019, de Vries et al., 2019) which 

were modified and assessed on retinal organoids. Although this could provide some foundation 

in our study, for the best survival of retinal cells, the sample volume, cooling and thawing rate, 

and CPAs concentration should be optimized (Pegg, 2007).  

 

5.1.3. Future directions  

At the moment, the most promising cryopreservation approach is the ‘Master Liver 

Supercooling’ protocol. However, cell survival and recovery of organoids need to be improved 

as not all retinal-related cells were preserved by 14 days post-thaw, suggesting cell death. Either 

necrosis or apoptosis could induce cell death, but it is not clear yet which is the primary 

mechanism. In future studies, this could be assessed by Western blot and/or IF analysis using 

cellular markers such as Caspases which are hallmark characteristics of apoptosis (Krysko et 

al., 2008). Necrosis is an uncontrolled process, while apoptosis can be induced by variable 

factors, including environmental stress factors (Baust et al., 2017). Apoptosis of different cell 

types, including ESCs (Xu et al., 2010), liver cells (Vanhulle et al., 2006) or sperm (Khan et 

al., 2009), was reported after cryopreservation, suggesting that hypothermic temperatures can 

induce apoptosis. An approach to prevent this and improve cell recovery is the use of 

antioxidants that reduce ROS and have been shown positive results in rat hepatocytes (Vairetti 

et al., 2001). Although the addition of Trolox and Glutathione did not improve the survival of 
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retinal cells after cryopreservation, probably the use of other antioxidants such as N-acetyl-

cysteine can be more beneficial. Also, other small molecules can be used to reduce apoptosis. 

For example, successful results were obtained following the addition of Caspase inhibitors upon 

cryopreservation of ovarian tissue (Matsushita et al., 2003) and liver cells (Zhang et al., 2009).  

Several factors such as the sample size, shape, permeability and concentration of CPAs, and 

water diffusion are critical parameters for the cryopreservation procedures. To improve the 

survival of organoids, it is important to understand the freezing/thawing mechanisms. For this 

reason, further studies on the physicochemical and biophysical reactions of the organoids 

during cryopreservation are required. Also, future studies focusing on the mechanisms of 

crystallization, water and CPA diffusivity within the organoids, sample volume and viscosity 

are needed.  

In the ‘Master Liver Supercooling’ protocol, commonly used CPAs were combined, providing 

promising results. Therefore, the addition of alternative CPAs or changes in the concentration 

of CPAs could improve the survival of retinal cells.  

In future experiments, a larger scale of organoids should be used to mimic a real 

cryopreservation scenario. This experiment will provide more insights into the number of 

organoids that can be cryopreserved in the same vial and test whether adding more organoids 

would impact their survival. Additionally, cryopreservation of organoids could be tested in 96-

well plates instead of using cryovials. This will minimise possible damage of organoids from 

their transfer from the 96-well plates to the cryovials and then back to the 96-well plates.  

A cryopreservation protocol that maintains retinal organoids at -60°C was developed. However, 

it has not yet been tested for how long the organoids can survive at -60°C. Are the metabolic 

and biological reactions of retinal cells ceased at this temperature? And if yes, for how long can 

the organoids survive at -60°C? To investigate that, organoids need to be stored with different 

storage periods at -60°C and assessed for their survival. 

In this thesis, ‘Master Liver Supercooling’ was the most promising protocol among all for the 

cryopreservation of retinal organoids. Storage of retinal organoids was performed at -60°C; 

however, studies have reported that for long-term storage, samples need to be cryopreserved at 

temperatures below -130°C where the metabolic activities and chemical reactions are 

completely ceased (Paynter, 2008, Jang et al., 2017). Additionally, some studies have reported 

that freezing samples at -80°C could preserve tissues such as rat hepatocytes for up to 90 days 

(Sugimachi et al., 2004). To enable long-term storage, freezing of retinal organoids at lower 
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temperatures is needed. Long-term storage will provide the samples with a shelf life and 

minimise possible epigenetic changes and genetic drift (Hunt, 2019).  

5.2. Shipping 

Using hiPSC-derived retinal organoids, I assessed the shipping of live hiPSC-derived organoids 

at room temperature (RT) using a commercially available container that maintains the 

environment at ambient temperature (Chapter 3). After shipping, retinal organoids retained their 

structural and functional characteristics, which were assessed by IF analysis and 

electrophysiology, respectively. Also, no differences in cell-type composition and position 

within the laminated retinal structure were observed. Analysis of neuroepithelial thickness 

revealed no differences between control, RT incubated and shipped organoids. This shipping 

method enables the transport of ready-made retinal organoids, increasing their availability to 

many research and pharma labs worldwide, facilitating thus cross-collaborative research.  

 

5.2.1. Strengths 

This study achieved an effective method to ship hiPSC-derived retinal organoids safely abroad 

at RT. The development of 3D retinal structures is a labour-intensive procedure that requires 

specialized labs and equipment to be carried out. Shipping retinal organoids abroad provides 

several advantages as it enhances collaboration between research centres and pharmaceutical 

companies. It also facilitates their availability worldwide by providing patient-specific disease 

models that could be used to understand better human retinal diseases, reveal unknown 

mechanisms of pathogenesis of the disease, and to provide new pathways for drug screening.  

For the shipping of retinal organoids, low-cost ($50) commercially available shipping 

containers were used in our study to maintain the environment at ambient temperature. This 

method provides an easy and cost-effective way to ship retinal organoids abroad at RT without 

requiring special equipment that can be expensive, in contrast to other studies that have 

developed a portable shipping container to maintain the temperature at 37°C, which increases 

the cost of the delivery 4 times (£216) (Singh et al., 2020).  

Additionally, our shipping method minimizes any variables that can affect the survival of the 

organoids, such as battery failure during transportation which could delay organoid’s delivery. 

Shipping the organoids at RT conditions minimizes the need to cryopreserve them or ship them 

at cryogenic conditions (Simione and Sharp, 2017). This gives the possibility to the recipient 

of the parcel to process the samples without any specialized instructions for thawing. Also, 
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avoiding freezing of the organoids minimises the risk of structural and morphological damages 

caused by freezing/thawing cycles (Jang et al., 2017). 

Additionally, the method established in this thesis has been tested on a large scale of organoids 

resembling a real scenario of shipping multiple plates of retinal organoids to the recipient.  

Importantly, no variability was observed between shipped and control organoids, making the 

transportation of hiPSCs derived retinal organoids an effective method. This transportation 

method could provide a solution towards wide access and availability of organoids, making this 

technology ultimately accessible worldwide.  

 

5.2.2. Limitations 

In this study, we have generated hiPSC-derived retinal organoids on 96-well plates. For the 

shipping of organoids, 96-well plates were wrapped and sealed with parafilm and then were 

placed in the shipping container. Although instructions to maintain the container upright were 

provided, leakage of media was observed upon arrival. This could induce the degeneration of 

organoids or cause contamination. Probably, transferring the organoids in a falcon tube full of 

media will prevent any leakage in case of turbulences. 

Other studies have tested the heat-insulating capacity of the shipping containers (Hori et al., 

2019). In this study, temperature fluctuations were recorded between 23.8 and 18.8˚C, based 

on the temperature control. Probably exposing the shipping package to extreme temperatures 

such as 50°C or 0°C could provide better insights on whether the package is suitable for 

maintaining organoids at ambient temperatures without affecting the survival of organoids. 

In this study, we investigated the impact of five-day storage and three-day shipment at RT on 

retinal organoids. This delivery period is ideal for domestic shipments as well as for shipments 

in European countries. However, it is essential to investigate whether retinal organoids can 

survive being kept at RT for a longer time mimicking shipping of the organoids to further 

destinations, or cases of delayed shipping, to provide more insights into the extent of storage of 

retinal organoids at RT.  

The approaches described above to overcome the study's limitations could be considered the 

future directions of the project. 
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5.3. Retinitis Pigmentosa 

Using hiPSC technology, control and patient-specific RP11-hiPSCs were differentiated into 

RPE monolayers using an established protocol (Regent et al., 2019) to investigate the disease 

mechanisms in Retinitis Pigmentosa caused by mutations in the PRPF31 gene (Chapter 4). To 

assess the impact of PRPF31 mutation on the proteome of RPE cells, proteomic analysis of 

control and RP11-RPE cells was performed. Gene ontology analysis showed RNA splicing, 

retinoid metabolism and visual perception, and protein folding (UPR) pathways to be affected 

in RP11-RPE cells. The patient-derived RPE cells were characterised by reduced levels of 

PRPF31 protein, which was predominantly located in the cytoplasm in an aggregate-like 

pattern. Cytoplasmic PRPF31 protein was associated with misfolded, ubiquitin conjugated and 

visual cycle proteins and accumulated progressively with time. Analysis of the waste disposal 

mechanisms showed impairment in proteasome and autophagy activity hence exacerbating 

aggregate formation, which was closely linked with activation of cell death. Reduction of 

cytoplasmic aggregates was tested using variable drugs that activate autophagy, HSP inducers 

and inhibitors of UPR. Rapamycin, an inducer of autophagy, has been shown to reduce these 

cytoplasmic aggregates in RP11-RPE cells and improved cell survival. Relieving the RPE cells 

from the accumulation of insoluble cytoplasmic aggregates presents a novel therapeutic strategy 

for RP11-patients.  

 

5.3.1. Strengths 

The ability of hiPSCs to develop into any type of cells has given us the possibility to generate 

RPE cells from patients harbouring PRPF31 mutations to investigate the mechanisms causing 

Retinitis Pigmentosa. In this study, iPSCs from 3 patients with severe and very severe RP 

phenotypes (RP11VS, RP11S1, RP11S3) were differentiated into RPE cells to investigate the 

impact of PRPF31 mutations on the formation and stability of the spliceosome and the 

proteome of RPE cells. Using hiPSC-derived RPE cells from patients harbouring different 

PRPF31 mutations enabled us to understand the disease's complexity and reveal unknown 

mechanisms of pathogenesis. 

RPE cells across all cell lines were plated at the same densities either on 12-well plates or 24-

well transwell inserts. Additionally, RPE cells were collected at passage number 3 to minimise 

any possible differences that could arise from different passages. Differentiated RPE cells were 

pigmented, tightly packed and were characterised with a cobblestone morphology, which are 

all hallmark characteristics of RPE cells.   
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Our previous work, using a hiPSC-disease modelling approach, showed that mutations in the 

pre-mRNA processing factor, PRPF31, result in global spliceosome dysregulation specifically 

in retinal cells and RPE cells (Buskin et al., 2018). To fully understand the impact of such global 

splicing dysregulation on the RPE, we have undertaken a detailed proteomic analysis of RPE 

cells. Proteomic analysis is a powerful technique used in our study to quantify changes in the 

abundance of proteins among the samples. Several studies have used this high-throughput 

technique to reveal affected proteins within the cells and advance our understanding of RPE 

cell biology in health and disease (Buskin et al., 2018, Hongisto et al., 2017). Proteomic analysis 

revealed an enrichment of proteins involved in RNA splicing, retinoid metabolism and visual 

perception, and protein folding (UPR) pathways. Key candidates from each enriched pathway 

were selected and were validated by Western blot and IF analysis. Confirmability of the results 

was performed by three methods which enhances the outcome and strengthens the study's 

conclusions.  

In our study, 3 RP11-RPE cell lines were derived from patients that harboured different 

PRPF31 mutations and differed in the disease's severity. Our results revealed the presence of 

insoluble aggregates which contain the mutant PRPF31 protein, misfolded and ubiquitin-

conjugated proteins in all RP11-RPE cell lines, which accumulate progressively over time. 

Confirming the same findings across different RP11 cell lines is a powerful method to 

confidently report a mechanism of pathogenesis in RP11-RPE cells. Our findings are in 

agreement with recent studies reporting the cytoplasmic accumulation and aggregation of wild-

type and mutant PRPF31 protein in the insoluble fraction of mouse RPE cells with Prpf31A216P/+ 

mutation (Valdés-Sánchez et al., 2019).  

 

5.3.2. Limitations 

In our previous study hiPSCs were differentiated to RPE cells using a stepwise protocol that 

includes small molecules (Buskin et al., 2018). In this study, we used a novel differentiation 

protocol to enhance RPE differentiation and produce large-scale hiPSC-RPE cells (Regent et 

al., 2019). Despite the disease severity or phenotypic differences, all hiPSCs were differentiated 

to RPE cells, suggesting that differentiation efficiency could be cell line dependent. In addition 

to the differences observed between RPE patches between different cell lines, differences 

within the same cell lines were observed between different experimental runs. This suggests 

that the efficacy of RPE differentiation is variable and can not be predicted until the 

differentiation is performed.  
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In this study, pharmacological agents were selected to assess whether cytoplasmic aggregate 

accumulation could be eliminated. The concentrations of the selected drugs were based on 

previously published studies. Ideally, a range of different drug concentrations should have been 

tested on RPE cells to investigate the optimum concentration and treatment period on RPE cells. 

This is because, between different cell lines, the efficacy of the drugs might change. For 

example, studies have shown that different concentrations of Rapamycin cause different effects 

across different cell types, and these vary by more than 1,000-fold (Foster and Toschi, 2009).  

Our study assessed the presence of cytoplasmic aggregates by IF analysis, and the most 

promising results were confirmed by Western blot. Ideally, the efficacy of all drugs should have 

been tested by both IF and Western blot to observe which drug had the best effects. 

 

5.3.3. Future directions: 

The findings of this study have shown reduced nuclear expression of PRPF31 protein RP11-

RPE cells compared to control cells and translocation of PRPF31 protein to the cytoplasm in 

an aggregate-like form. We have shown that Rapamycin can eliminate insoluble cytoplasmic 

aggregates, and in future studies, this strategy can be combined with gene therapy studies to 

restore RPE function and localisation of PRPF31 in RP11 patients. 

Whilst this study assessed the localisation of WT and mutant PRPF31 protein in all control and 

RP11-RPE cells by IF analysis and evaluated further by Western blot the differences in 

expression levels of PRPF31 protein between  PR11VS and Cas9-RP11VS cell lines, future 

studies should focus on the expression of mutant and WT PRPF31 protein in soluble and 

insoluble fractions of all patient and control cell lines. This will provide a better understanding 

of whether mutant PRPF31 protein is expressed in all patient RPE cells and whether its 

expression levels vary between patient cell lines that harbour different mutations.  

In this thesis, we assessed the effects of pharmacological agents on the cytoplasmic aggregates 

in RP11-RPE cells. Mature RP11-RPE cells (with distinct hexagonal morphology and dark 

pigmentation) that have been seeded on transwell inserts for 12 weeks (unless otherwise 

indicated) were used. Assessing the effects of pharmacological agents on RP11-RPE cells at 

earlier stages of maturity (week 4 and 8) would provide deeper insights into which stages of the 

disease Rapamycin has optimum results.  

Pharmacological agents were selected to eliminate cytoplasmic aggregates, and drug 

concentrations were chosen based on previously published studies. Although previous studies 
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have reported promising results, the efficacy of drugs can vary between different cell lines. 

Therefore, a wider range of doses could be used in future studies to assess whether different 

concentrations can have a better therapeutic effect. 

Our results have shown that patient-derived RPE cells were characterised by reduced levels of 

active spliceosomes and the presence of insoluble aggregates containing the mutant PRPF31 

together with misfolded, ubiquitin-conjugated proteins, which accumulated progressively with 

time. Additionally, we revealed that the waste disposal mechanisms via autophagy and 

proteasome-mediated degradation were impaired. However, it is unknown whether the 

accumulation of misfolded/aggregated proteins results from decreased proteasome/autophagy 

activity or whether the waste disposal mechanisms are incapable of coping with the burden of 

misfolded, ubiquitinated and aggregated proteins resulting from global spliceosome 

dysregulation. To investigate the exact mechanisms leading to protein aggregation, further 

experiments assessing the expression of cytoplasmic aggregates and the activity of proteasome 

and autophagy at different maturity stages are required.  

Misfolded and aggregated proteins are a hallmark of many neurodegenerative diseases (NDs), 

and have been linked to neurodegeneration and cell death. Several studies have reported that 

NDs like AD have increased levels of Caspase-3. Specifically, in AD, accumulation of Caspase-

3 induces degeneration of synapses and decreases synaptic plasticity (Snigdha et al., 2012). Our 

results have shown activation of Caspase-3 in RP11-RPE cells compared to control RPE cells, 

but the exact mechanism by which protein aggregates activate cell death is still unknown. 

Activation of Caspase-3 in RP11-RPE cells has been revealed by IF analysis. Therefore, other 

methods such as Western Blot analysis could be performed to confirm the activation of 

Caspase-3 on RPE cells.  

Several molecules have been reported to activate autophagy and reduce cytoplasmic aggregates 

in NDs by activating waste disposal mechanisms. Specifically, a recent study has reported 

induction of autophagy using indirect inhibitors of mTOR, which are considered a promising 

therapeutic strategy in dry AMD. Flubendazole (FLBZ) has been approved by FDA and has 

been shown to promote degradation of indigested materials and alleviate tight junction 

disruption in RPE cells of AMD patients (Zhang et al., 2021). It will be interesting for future 

studies to assess the effects of indirect inhibitors such as FLBZ on RP11-RPE cells to explore 

whether they provide better results (reduce cytoplasmic aggregates, restore WT PRPF31, 

restore tight junctions and phagocytosis with the minimum toxicity) compared to the current 

findings from Rapamycin.  
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Despite the numerous advantages that hiPSC technology has provided in regenerative medicine, 

including disease modelling, drug discovery and cytotoxicity studies, the development of retinal 

models requires further improvements. For example, retinal organoids are physiologically, 

developmentally and anatomically similar to the retinal tissue in the human eye (Lancaster and 

Huch, 2019); however, the interaction of PRs and RPE cells needs further improvements to 

elucidate and improve our understanding of retinal diseases.   

 

5.4. General Conclusions 

Using hiPSCs technology has provided remarkable advantages in regenerative medicine, 

including disease modelling, drug screening and toxicological studies. hiPSC-derived retinal 

organoids and RPE cells recapitulate the morphology, composition and structure of cells found 

in human retina tissues. Modelling of retinal tissues enabled us to study their applications in 

cryopreservation, shipping and disease mechanisms. Cryopreservation of whole retinal 

organoids has been attempted with limited success, such as the survival of PR cells only; 

however, this study provides the foundations for building an optimal protocol for the 

cryopreservation of retinal organoids. Also, this study reported an economical method to ship 

retinal organoids at RT, facilitating transportation between research centres. This work was 

published (Georgiou et al., 2020). Furthermore, using hiPSCs-derived RPE cells, this study has 

elucidated potential pathological mechanisms causing Retinitis Pigmentosa and has provided 

insights about potential therapeutic agents that could alleviate the pathological mechanisms. 

This work is deposited in BioArchive (Georgiou et al., 2021), and the data are available at this 

link: https://www.biorxiv.org/content/10.1101/2021.10.11.463925v1. 
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