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Summary 

This thesis explores potential gene therapies for retinal degenerations, both inherited and 

acquired, using adeno-associated virus (AAV) vectors for gene delivery.  

Inherited retinal degenerations (IRDs) are a leading cause of vision loss for people of 

working age and exhibit extreme genetic heterogeneity, with over 270 known genes 

implicated. Retinitis pigmentosa (RP) represents the most common IRD, with a prevalence 

of 1 in 4,000 people. This progressive rod-cone dystrophy can be caused by mutations in 

any of over 80 different genes. The study presented in the second chapter of this thesis 

relates to X-linked RP (XLRP) caused by loss-of-function mutations in the RP2 gene. The 

effects of two different RP2 mutations were investigated using patient-derived fibroblasts 

and, through a collaborative effort, RP2 null retinal organoids (ROs) were used to model 

this form of XLRP. A novel early-onset rod degeneration phenotype emerged in RP2 null 

ROs, which could be prevented by highly efficient transduction with an AAV2/5-CAG-RP2 

gene replacement vector. In addition, a preliminary evaluation of the tolerance of in vivo 

AAV-mediated RP2 overexpression after subretinal vector delivery in wild type mice was 

undertaken.  

The research presented in chapter 3 of the thesis then explores the feasibility of a gene 

editing-based ‘suppression and replacement’ therapy for autosomal dominant RP (ADRP) 

due to rhodopsin (RHO) mutations. The ultimate aim of this project is to assess the 

therapeutic efficacy of insertion of a rhodopsin mini-gene into the RHO 5’UTR, which 

should simultaneously suppress expression of pathogenic alleles and provide a 

replacement coding sequence. A current obstacle in the development of gene editing 

therapeutics lies in the inefficiency of precise editing in post-mitotic cells. In this thesis 

chapter, the efficiency of a homology-independent targeted integration (HITI) strategy for 

gene insertion upstream of the human RHO start codon was explored. A dual AAV CRISPR-

Cas9 based platform was developed to mediate insertion of an EGFP mini-gene into the 

RHO 5’UTR in photoreceptors of a humanised mouse model of RHO-ADRP. Although the 

experiment described in this thesis requires replication and further validation, initial 

results are promising, with a relatively high proportion of transduced photoreceptors (up 

to 43%) apparently expressing integrated EGFP sequences. 
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Gene therapies targeted towards specific genes hold great promise for monogenic 

inherited diseases. However, the extreme genetic heterogeneity of IRDs has made 

development of appropriate treatments challenging, as each gene-specific therapeutic 

must be assessed and achieve regulatory approval independently. Additionally, there is a 

significant need to develop effective treatments for age-related multifactorial retinal 

degenerations, such as glaucoma – the most common cause of irreversible blindness 

globally. Thus, there is considerable interest in developing gene-independent 

therapeutics that can modulate common degenerative mechanisms. Mitochondrial 

dysfunction is emerging as a major underlying factor in multiple types of retinal 

degeneration, including glaucoma. The study described in the final research chapter in 

this thesis explores whether increasing mitochondrial electron transport chain (ETC) 

activity could be beneficial in a glaucomatous context. The yeast Ndi1 gene encodes a 

single unit NADH dehydrogenase capable of substituting for ETC complex I, a huge 

multimeric protein. Intravitreal delivery of an AAV2/2-CMV-Ndi1 vector led to a 

significant increase in NADH oxidation activity in retinal and optic nerve tissue of the 

DBA/2J glaucomatous mouse model. Retinal ganglion cell body density was significantly 

preserved in DBA/2J eyes treated with this transkingdom gene therapy, while a trend of 

increased inner retinal function (assessed via electroretinogram) was also observed. 

Overall, the data presented in this body of work support the immense potential of gene 

therapies for the treatment of rare monogenic retinal degenerations, such as RP2 and 

rhodopsin-linked RP, and also common multifactorial forms of ocular disease such as 

glaucoma. 
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1 General introduction 

1.1 The eye  

Famously described by Darwin as an organ of ‘extreme perfection and complication’, the 

eye (Fig. 1.1) is a highly organised, sophisticated structure tasked with converting visual 

stimuli into electrical signals. Unfortunately, the more complex a system, the more points 

of potential failure.   

1.1.1 The anterior segment 

Light is focused by the refractive power of the transparent cornea and lens. Suspensory 

ligaments connect the lens, which is naturally elastic, to ciliary muscles that control its 

curvature, enabling the eye to change focus depending on an object’s relative distance. 

The iris also regulates its shape, but in response to lighting conditions. This tissue consists 

of two pigmented layers: a stroma (fibrovascular cells) and underlying epithelial cells. The 

stroma is connected to sphincter and dilator muscles that allow the iris to control the size 

of its pupil and, therefore, how much light ultimately reaches the retina (Snell and Lemp, 

Figure 1.1. Anatomy of the eye. 

Light must pass through the cornea, aqueous humour, pupillary aperture of the iris, the 

lens and vitreous humour before finally reaching the light-sensitive membrane known as 

the retina. Figure created using BioRender.com.  
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1998). To compensate for the avascular nature of many anterior segment tissues, the 

anterior and posterior chambers are filled with a nutrient-filled aqueous humour (AH) 

that is secreted by the ciliary body. AH also provides structural support, sustaining 

intraocular pressure. However, this fluid must be cleared at a rate equal to its production. 

Approximately 90% of aqueous leaves the eye through the trabecular meshwork in the 

iridocorneal angle, where it drains into Schlemm’s canal and a series of collector channels 

and aqueous veins, and is cleared into the venous system (Fig. 1.2) (Snell and Lemp, 

1998). The remaining fluid exits via the ‘unconventional’ pathway, moving through the 

ciliary muscle, choroid and sclera (Johnson et al., 2017).  

 

1.1.2 The retina 

The retina is an outpost of the brain responsible for detecting photons of light and 

relaying this information to the visual cortex as electrical signals, initiating the formidable 

task of visual processing. This thin, transparent membrane is comprised of five major 

neuronal classes: photoreceptors (rods and cones), bipolar cells, horizontal cells, 

amacrine cells and retinal ganglion cells (RGCs), alongside supportive glial cells (Fig.1.3.A). 

This laminated structure is separated into three nuclear layers (outer and inner nuclear 

layers (ONL/INL), and ganglion cell layer (GCL)) and two synaptic layers (outer and inner 

plexiform layers (OPL/IPL) (Fig.1.3.B). Somewhat counterintuitively, the photon-detecting 

Figure 1.2. Aqueous dynamics in the anterior segment. 

Figure reproduced from Weinreb et al., 2014. 
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photoreceptors (PRs) are located at the back of the retina, so light must first pass through 

the upper transparent cell layers. Visual information must be passed from PRs to bipolar 

cells and on to RGCs in the front/inner retina before it can be delivered to the brain.  

Phototransduction is initiated in photoreceptors outer segments (POS) (see Fig. 1.C for 

detailed depiction of photoreceptor structure), which are essentially highly specialised, 

non-motile cilia. POS contain tightly-packed stacks of opsin - a G-protein coupled receptor 

(GPCR) bound to the 11-cis-retinal chromophore. When exposed to light, 11-cis-retinal is 

changed to all-trans-retinal and the resultant change in GPCR conformation initiates a 

signalling cascade, which ends in photoreceptor hyperpolarisation (Tsin et al., 2018). In 

this way, light intensity is expressed using graded changes in membrane potential and 

neurotransmitter release (Bertalmío, 2020).  

Photoreceptors have different spectral sensitivities, depending on the type of opsin they 

possess. Rod photoreceptors, which express rhodopsin, are extremely sensitive (capable 

of detecting a single photon of light) and are the predominant type of photoreceptor 

outside of the central retina (macula). Overall, rods outnumber cones in the retina by 

~20:1 (Masland, 2012). In the human retina, there are normally 3 different types of cone 

photoreceptor: S-, M- and L- cones, which contain opsins sensitive to short, medium and 

long wavelength light, respectively (Hoon et al., 2014). Cones are concentrated in the 

macula, particularly so in the fovea – a small pit in the centre of the macula where inner 

retinal cells are displaced so that light shines more directly on its dense population of 

cones (Snell and Lemp, 1998). Although they are ~100 times less sensitive than rods, 

cones can respond to light much faster. Rods therefore enable monochromatic sight in 

low (scotopic) lighting, and peripheral vision. Cones facilitate trichromatic and central 

vision in brightly-lit (photopic) conditions, in which rods are saturated  (Hoon et al., 2014, 

Bertalmío, 2020). Rods vastly outnumber corresponding RGCs in peripheral regions, and 

so the signals of many different rod cells converge onto a single ganglion cell. In contrast, 

each foveal cone is connected to a distinct RGC, which enables a high degree of spatial 

resolution and visual acuity in this region (Bertalmío, 2020). 

Photoreceptor outer segments are surrounded by microvilli of the retinal pigment 

epithelium (RPE), which facilitates nutrient exchange between PRs and the choroid and is 

vital for the upkeep of POS. Used (all-trans) chromophore is transported from 

photoreceptor outer segments (POS) to the retinal pigment epithelium (RPE), where it is 
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reisomerised to the excitable 11-cis form and delivered back to the photoreceptors 

(Strauss, 2005). RPE cells also phagocytose and recycle shed POS, which must be 

completely replaced roughly every 10 days (Young, 1971). While the constant renewal of 

POS may prevent against accumulation of components damaged by photooxidative stress 

(Pearring et al., 2013), the rapid rate of protein turnover means that photoreceptors cells 

are especially sensitive to perturbations in protein trafficking. Many severe forms of 

inherited retinal degeneration are thought to be caused by defects in OS trafficking, one 

of which will be discussed in chapter 2. 

The human retina contains approximately 126 million photoreceptors but only ~1 million 

retinal ganglion cells (RGCs), which transmit visual information to the brain. Signals 

produced by photoreceptors must therefore be efficiently condensed. Photoreceptors 

form synapses with bipolar cells (BCs) in the OPL. Photoreceptor hyperpolarisation leads 

to a reduction in the continuous release of glutamate across the PR-bipolar cell synapse. 

There are 12 different types of BC, only one of which interacts with rods. The main 

subdivision of BC types is between ON and OFF cells; ON cells are excited by a reduction 

in photoreceptor glutamate release, while OFF cells are inhibited. Input from as many as 

1500 rod cells can converge onto one BC, which allows amplification of the signal from 

these highly sensitive cells and reduction of noise, while each cone cell forms connections 

with 12 different BCs. Cone BCs form synapses with RGCs, while rod BCs connect to 

amacrine cell intermediates before ganglion cells. Signals propagated along the parallel, 

vertical paths from PR to RGC are subject to lateral inhibition mediated by horizontal and 

amacrine cells, which enhances contrast and sharpness of the transmitted visual 

information (Bertalmío, 2020, Meister and Tessier-Lavigne, 2013). 

Approximately 20 distinct types of RGC have been identified, which can relay different 

aspects of a retinal image (i.e. colour, contrast, spatial and temporal resolution, motion, 

edge detection). RGCs are the only class of retinal neuron that can fire action potentials 

and do so in response to the graded glutamate release of bipolar or amacrine cells. These 

action potentials must be transmitted to the brain for further processing and 

interpretation. RGC axons therefore traverse the retina in the nerve fibre layer (NFL, or 

retinal nerve fibre layer (RFNL)) before converging and exiting the eye in the form of the 

optic nerve, which connects the retina to the brain (Bertalmío, 2020, Meister and Tessier-

Lavigne, 2013). The unique cellular architecture and high energy demands of RGCs makes 
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them extremely vulnerable to metabolic deficiencies – an issue that will be explored in 

the context of glaucoma in chapter 4.  

Retinal neurons are dependent on the support of macroglia (Müller cells and astrocytes) 

and microglia (Fig.1.3.D). 

Müller glia span the full width of the neuroretina; their processes extend vertically from 

the INL in both directions. Tight-junctions between Müller cells and photoreceptor inner 

segments form the outer limiting membrane (OLM) barrier between the retina and 

subretinal space (Reichenbach and Bringmann, 2020), while Müller cell endfeet covered 

with basal lamina make up the inner limiting membrane (ILM) – a barrier that separates 

retina from the vitreous body (Snell and Lemp, 1998). Their processes also extend to form 

supportive sheaths around neurons. Müller glia play an important role in channelling light 

to photoreceptors. They also provide photoreceptors with metabolic substrates, trophic 

and antioxidant factors, facilitate exchange of nutrients and metabolic waste products, 

and control extracellular levels of neurotransmitters, water and ions. Regulation of 

immune response and inflammation are additional, important components of their 

repertoire (Reichenbach and Bringmann, 2013, Reichenbach and Bringmann, 2020). 

Astrocytes are mainly present in the GCL and NFL, and in the optic nerve. They share 

functions with the Müller glia, including regulation of ion and neurotransmitter 

concentrations in the extracellular fluid, and can deliver neurotrophic factors to neurons 

in times of stress. Microglia - the immune cells of the retina - survey the OPL, IPL and GCL, 

phagocytosing cellular debris and pathogens. They too can provide trophic factors. While 

they are capable of antigen presentation, they normally act to suppress inflammation 

(Reichenbach and Bringmann, 2020). 
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Figure 1.3. The retina. 

(A) Schematic of the laminated neuroretina and RPE. ONL = outer nuclear layer; OPL = outer 

plexiform layer; INL = inner nuclear layer; IPL = inner plexiform layer; GCL = ganglion cell layer; 

NFL = nerve fibre layer. 

(B) Light micrograph of a human retinal cross-section. 

(C) Illustration of rod and cone photoreceptor cells. Outer segments contain discs of opsin, 

formed by in-folding of the plasma membrane (PM). In rods, these discs are ultimately 

detached from the PM, whereas cones opsin discs remain tied to the PM. Photoreceptor inner 

segments are mitochondria-rich and contains the protein-making apparatus. Newly 

synthesised proteins destined for the OS must be trafficked through the connecting cilium. ER 

= endoplasmic reticulum. 

(D) Schematic illustrating retinal neural, glial and vascular cells of the retina. M = Muller cell; 

Mi = microglial cell; As = astrocyte; BV = blood vessel; ON = optic nerve; Ch = choroid; G = 

ganglion cell; A = amacrine cell; B = biopolar cell; H = horizontal cell; R = rod; C = cone. 

Figures B and D are adapted from Wright et al., 2010 and Vecino et al., 2016, respectively. A 

and C were created using Biorender.com. 
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1.2 Blindness 

Humans are deeply reliant on sight in our attempts to navigate and appreciate the world. 

Visual impairment is linked to loss of independence, increased risks of depression and 

falls, lower rates of employment and workplace productivity, and educational attainment, 

and higher (non-eye related) medical costs (Marques et al., 2020, Javitt et al., 2007, 

Galvin et al., 2020). In a US survey, participants consistently ranked blindness as a worse 

condition than HIV/AIDS, loss of limb, deafness, heart disease or arthritis. Depending on 

the ethnic group, blindness was also feared more than cancer (Caucasian) or Alzheimer’s 

disease (Asian/Hispanic), or both (African American) (Scott et al., 2016). In 2015, 253 

million people were thought to be moderate to severely visually impaired or blind 

worldwide (Bourne et al., 2017), a figure which is set to increase as the populations of 

developing nations age. The global economic cost of visual impairment has been 

estimated as $2954 billion (USD) (Gordois et al., 2012). The leading causes of blindness 

are cataracts and glaucoma (Flaxman et al., 2017). Glaucoma will be discussed in chapter 

4, which explores a potential gene-based therapy for this condition. 

When it comes to individuals between 15 to 45 years of age, inherited retinal 

degenerations (IRDs) are the major cause of sight loss (Cremers et al., 2018). IRDs 

represent a clinically and genetically diverse group of conditions in which retinal cells 

progressively die, leading to a state of legal blindness. Over 270 genes have been linked to 

IRDs1 and the genetic basis of ~28-50% of cases remain unresolved (Farrar et al., 2017). 

While there may be other IRD-causing genes yet to be identified, much of remaining 

caseload may arise from non-coding or structural variants in genes already implicated 

(Whelan et al., 2020, Farrar et al., 2017). Depending on the genetic insult, IRDs can be 

juvenile or adult-onset, syndromic or non-syndromic, and primarily affect rods (rod-cone 

dystrophies), cones (cone-rod dystrophies) or retinal ganglion cells (optic neuropathies). 

Although individually rare, IRDs have been estimated to collectively affect 1 in 2000 

people (Cremers et al., 2018). 1 in 2.3-3.5 people are estimated to be carriers of an 

autosomal recessive IRD (Hanany et al., 2020). Until recently, IRDs and their 

consequences had not been as well-studied as other sources of debilitating visual 

 
1 https://sph.uth.edu/retnet/sum-dis.htm [accessed: 22/11/20] 

https://sph.uth.edu/retnet/sum-dis.htm
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impairment due to the low prevalence of IRDs individually. Thanks to patient-led efforts2, 

the full impact of IRDs is now starting to be understood. In 2019, the economic and well-

being costs of IRDs amounted to £42.6 million in the Republic of Ireland (ROI) and £523.3 

million in the UK, with the majority of these costs being shouldered by affected 

individuals, their family and friends, and society. Individuals affected by IRDs were 40-56% 

less likely to be in paid employment and the majority of those surveyed reported 

experiencing anxiety (>85%) and depression (>63%) as a result of their condition (Galvin 

et al., 2020). 

1.3 Retinitis pigmentosa 

Retinitis pigmentosa (RP) is the most common IRD, with an estimated global prevalence 

of 1 in 4000 people - ranging from 1 in 750 to 1 in 9000, depending on the population 

(Verbakel et al., 2018). RP, typically a rod-cone dystrophy, can involve autosomal 

dominant (AD), autosomal recessive (AR), and X-linked (XL) modes of inheritance - 

representing 30-40%, 50-60% and 5-15% of cases, respectively (Verbakel et al., 2018). In 

the early days of IRD genetics (c. the late 1980s/early 1990s), it was therefore suspected 

that 3 different genes would be implicated in RP – one for each mode of transmission 

(Prof. G Jane Farrar, personal communication). Fast-forward to 2020 and 89 different 

genes have been linked to this incredibly heterogeneous disease3. 

In RP, apoptotic rod death is followed by secondary cone degeneration. This is at least 

partly due to the fact that rods secrete a protein that enhances cone survival by 

promoting aerobic glycolysis (rod-derived cone viability factor, RdCVF) (Aït-Ali et al., 

2015). Thus, while disease course varies across cases, RP generally begins with night 

blindness (nyctalopia) and delayed dark adaptation, followed by a progressive restriction 

of the visual field that gives rise to ‘tunnel vision’. Macular cones usually function 

normally until the late stages of disease, with central vision loss apparent by the age of 60  

(Takahashi et al., 2018), although it can arise earlier. Age of onset can vary from early 

childhood to adulthood. XLRP patients tend to present with an earlier age of onset and 

 
2 https://www.retina-international.org/ird-counts-study-results-released-today-at-euretina19/ [accessed: 
21/11/20] 
3 https://sph.uth.edu/retnet/sum-dis.htm#B-diseases [accessed: 21/11/20]. Note: this figure relates to non-
syndromic RP. 

https://www.retina-international.org/ird-counts-study-results-released-today-at-euretina19/
https://sph.uth.edu/retnet/sum-dis.htm#B-diseases
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faster disease progression than ARRP or ADRP, while central vision is generally preserved 

for longer in ADRP cases (Verbakel et al., 2018). 

Clinical hallmarks of RP evident upon fundus examination include blood vessel 

attenuation (likely due to decreased metabolic demand (Ma et al., 2012)), a pale/‘waxy’ 

optic disc , and presence of ‘bone spicules’ - pigment-containing cells that accumulate 

around intraretinal blood vessels in regions of degeneration (Fig. 1.4). The origin of these 

pigmentary deposits, from which the disease gets its name, remains unresolved; they 

have been proposed to be ectopic RPE cells, or pigment-phagocytosing macrophages or 

Müller glia (Takahashi et al., 2018). Rod and cone electroretinogram (ERG) responses are 

also absent and markedly reduced, respectively, from the middle stage of disease (Hamel, 

2006).  

The genetic heterogeneity of RP is a great obstacle in the path to finding treatments for 

this condition, as there is no universally applicable therapeutic approach. Currently, the 

only approved RP treatment is a gene replacement therapy for a recessive subtype 

caused by biallelic RPE65 mutations (which will be further discussed in the next section). 

It is therefore vitally important to develop effective therapeutics for the remaining 

majority of RP cases in order to address this substantial unmet clinical need.  

 

Figure 1.4. Comparison of normal and RP fundus photographs. 

The fundus of an individual with mid-stage RP is shown on the right (reproduced from Hamel et al. 

2006). Retinal vein attenuation and mid-peripheral bone-spicules are evident. A normal fundus is 

included for comparison (left) (taken by Mikael Häggström and used with permission).  
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1.4 Gene therapy 

A gene therapy, as defined by the European Medicines Agency (EMA), is a medicine that: 

“contains an active substance which contains or consists of a recombinant nucleic 

acid used in or administered to human beings with a view to regulating, repairing, 

replacing, adding or deleting a genetic sequence”, 

where “its therapeutic, prophylactic or diagnostic effect relates directly to the 

recombinant nucleic acid sequence it contains, or to the product of genetic 

expression of this sequence.”4,5 

The concept of gene therapy has been around for quite some time; in 1966, Edward 

Tatum suggested the possibility of using viral gene transfer to mediate ‘genetic therapy’ 

(Tatum, 1966). Viruses are, of course, highly efficient gene delivery systems, having 

evolved to circumvent the cell’s membrane defence. It would be another 24 years before 

the first FDA-approved gene therapy clinical trial commenced, in an attempt to treat 

severe combined immunodeficiency (SCID) caused by loss-of-function mutations in the 

adenosine deaminase gene (ADA). A retrovirus was used for genomic insertion of a wild-

type ADA allele into patient T cells ex vivo and modified cells were then delivered back 

into the patients’ bloodstream. The results were promising, with improved immune 

function sustained up to 2 years after treatment (Blaese et al., 1995). However, the field 

of gene therapy soon suffered two significant setbacks. In 1999, Jesse Gelsinger tragically 

died in a clinical trial testing an adenoviral gene replacement vector for the treatment of 

ornithine transcarbamylase (OTC) deficiency. The high dose of adenovirus administered 

triggered a major immune response, which led to multi-organ failure (Wilson, 2009). 

Another major upset occurred during clinical trials for X-linked SCID, which, like the ADA-

SCID trials, employed an ex vivo retroviral gene replacement strategy. The initial results of 

these trials (in the early 2000s) were positive, with improved T cell function noted in most 

treated patients. However, 5 out of 20 patients subsequently developed T cell leukaemia 

– one of whom subsequently died. This malignant transformation arose from disrupted 

regulation of proto-oncogene expression following nearby integration of retroviral long 

 
4 Note: vaccines against infectious diseases are excluded from this definition. 
5 Directive 2001/83/EC of the European Parliament and of the Council of 6 November 2001 on the 
Community code relating to medicinal products for human use 
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terminal repeat (LTR) elements with inherent promoter activity (Williams and Thrasher, 

2014).  

These tragic events understandably inspired hesitancy, particularly in the Western world, 

and it would be roughly a decade before public faith in the field of gene therapy was 

restored. The dangers of insertional mutagenesis and immune response have been largely 

overcome by employing self-inactivating (SIN) retroviruses, which lack promoter activity 

due to a partial LTR deletion, for ex vivo therapies or by adoption of recombinant adeno-

associated virus (rAAV) vectors for in vivo applications. rAAV vectors are non-integrating, 

much less immunogenic than adenovirus and can provide persistent episomal expression. 

Now, in the ‘modern era of gene therapy,’ over 2500 gene therapy clinical trials have 

been registered, tackling a wide variety of inherited and acquired diseases (Anguela and 

High, 2019). 

Over 20 gene therapies have been approved for commercial distribution by various 

regulatory bodies across the world (reviewed by Ma et al. 2020). In 2017, LuxturnaTM 

(voretigene neparvovec-rzyl), an AAV-based gene replacement therapy for a recessive 

IRD, made history as the first US Food and Drug Administration (FDA)-approved gene 

therapy for an inherited disease6. EMA approval followed soon after (in 2018) and the 

FDA formally recognised the ‘great promise’ of gene therapy, announcing efforts to 

expedite the development of new gene-based therapeutics (FDA, 2018). Gene therapy’s 

coming-of-age was largely attributed to the safety and efficacy of AAV vectors for in vivo 

gene transfer (FDA, 2019). Another AAV gene replacement therapeutic, Zolgensma, has 

since received FDA and EMA approval for treatment of spinal muscular atrophy.  

1.4.1 AAV 

AAV is a small, non-enveloped virus of the Parvoviridae family, comprised of an 

icosahedral protein capsid (25 nm in diameter) and linear single-stranded (ss) genome of 

4.7 kb (Grieger and Samulski, 2005, Samulski and Muzyczka, 2014). The economical AAV 

genome consists of rep and cap genes that utilise multiple open reading frames and 

alterative splicing to express proteins needed for replication and capsid 

production/assembly, respectively. These coding sequences are flanked by two 145bp 

 
6 Glybera, an AAV-based gene replacement therapy for a rare inherited lipoprotein lipase deficiency, was 
the first gene therapy to be approved by the EMA in 2012. However, it was not commercially successful and 
is no longer in production (Senior, 2017). 
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inverted terminal repeats (ITRs), which form T-shaped hairpin structures that act as both 

origins for viral genome replication and a signal to stimulate genome packaging into 

newly synthesised capsids. Wild-type AAV requires proteins of a co-infecting ‘helper’ virus 

to replicate and is therefore classed as a Dependoparvovirus. Indeed, AAV was first 

discovered as a contaminant in isolated adenoviral samples (hence its name). Although 

more than 70% of people are estimated to have been infected with some form of AAV, 

the virus is not pathogenic to humans (Samulski and Muzyczka, 2014). In its latent phase 

(in the absence of a helper virus) wild-type AAV integrates into the host genome – 

predominantly at a site in chromosome 19 known as AAV integration site 1 (AAVS1), 

which contains Rep binding sites (Balakrishnan and Jayandharan, 2014). 

ITR sequences are the only viral cis elements needed for rAAV vector production. This  

means viral coding sequences can be completely removed and substituted with a desired 

expression cassette – provided the Rep and Cap proteins, along with the required helper 

viral factors, are supplied in trans. Therefore, co-transfection of a producer cell line with 

three different plasmids containing (i) the transgene cassette with an AAV ITR either side, 

(ii) rep and cap genes and (iii) adenoviral helper genes is sufficient to ensure assembly of 

the rAAV. Recombinant AAV vectors are thus replication-incompetent in the absence of 

Rep protein and are incapable of site-specific integration into AAVS1. Very low rates of 

rAAV integration at other genomic sites have been noted in human and NHP tissues after 

vector administration (Wang et al., 2019a). 

AAV particles are capable of transducing both dividing and post-mitotic cells. They can 

enter a cell through several different endocytic pathways, which are stimulated upon 

binding of virions to glycosylated primary receptors and proteinaceous secondary co-

receptors on the cell surface (Dhungel et al., 2020) (Fig.1.5). There are a variety of 

naturally occurring AAV serotypes (AAV1, AAV2, AAV3, etc.), which differ in terms of 

amino acid composition at capsid ‘variable regions.’ Variable region residues determine 

what receptors an AAV particle may bind to and hence decide a serotype’s cellular 

tropism. A proportion of internalised particles (~20% in the case of AAV2) escape late 

endosomes and are imported into the nucleus via nuclear pore complexes (Büning and 

Srivastava, 2019). After nuclear entry, the viral capsid is uncoated, freeing the AAV 

genome. Second strand synthesis is then initiated from a self-priming ITR hairpin to 

enable transcription of the delivered genes. At this point, double-stranded AAV genomes 



13 
 

can be maintained in a circular extrachromosomal DNA (episomes) or integrated into the 

host cell genome (Fig.1.5). 

In rAAV production, ITR sequences from AAV2 are used to flank the desired transgene 

expression cassette, while the cap gene supplied in trans is selected from a serotype with 

affinity for the cell-type of interest. For example, an AAV made with AAV2 ITR sequences 

and AAV5 capsid proteins would be classified as a pseudotyped AAV2/5 vector. AAV2 was 

one of the first AAV serotypes identified (in 1965) and is the most thoroughly 

characterised (Choi et al., 2005). It can efficiently transduce the RPE and has 

demonstrated an excellent safety profile in the human retina (Maguire et al., 2008, 

Bainbridge et al., 2008, Hauswirth et al., 2008, Jacobson et al., 2012, Russell et al., 2017, 

Maguire et al., 2019). AAV2/5 and 2/8 more efficiently transduce photoreceptors 

(Suracea and Auricchio, 2008), however, and there are several potential therapeutics 

utilising these serotypes currently under clinical development (reviewed by Buck et al. 

2020).  

Additionally, next generation AAV vectors modifying the vector’s tropism through the 

targeted mutation of genes encoding the capsid proteins have the potential to greatly 

improve transduction efficacy. For example, mutating the tyrosine residue at position 733 

of a capsid surface protein to phenylalanine has been shown to enable faster and 

stronger transgene expression – an improvement hypothesized to be facilitated by 

reduced phosphorylation of tyrosine residues and thus reduced ubiquitination and 

degradation of the vector by host cell proteasomes (Pang et al., 2011). Transduction 

efficiency can also be improved through AAV capsid engineering, using rational design, 

directed evolution or in silico design strategies (Wang et al., 2019a). Indeed, these 

technologies are currently being extensively utilised to generate novel AAV serotypes. 

The most notable disadvantages of AAV vectors are its limited cargo size (~4.8 kb) and the 

fact that full transgene expression is delayed for about 1-2 months while the virion coat is 

shed and a complement to the ssDNA is synthesized (Wu et al., 2010, Bucher et al., 2020).  

To circumvent packaging constraints, dual and triple AAV platforms are under 

development, in which the transgene sequence is split across vectors and, following 

transduction, can be spliced together at the DNA, mRNA or protein level – though such 

systems are of course not as efficient as single vector platforms (Tornabene, 2020). 

Moreover, accurate and robust assembly of the full length transgene using these systems 



14 
 

has yet to be thoroughly explored. In order to reduce the time taken before onset of 

expression, self-complementary AAV (scAAV) vectors can be utilised, in which the 

transgene and its inverted complement are included in the cassette and can form a 

functional template without delay, enabling significantly more efficient transgene 

expression (Natkunarajah et al., 2008, Greenwald et al., 2020). Of course, a downside to 

this approach is that the vector’s already limited transgene-carrying capacity is halved. 

scAAV vectors also appear to be more immunogenic, enhancing AAV genome detection 

by Toll-like receptor (TLR) 9 (Bucher et al., 2020).  
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1.4.2 Gene therapies for ocular disease 

The retina has proven to be an optimal context in which to test the potential of in vivo 

gene therapy for a number of reasons. The eye is an easily accessible organ, meaning 

drugs can be administered relatively non-invasively and experimental outcomes can also 

be monitored using non-invasive imaging techniques. Ideal within-subject experimental 

controls are readily available in the form of untreated contralateral eyes. Additionally, the 

small size of the eye and post-mitotic nature of retinal cells means that relatively low 

dosages are required and transgene-expressing AAV episomes will not be diluted out, as 

they would be in dividing cells.  

Ocular immune privilege is also a major advantage; the intraocular space is naturally anti-

inflammatory and immunosuppressive to protect against collateral damage to its 

important, non-regenerative tissues (Streilein, 2003). The eye’s microenvironment is 

guarded by blood-ocular barriers, which tightly regulate the entry and exit of molecules 

and cells. The blood-aqueous barrier is sealed by tight junctions (TJs) of non-pigmented 

epithelial cells of the ciliary body and endothelial cells of the iris vasculature, while the 

inner and outer blood-retinal barriers are formed by TJs of the endothelial cells of retinal 

blood vessels and retinal pigment epithelium, respectively (Cunha-Vaz, 1997). Ocular 

Figure. 1.5. Schematic of AAV transduction. 

(i) AAV particles bind to primary and secondary cell surface receptors and are endocytosed. Once 

internalised, virions are sorted in endosomal and Golgi compartments, and undergo various 

capsid conformation changes – e.g. exposure of phospholipase A2 (PLA2) domains, which is 

required for endosomal escape. KIAA0319L and GPR108 are entry factor proteins enriched in the 

Golgi that appear to be essential in facilitating transduction. Virions make their way into the 

cytosol and enter the nucleus through nuclear pore complexes or, alternatively, undergo 

proteasomal degradation. TGN = trans Golgi network; GEEC = glycosylphosphatidyl-achored 

protein (GPI-AP)-enriched compartment; imp- = importin .  

(ii) Within the nucleus, AAV particles shed their capsid coats and the released single-stranded 

genome is converted to dsDNA via second strand synthesis or annealing of sense and antisense 

strands. Alternatively, scAAV genomes, which are already double-stranded, can bypass the rate-

limiting step of second strand synthesis. Double-stranded rAAV genomes are predominantly 

maintained as episomes (consisting of one or multiple genomes) but a small proportion of AAV 

genomes may undergo integration into host DNA. 

Figures reproduced from (i) Dhungel et al. 2020 and (ii) Wang et al. 2019. 
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tissues also produce immunomodulatory factors that suppress inflammation (Streilein, 

2003). 

Substances can be delivered to the retina through intravitreal or subretinal injection, 

where the syringe contents are released into the vitreous body or between the 

photoreceptor and RPE layer, respectively (Fig. 1.6). Intravitreal (IVT) injection is the least 

invasive administration route of the two, as subretinal (SR) injection necessitates a 

transient detachment of the neuroretina from the RPE and has been associated with 

damage to central retinal structure in some patients (Gamlin et al., 2019). Transduction in 

the subretinal space is also limited to cells that come into direct contact with the bleb of 

injected fluid. With regard to IVT injection, although AAV can effectively transduce RGCs 

from intravitreal starting point, it cannot efficiently penetrate the outer retina. In the 

vitreous, AAV is diluted, exposed to neutralising antibodies and its entry to the retina is 

further impeded by the ILM.  Efforts to overcome these obstacles include directed 

evolution of serotypes with the ability to pass through the ILM and development of a sub-

ILM injection technique (Dalkara et al., 2013; Boye et al., 2016). However, these 

innovations have not yet succeeded in transducing photoreceptors as efficiently as SR 

injection. Delivery of AAV to the vitreous also appears to be more immunogenic than 

delivery to the subretinal space (Li et al., 2008, Seitz et al., 2017). SR injection thus 

remains the current method of choice for delivering therapies targeting the outer retina. 
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The recent FDA (2017) and EMA (2018) approvals of LuxturnaTM (Spark Therapeutics), an 

AAV-based gene replacement therapy for retinal degeneration due to biallelic RPE65 

mutations (presenting as Leber Congenital Amaurosis or RP), was a landmark 

achievement for the gene therapy field. Luxturna is an AAV2/2 vector that carries a 

human RPE65 coding sequence under the control of the constitutive CAG promoter, 

which is comprised of the cytomegalovirus (CMV) early enhancer followed by the 

promoter, first exon and first intron of the chicken β-actin (CBA) gene. When subretinally 

injected, this vector restores expression of RPE65, a vital enzymatic component of the 

visual cycle, in RPE cells. Proof-of-concept for a RPE65 gene replacement strategy was 

established in pre-clinical studies utilising canine and murine RPE65-/- models (Acland et 

al., 2001, Acland et al., 2005, Bennicelli et al., 2008), with improved visual function 

Figure 1.6. Schematic of steps involved in retinal gene therapy. 

A rAAV genome is synthesised to include an expression cassette for a therapeutic transgene, 

flanked by ITR sequences necessary for viral packaging. The recombinant genome is then 

packaged into an AAV capsid of choice and the resulting viral particles are injected either 

subretinally or intravitreally, depending on the target cell-type. 

Figure created using Biorender.com. 
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maintained for up to a decade in treated dogs (Cideciyan et al., 2013). After safety 

assessment in non-human primates, clinical trials of this therapeutic strategy commenced 

from 2007 in small cohorts of patients aged 8 – 44 years (reviewed by Pierce and Bennett, 

2015). The AAV2/2-hRPE65 vectors used demonstrated excellent safety profiles, with no 

serious adverse events or signs of systemic toxicity observed – indeed, many of the 

adverse events that were reported could be attributed to the surgical procedure, which 

was optimised over time. Significant improvements in visual function were evident in 

many subjects, which were more pronounced in juvenile subjects and could be sustained 

for at least 3 years (Pierce and Bennett, 2015). Remarkably, increased retinal function led 

to improved connectivity of the retinal and visual cortex neural networks, suggesting that 

the brain is sufficiently plastic to adapt to restoration of retinal function in adulthood 

(Ashtari et al., 2015). Importantly, subsequent vector administration to the contralateral 

eye in patients is not only tolerated but effective – assuaging fears that an initial 

treatment might prime a humoral or cell-mediated response against the AAV capsid or 

transgene product (Bennett et al., 2016). Moreover, a recent NHP study suggests that a 

second treatment in the same eye may even be tolerated, should it be necessary (Weed 

et al., 2019). Bilateral administration of a dosage of 1.5E11 viral genomes (vg) was tested 

in a randomised, controlled phase III clinical trial and again proved safe and effective, 

leading to improved light sensitivity and navigational capacity (Russell et al., 2017). The 

visual improvements gained appear to peak 1 month after administration of LuxturnaTM 

and to be stable for at least four years (Maguire et al., 2019). 

The success of LuxturnaTM has paved the way for other in vivo gene therapies to follow. 

There are currently at least 38 registered clinical trials testing gene therapies for retinal 

degenerations. These strategies include gene replacement therapies, use of antisense 

oligonucleotides to correct mRNA splicing or target mutant mRNA for degradation, direct 

editing of a disease gene sequence, as well as gene-independent nucleic acid-based 

therapeutics (Buck and Wijnholds, 2020). It is also worth noting the promising pre-clinical 

progress of a two-component ‘suppression and replacement’ strategy for (non-

haploinsufficient) RHO-linked ADRP, in which endogenous alleles are knocked down 

through RNA interference (RNAi) and a RNAi-resistant replacement copy is supplied 

(Millington-Ward et al., 2011, Cideciyan et al., 2018).  
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In this PhD thesis, studies exploring the development of a gene replacement therapy for 

XLRP (chapter 2 a gene editing-based suppression and replacement strategy for ADRP 

(chapter 3) and a gene-independent therapy for glaucoma, a multifactorial optic 

neuropathy (chapter 4) will be presented. 

1.5 Gene editing 

AAV-mediated gene augmentation is clearly a very promising strategy for treatment of 

recessive or haploinsufficient forms of disease. However, as noted earlier, not all genes 

are suitably sized for AAV delivery and others may be retinotoxic when overexpressed. 

While AAV-mediated gene expression in the retina appears stable for at least 11 years 

(Cideciyan et al., 2013, Wojno et al., 2013), directly modifying an individual’s genome 

should, in principle, ensure life-time transgene expression at an endogenous level. 

Moreover, gene replacement may not be feasible or effective in late-stage retinal 

degeneration. In such cases, as well as those displaying dominant negative or gain-of-

function modes of action, it may be preferable to directly edit an individual’s genome in 

vivo or to transplant replacement cells that have been genetically corrected ex vivo. With 

the rapid advancement of gene editing technology in recent years, such treatments 

appear increasingly within reach.  

1.5.1 A double-stranded breakthrough 

Homologous recombination (HR) has been used to modify mammalian genomes since the 

1980s in the form of gene targeting – a discovery that enabled the generation of 

transgenic mice and earned Mario Capecchi, Oliver Smithies and Martin Evans the 2007 

Nobel Prize in Physiology or Medicine. A desired sequence could be incorporated into a 

cell’s genome at a specific location if the exogenous sequence was flanked with long 

stretches of sequence homologous to the target region (homology arms). The efficiency 

of gene targeting in mammalian cells (without selection) is quite low (< 1 in 106 mouse 

embryonic stem cells). Importantly, gene targeting efficiency could be increased by 2-3 

orders of magnitude if an endonuclease was used to make a double stranded break (DSB) 

in the target region (Rouet et al., 1994, Elliott et al., 1998). DSBs can be mended with high 

fidelity by homology directed repair (HDR) or through non-homologous end-joining 

(NHEJ), which is more error prone and often results in the incorporation of indels. A 

donor template flanked by homology arms (~0.5-2 kb) can therefore be supplied to direct 

precise modification of a cleaved locus via homologous recombination (Yamamoto and 
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Gerbi, 2018). Alternatively, if a knockout is required, induction of a DSB can be sufficient 

to nullify a gene via frameshift. 

Until 2012, the main endonucleases used to induce DSBs for gene editing were zinc finger 

nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) (Urnov, 

2018). These technologies (ZNFs and TALENs) are undoubtedly powerful and have 

facilitated development of ex vivo treatments, such as transplantation of gene-edited T 

cells and haematopoietic stem cells (Qasim et al., 2017)(ClinicalTrials.gov identifier: 

NCT02500849), and the first in-human in vivo gene editing trial (NCT03041324)(Sheridan, 

2018). However, ZFN and TALEN-mediated gene editing is inherently time-consuming and 

labour-intensive due to the fact that these endonucleases rely on protein-based 

recognition of DNA - requiring new proteins to be engineered and validated for each 

target. This obstacle was overcome with the discovery of the RNA-based CRISPR-Cas 

editing system – the second Nobel Prize-winning innovation to be featured in this 

subsection. 

1.5.2 CRISPR-Cas gene editing 

Clustered regularly interspaced short palindromic repeats (CRISPR) were first noted as an 

‘unusual nucleotide arrangement with repeated sequences’ in the E. coli genome in the 

1980s (Nakata et al., 1989). The origin of these mysterious motifs and the process they 

function within would not be elucidated until 2005-2011 (reviewed by Urnov, 2018). We 

now know that CRISPR elements are part of an adaptive immune system present in many 

types of bacteria and archaea – a defence system reminiscent of RNA interference (RNAi) 

in eukaryotic cells. When a bacteriophage genome or plasmid enters a bacterial cell, short 

fragments of this DNA are incorporated into the bacterial genome as ‘spacer’ sequences 

between repeat sequences in CRISPR arrays – a record of infection events. These 

sequences are transcribed and processed into short CRISPR RNAs (crRNAs), which are 

comprised of a 5’ spacer sequence and 3’ repeat sequence. CrRNAs form a complex with 

CRISPR-associated (Cas) nucleases and, by then hybridising to DNA complementary to the 

spacer sequence (the proto-spacer motif), target foreign material for destruction. For 

cleavage of the target (or ‘DNA interference’) to occur, an additional short (~3bp) motif 

must be directly adjacent the proto-spacer. This sequence is known as a protospacer 

adjacent motif (PAM) and allows the cell to distinguish  protospacers of invading DNA 

from spacer sequences in its own CRISPR arrays. There are two different classes of 
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CRISPR-Cas systems – Class I require multiple Cas proteins for target cleavage, while only 

one Cas protein is necessary in the simpler Class II platforms. There are three different 

types within the Class II CRISPR-Cas family (Type II, V and VI) - the most well-known of 

these being Type II, which utilises the Cas9 nuclease. Type II CRISPR-Cas targeting 

(illustrated in Fig.1.7) requires a 5’-NGG-3’ PAM and a second short RNA that binds to the 

crRNA - termed the trans-activating crRNA (tracrRNA) (reviewed by Jiang and Doudna, 

2017). 

The Streptococcus pyogenes (Sp) CRISPR-Cas9 system was demonstrated to be 

reprogrammable in ground-breaking work led by Emmanuelle Charpentier and Jennifer 

Doudna. The crRNA-tracrRNA duplex was simplified into a single guide RNA (sgRNA) and 

successfully engineered to direct cleavage at specific genomic regions in bacterial and 

human cells by replacing the spacer element (Jinek et al., 2012, Jinek et al., 2013). This 

relatively simple and easily-adaptable RNA-based system could, in principle, be used to 

create a DSB in any genomic region with a suitably located PAM.  
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Figure 1.7. Type II CRISPR-Cas system for bacterial adaptive immunity. 

CRISPR arrays consist of repeat sequences (brown diamonds) separated by spacer sequences 

(rectangles). The Cas operon encodes Cas9 nuclease and other proteins involved in the creation of 

spacer elements (Cas1, Cas2 and Csn2). A tracrRNA gene encodes a noncoding RNA capable of 

hybridising with the repeat sequence. When a phage injects its genetic material into the bacterial 

cell, a new spacer is generated based on this foreign DNA derived from the invasive genetic 

elements is incorporated into the CRISPR array by the acquisition. The CRISPR array is transcribed 

in full to form a precursor (pre-) crRNA. TracrRNA binds to repeat motifs and enables processing 

of pre-crRNA by RNase III and other nucleases, producing a mature crRNA of 20 nucleotides. The 

crRNA–tracrRNA duplex then forms a ribonucleoprotein complex with Cas9 and guides the 

endonuclease to cleave phage DNA upon re-infection. Figure reproduced from Jiang and Doudna, 

2017.  



24 
 

CRISPR-Cas gene editing (Fig. 1.8) is now almost a ubiquitous tool in molecular biology 

research - facilitating swift generation of cell and animal models, and design of large-scale 

genetic screening experiments. Since its discovery in 2012, this editing platform has 

expanded rapidly. 

For example, Cas9 proteins from other bacterial species, such as S. aureus and C. jejuni 

utilise alternative PAM sites and have more compact coding sequences, and a ‘near-

PAMless’ Cas9 variant was recently engineered (Walton et al., 2020). Nickases, in which 

one of the two Cas9 catalytic sites is inactivated, can be paired to produce staggered nicks 

that are repaired with higher fidelity than DSB and minimise off-target effects (Trevino 

and Zhang, 2014). Cas12a (also known as Cpf1) can also be used to produce staggered 

DSBs (Safari et al., 2019), while Cas13 can target and degrade RNA (Abudayyeh et al., 

2017).  

Dead Cas proteins (dCas) are capable of binding but not cutting DNA due to complete 

catalytic inactivation and can thus be fused to other enzymes to mediate a variety of edits 

that do not require a DSB or donor DNA template. Dead Cas proteins have been 

combined with transcriptional activators and repressors to facilitate epigenome editing 

(Pei et al., 2019), while linkage of dCas or nickases to cytosine or adenosine deaminases 

(base editors) enables direct editing of DNA or RNA bases (Porto et al., 2020). 
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Figure 1.8. CRISPR-Cas9 gene editing. 

Target sites of 17-20 nt with a suitably located PAM site can be selected for Cas9 cleavage. After 

PAM recognition, the 10-12 nt of sgRNA closest to the PAM (the ‘seed’) binds to the target DNA. If 

the seed is suitably complementary to the genomic DNA, the remaining (PAM-distal) region of the 

sgRNA will hybridise to the target. Cas9 then cleaves both strands of DNA using its two catalytic 

sites (HNH and RuvC), at a position 3 bp upstream of the PAM. Once a double-stranded break is 

formed, it can be repaired through HDR or NHEJ. A small modification or large gene insertion can 

be achieved by HDR if a donor DNA template with flanking homology arms (HAs) is supplied 

alongside the Cas9/gRNA complex. This donor DNA can be double or single stranded, circular or 

linear in nature. In the absence of a donor template, the DSB ends will be religated through the 

more error-prone NHEJ process – thus possibly forming frameshift inducing indels. It is also 

possible to create a gene knock-in using NHEJ, whereby a linear double-stranded donor fragment 

is ligated into the DSB. However, HDR is thought to be the most precise way of achieving such an 

edit. Figure created using Biorender.com. 
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While ‘base editors’ can induce C-T/U or A-G/I transitions, the recently developed ‘prime 

editing’ system (dubbed ‘search and replace’ as opposed to ‘cut and paste’ editing) allows 

conversion of a nucleotide to any base, as well as short insertions or deletions. In this 

platform, a Cas9 nickase is combined with a reverse transcriptase and an extended RNA 

(prime editing gRNA; pegRNA) that functions as both a guide and an editing template. 

Part of the pegRNA binds to the nicked DNA strand and acts as a primer for the reverse 

transcriptase, adding a new sequence. Another gRNA then facilitates nicking of the 

opposing strand to stimulate resolution of the mismatch. This technology has yielded 

promising results in vitro (Anzalone et al., 2019, Sürün et al., 2020, Schene et al., 2020), 

and it will be interesting to see if it performs similarly in vivo. It is worth noting that 

although base editing and prime editing hold great therapeutic potential, the Cas9 fusion 

proteins required are currently beyond the packaging limit of AAV (Wang et al., 2020). 

1.5.3 Taking CRISPR-Cas to the clinic 

It is clear that gene editing has the potential to facilitate life-changing treatments for 

individuals afflicted by inherited disease. The main obstacles to translation of CRISPR-Cas 

editing to in vivo therapeutic applications currently lie in its potential to elicit off-target 

effects, the possible immunogenicity of Cas proteins and low HDR efficiency in post-

mitotic cells.  

Multiple mismatches between a sgRNA and target site can be tolerated, particularly 

outside of the 10-12 nt ‘seed’ region proximal to the PAM site (Jiang and Doudna, 2017), 

and non-canonical PAM sites can also function at lower efficiencies (Cui et al., 2020), 

leading to potentially deleterious non-specific edits. Many strategies are being explored 

to minimise off-target effects and maximise their detection (reviewed by Li et al., 2019c). 

It recently came to light that unintended ‘on-target effects’ can also be an issue; large, 

complex chromosomal rearrangements (deletions/ inversions/ duplications/ 

translocations) can apparently occur during repair of a single DSB and go unnoticed by 

commonly used short-range amplification-based methods of edit detection (Kosicki et al., 

2018, Weisheit et al., 2020). It will therefore be important to conduct careful analyses of 

both target and predicted off-target sites during pre-clinical assessment of potential 

therapeutics. 

Pre-existing antibodies and T cells against Sp and SaCas9 proteins have been detected in 

people (Simhadri et al., 2018, Charlesworth et al., 2019, Wagner et al., 2019), while non-
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human primates have been shown to possess SaCas9 antibodies (Maeder et al., 2019) - 

not a surprising finding, given these nucleases are sourced from common bacterial 

species. Recently, systemic administration of AAV-SaCas9 was shown to provoke a 

cytotoxic T cell response in the liver of mice previously immunised against SaCas9 (Li et 

al., 2020). It will therefore be important to assess humoral and cell-mediated immune 

responses when developing Cas9-based therapeutics. Structural alteration of the Cas9 

protein or utilisation of Cas9 orthologues in microbial species less likely to infect humans 

may provide a means of circumventing pre-existing immunity (Wignakumar and Fairchild, 

2019). Fortunately, this matter is less of an issue in the immune privileged context of the 

eye. Thus far, subretinal administration of AAV2/5-hGRK1-SaCas9 vectors has been well-

tolerated in NHPs, with only mild immune responses noted. In fact, NHPs with larger T cell 

responses to SaCas9 actually displayed higher editing efficiencies in two separate studies 

(reviewed by Quinn et al., 2020).  

This year saw commencement of the first ever clinical trial of an in vivo CRISPR-Cas 

therapeutic7. Editas Medicine’s ‘Edit-101’ is designed to remove an intronic LCA-causing 

variant (IVS26) in CEP290, thereby preventing inclusion of a cryptic exon and formation of 

a premature stop codon. The size of the CEP290 CDS (~7.5kb) precludes a straight-

forward gene replacement strategy for this IRD. Edit-101 is comprised of a single AAV2/5 

vector that expresses two sgRNAs targeting intronic regions flanking the pathogenic 

variant, and SaCas9 under the control of the photoreceptor specific hGRK1 promoter. 

During pre-clinical validation of this strategy, Maeder et al. (2019) verified that both 

deletion and inversion of the cut fragment could correct the splicing defect in vitro. Based 

on clinical data (Geller et al., 1992, Geller and Sieving, 1993), Maeder et al. estimate that 

visual acuity can be mostly preserved if approximately 10% of foveal cones are functional. 

They therefore hypothesise that ‘productive editing’ (deletion/inversion) efficiencies of 

10% or higher would achieve clinical benefit. This theoretical therapeutic threshold was 

achieved or surpassed in human retinal explants (17%), a humanised mouse model of 

CEP290 IVS26 (21%) and NHPs (28%) – though the sgRNA sequences had to be modified 

somewhat for NHP testing due to interspecies differences. No adaptive immune response 

toward SaCas9 was detected in treated NHPs, and antibodies directed against AAV5 did 

not appear to reduce editing efficiency. Critically, no off-target effects were detected in 

 
7 https://www.nature.com/articles/s41587-020-0493-4 [accessed: 06/11/20] 

https://www.nature.com/articles/s41587-020-0493-4


28 
 

transduced human cells in vitro or ex vivo (Maeder et al., 2019). It is important to note, 

however, that mutations must be present at a frequency of at least 0.1% to be detected 

by the sequencing method used in this study and it is therefore possible that rare off-

target mutations are present but escaping detection (Quinn et al., 2020).  

The EDIT-101 strategy does not require a precise modification, only needing to disrupt 

the IVS26 mutation, and so can rely on the error-prone but relatively efficient process of 

NHEJ. A similar strategy (EDIT-102) is also in development to tackle the most common 

cause of Usher Syndrome Type II, a truncating frameshift mutation in exon 13 of USH2A. 

Like CEP290, the USH2A CDS is too large for single AAV vector gene replacement (15.6 

kb). Fortunately, skipping of exon 13 renders a functional USH2A protein, and so CRISPR-

Cas-mediated deletion or inversion of this exon is a promising strategy8,9 (Pendse et al., 

2020)10. 

Looking ahead, NHEJ-mediated gene knockout would in principal be beneficial in 

dominant negative or gain-of-function IRDs, where the pathogenic allele could be 

specifically targeted. This strategy has proven beneficial in two autosomal dominant 

models of rhodopsin-associated RP (Bakondi et al., 2016, Li et al., 2018). Indeed, Editas 

Medicines have announced development of CRISPR-Cas therapy targeting RHO-linked 

ADRP, though the details of this strategy have yet to be disclosed8. 

Cases of recessivity or haploinsufficiency are more challenging to address with gene 

editing technology, as high-fidelity editing would of course be required and HDR is 

inefficient in post-mitotic cells such as photoreceptors. Efficient, precise modification will 

also be essential for the development of mutation-independent gene editing strategies – 

for both recessive and dominantly inherited disorders – which, of course, would be 

preferable to independently developing a multitude of treatments tailored toward 

specific mutations. This issue, and a potential strategy to resolve it, will be explored in 

chapter 3. 

 
8 https://www.editasmedicine.com/gene-editing-pipeline/ [accessed: 07/11/20] 
9 https://www.editasmedicine.com/wp-content/uploads/2020/05/Mukherjee_ASGCT-2020-USH2A-
poster_final.pdf [accessed: 07/11/20] 
10 Pendse et al. 2020 is a pre-print. 

https://www.editasmedicine.com/gene-editing-pipeline/
https://www.editasmedicine.com/wp-content/uploads/2020/05/Mukherjee_ASGCT-2020-USH2A-poster_final.pdf
https://www.editasmedicine.com/wp-content/uploads/2020/05/Mukherjee_ASGCT-2020-USH2A-poster_final.pdf
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1.6 Gene-independent therapeutic strategies 

The extreme genetic heterogeneity of IRDs and the widespread prevalence of 

multifactorial retinal degenerations, such as age-related macular degeneration (AMD) and 

glaucoma, has inspired exploration of gene-independent therapeutic approaches that 

modulate common aspects of retinal degeneration. Such strategies include delivery of 

neurotrophic factors (Daly et al., 2018) or antioxidants (Murakami et al., 2020), and 

modulation of immune response and cell death pathways (Wang et al., 2019c, Ozaki et 

al., 2020). Optogenetic and stem cell-derived photoreceptor transplantation technologies 

(and even a combination of these two strategies) are also making steady progress toward 

the treatment of end-stage outer retinal degenerations (Berry et al., 2019, Gasparini et 

al., 2019, Garita-Hernandez et al., 2019). 

Bioenergetics is increasingly under focus in the context of retinal disease. Boosting 

cellular energy production (via stimulation of aerobic glycolysis or the phosphocreatine 

system) has been shown to increase cone survival and function in murine models of RP 

(Byrne et al., 2015, Aït-Ali et al., 2015, Narayan et al., 2019). Mitochondrial defects have 

long been known to cause inherited optic neuropathies such as Leber hereditary optic 

neuropathy (LHON) and dominant optic atrophy (DOA), in which RGCs selectively die 

(Newman and Biousse, 2004). There is now also ample evidence to suggest that 

mitochondrial decline is a major underlying aspect of age-related retinal degenerations, 

such as AMD and glaucoma, which will be elaborated upon in subsequent sections. 

Improving mitochondrial function thus represents a promising gene-independent 

therapeutic approach for a variety of retinal dystrophies.   



30 
 

1.7 Mitochondria 

1.7.1 Structure, function and network dynamics 

The mitochondrion, famously dubbed ‘the powerhouse of the cell’, originated at least 1.5 

billion years ago when a bacterium capable of oxidative energy production survived 

engulfment by a eukaryotic progenitor cell (presumably dependent on glycolysis and 

fermentation) and gradually transitioned from an endosymbiont to a permanent, 

integrated organelle (Martin and Mentel, 2010). Oxidative phosphorylation enabled 

organisms to thrive in broader environmental conditions and facilitated an explosion of 

diverse, complex, multicellular life. Mitochondria are found in almost all eukaryotes (with 

only one exception found to have completely lost their mitochondria to-date (Karnkowska 

and Hampl, 2016)).  

While the primary role of the mitochondrion is production of ATP via oxidative 

phosphorylation (OXPHOS), they carry out a variety of other important functions, such as 

regulation of calcium homeostasis, neurotransmitter production, homeostatic signalling 

pathways (proliferation, differentiation and stress response) (Nunnari and Suomalainen, 

2012) and apoptosis (Bock and Tait, 2020). 

Mitochondria, like their bacterial predecessors, are double-membraned. Electron 

transport chain proteins are located in the inner mitochondrial membrane (IMM). The  

IMM is highly invaginated, forming cristae, which increases its surface area and ATP 

production capacity considerably. They also contain multiple copies of their own circular 

genome, which encodes 13 proteins. Mitochondria carry multiple nucleoids – usually a 

single circular genome coated with proteins essential for transcription (Boguszewska et 

al., 2020). Mammalian mitochondrial inheritance is exclusively maternal11. The high 

cellular copy number of mitochondrial DNA (mtDNA) means a mixed population of wild-

type and mutant mtDNA (heteroplasmy) is possible, which can lead to variable 

penetrance of disease. 

Mitochondrial mass is regulated through a constant interplay of biogenesis and 

mitophagy, while the dynamics of the mitochondrial network is controlled by the fission 

 
11 In 2018, a high-profile apparent case of biparental maternal inheritance in three families was reported 
(Luo et al., 2018). However, a subsequent study provides compelling evidence that this was likely due to 
detection of large mitochondrial-derived sequences incorporated into the nuclear genome, which could 
give the appearance of heteroplasmy (Wei et al., 2020). 
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and fusion of organelles (Carelli et al., 2015) (Fig. 1.9.A). Mitochondria rapidly split and 

merge in response to variations in energy level and stressors. Fusion of mitochondria 

enables complementation to increase functional capacity under times of stress; wild-type 

organelles can share their RNA and protein with mutant ones, lessening the mutational 

load. Damaged mitochondrial components could alternatively be isolated through fission 

for removal by mitophagy and replaced via compensatory mitochondrial biogenesis 

(Youle and van der Bliek, 2012). These processes are thus vital for mitochondrial quality 

control. However, they can also lead to clonal expansion of deleterious mtDNA mutations 

(inherited or somatic) (see Fig. 1.9.B). MtDNA mutations have been observed to undergo 

clonal expansion in cells from a variety of tissues, including skeletal muscle, hippocampal 

and midbrain dopaminergic neurons, resulting in focal respiratory chain deficiency 

(reviewed by Larsson, 2010). In order to induce respiratory chain dysfunction in a cell, it is 

thought that the proportion of mutated mitochondrial genomes much reach 60-80% - 

depending on the nature of mutation and cell type in question (reviewed by Craven et al., 

2017). 
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Figure 1.9. Schematic of mitochondrial fission and fusion. 

(A) The interplay between mitochondrial biogenesis, fusion, fission and mitophagy are illustrated. 

Key proteins and pathways involved in these processes are highlighted (e.g. OPA1 and MFN1/2 

protein in fusion, and the Parkin/PARIS pathway in biogenesis and mitophagy). 

(B) Mutated mtDNA can undergo clonal expansion in mitochondria and, once this mutational load 

reaches a certain threshold, oxidative phosphorylation becomes dysfunctional. 

Figure reproduced from Carelli et al. 2015. 
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1.7.2 ATP production 

Glucose can be converted to ATP, the energetic currency of the cell, by glycolysis in the 

cytoplasm or via the tricarboxylic acid (TCA) cycle (also known as the Krebs cycle) and 

oxidative phosphorylation in mitochondria. Glycolysis, which does not require oxygen, 

produces 2 net molecules of ATP per molecule of glucose. Further aerobic respiration in 

the mitochondria, however, can generate a ~15 fold higher yield of ATP. In principle, 30 

molecules of ATP can be generated during aerobic respiration: 2 from glycolysis, while 2 

and 26 can be produced from the TCA cycle and oxidative phosphorylation, respectively.  

In addition to ATP, glycolysis generates 2 molecules of pyruvate. In aerobic conditions, 

acetyl-CoA is produced through oxidation of pyruvate. Acetyl-CoA then enters the TCA 

cycle in the mitochondrial matrix and is oxidised. Importantly, reduced cofactors with 

high electron transfer potential, NADH and FADH2, are produced during this process.  

During oxidative phosphorylation, electrons are transferred from NADH and FADH2  to 

oxygen molecules, with the aid of multiple electron carriers, to produce ATP (see Fig. 

1.10). The energy released from electron transfer is used to pump protons from the 

mitochondrial matrix into the intermembrane space. The resulting proton (or 

electrochemical) gradient is resolved by transfer of protons back from the intermembrane 

space through Complex V, ATP synthase. Passage of protons through Complex V 

generates a mechanical force that is used to catalyse conversion of ADP to ATP – a 

process called chemiosmosis.  

NADH donates two electrons to Complex I, NADH:ubiquinone oxidoreductase, which are 

then transferred to ubiquinone. During this process, four protons are driven through 

Complex I into the intermembrane space. Complex II, or succinate-Q oxidoreductase, 

functions as a second entry point to the ETC and is also part of the TCA cycle. Complex II 

oxidises succinate using FAD as a cofactor, transfers electrons to ubiquinone and is the 

only ETC protein complex that does not generate a proton-motive force. At Complex III, 

Q-cytochrome c oxidoreductase, electrons are transferred from ubiquinone to 

cyctochrome c, and 2 protons are pumped into the intermembrane space. Cytochrome c 

then carries electrons to Complex IV, cytochrome c oxidase. In this last step of the ETC, 

electrons are donated to oxygen, the final electron acceptor, to form two molecules of 

H2O. The energy released by reduction of oxygen enables transfer of 4 protons across the 

membrane. Formation of H2O requires consumption of protons from the matrix, which 



34 
 

further contributes to the establishment of a proton gradient. Complex V, ATPase, then 

acts as an ion channel to allow transfer of protons back to the matrix. Passage of protons 

through the membrane-spanning subunit (F0) of ATPase creates a mechanical force that 

rotates ‘proton-driven motor’ subunit (F1), which binds ADP. As the F1 motor rotates, its 

three catalytic sites change conformation and ATP is synthesised and released via a 

rotational catalysis mechanism (Berg et al., 2002). 
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Figure 1.10. Mitochondrial structure and electron transport chain function. 

Schematic adapted from Mohamed Yusoff et al., 2015.  
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1.7.3 Oxidative stress 

The electron transport chain is not 100% efficient; some electrons and protons inevitably 

‘leak’ from the system. Escaped electrons can interact with oxygen molecules to generate 

reactive oxygen species (ROS), including superoxide anion free radicals (O2•-) and 

hydrogen peroxide (H2O2) (Zhao et al., 2019). H2O2 can further react with iron or copper 

molecules to produce hydroxyl free radicals (•OH) (Fenton reaction) (Masuda et al., 2017). 

Mitochondria are the primary producer of ROS in the cell (other sources include pollution, 

smoking and light-induced oxidative stress). While electron leakage can occur at 

Complexes I, II and III of the ETC (Fig. 1.11), Complex I is the main source of ROS 

generation (Zhao et al., 2019). 

 

Figure 1.11. Illustration of electron leakage in the electron transport chain. 

Superoxide (O2•-) is produced at sites in all of the ETC protein complexes: IF and IQ in CI, IIF in CII 

and IIIQo in CIII. O2•
-  generated from Complex III can enter the matrix or intermembrane space 

(IMS). In the IMS, SOD1 can catalyse conversion of O2•-
  to hydrogen peroxide, which is capable of 

diffusing into the cytoplasm. Electron pathways are shown as red arrows, while substrate 

reactions are depicted in black. Blue arrows illustrate proton pumping. Abbreviations: Q = 

ubiquinone; C = cytochrome c; OMM = outer mitochondrial membrane; IMS = intermembrane 

space ; IMM = inner mitochondrial membrane. Figure reproduced from Zhao et al. 2019. 

 

Normally, 0.2-2% of electrons that enter the ETC are redirected toward ROS production. 

This proportion increases in conditions that impair ETC efficiency, such as hypoxia. The 

low level of ROS generated under normal physiological conditions is an important 

element of intracellular signalling pathways - through oxidative modification of redox-

sensitive proteins, ROS is involved in the regulation of cell proliferation, autophagy, 

apoptosis, necrosis, pyroptosis and innate immunity (Zhao et al., 2019). On the other 



37 
 

hand, oxidative stress, when the level of ROS exceeds the antioxidant capacity of the cell, 

can be extremely damaging to cellular components - causing DNA mutation, lipid 

peroxidation and protein oxidation. As the main site of ROS production and possessing 

circular genomes that lack protective histones, mitochondria are especially vulnerable to 

oxidative damage. Oxidative stress is thought to be involved in the pathogenesis of cancer 

(Aggarwal et al., 2019), cardiovascular disease (Senoner and Dichtl, 2019) and several age-

related neurodegenerative disorders, including Parkinson’s disease (Dias et al., 2013, Wei 

et al., 2018), Alzheimer’s disease (Cheignon et al., 2018) and glaucoma (see chapter 4). It 

has also long been hypothesised to play a central role in the ageing process itself.  

1.7.4 Mitochondrial dysfunction in aging 

Mitochondrial dysfunction is an established hallmark of aging (Lopez-Otin et al., 2013). 

Reduced activities of ETC Complexes I, II and IV have been observed in aged rodent, NHP 

and human tissues (Shigenaga et al., 1994, Ojaimi et al., 1999, Petrosillo et al., 2009, 

Pollard et al., 2016). In terms of morphology, mitochondria of aged rats were noted to be 

smaller and more numerous in the heart (Frenzel and Feimann, 1984) or enlarged with a 

vacuolated matrix and abnormal cristae pattern in the liver (Wilson and Franks, 1975, 

Brandt et al., 2017). 

The biological basis of ageing remains unresolved, with over 300 ‘theories of ageing’ 

proposed (Vina et al., 2007) but mitochondrial dysfunction is critical to many of these 

ideas. Cellular damage induced by free radicals was first postulated to drive ageing in the 

1950s (Harman, 1956). As the central role of mitochondria in ROS production became 

recognised, this hypothesis developed into the mitochondrial free radical theory of ageing 

(MFRTA) (Harman, 1972) (Miquel et al., 1980). The MFRTA posits that because the 

mitochondrion is the primary site of ROS production it is also the main target of oxidative 

damage. According to the MFRTA, oxidative damage to mtDNA, protein and lipids impairs 

mitochondrial function, which in turn increases generation of ROS. A vicious cycle would 

thus ensue, leading to dysfunction of cells and tissues, and driving the ageing process. 

Over the years, this theory was supported by results from several studies. Mitochondrial 

DNA is reported to contain 10-20 fold more oxidation lesions than nuclear DNA (Cadenas 

and Davies, 2000). Oxidative damage to mtDNA was shown to accumulate in human and 

rodent tissues with age (Halliwell and Aruoma, 1991, de la Asuncion et al., 1996, Mecocci 

et al., 1993). The level of such damage was also found to be inversely related to 
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mammalian lifespan (Barja and Herrero, 2000). In rodents, it was observed that the sex 

with the higher longevity produced lower amounts of reactive oxygen species (Borras et 

al., 2003) (Ali et al., 2006). 

Most of the evidence supporting this theory was correlative, however, and multiple lines 

of evidence contradictory to the MFRTA have since emerged. For instance, the naked-

mole-rat (NMR) is the longest living rodent, with a maximum lifespan approximately 10 

times longer than that of a mouse. Most unexpectedly, NMR tissues displayed greatly 

elevated levels of oxidative damage compared to mouse samples, without compensatory 

upregulation of antioxidant production (Andziak et al., 2006). Studies with transgenic 

mice have found that altered expression of antioxidant enzymes, and thereby oxidative 

damage level, has no effect on lifespan (Perez et al., 2009). 

Importantly, an increased number of oxidative lesions may not necessarily translate into 

more mutations. The most commonly used measure of oxidative damage to mtDNA is 

modification of guanosine to 8-oxo-2'-deoxyguanosine (8-oxo-dG), which can, in principle, 

bind to adenosine and create G:C to T:A transversions. Improvement in the sensitivity of 

sequencing methods in the last decade has enabled detection of rare mitochondrial 

mutations in heteroplasmic samples (Kennedy et al., 2013). It was subsequently 

confirmed that mtDNA point mutations do indeed accumulate in tissue with age. 

Transition mutations predominate, however, indicating replication error and/or 

spontaneous deamination as the source of mutation rather than oxidative stress 

(Kennedy et al., 2013, Arbeithuber et al., 2020). MtDNA deletions have also been shown 

to accumulate with age in many tissues, including the retina (Barreau et al., 1996) and 

brain (Corral-Debrinski et al., 1992). Such deletions mostly occur near regions of 

homology or secondary structure and are thought to be a result of slippage during 

replication (reviewed by Kauppila et al., 2017). 

It seems that direct oxidation of mtDNA, therefore, may not fuel age-related tissue 

deterioration. This finding appeared to be at direct odds with the MFRTA. A recent study 

appeared to provide a means of reconciliation: oxidative stress significantly impairs the 

proof-reading exonuclease activity of the mtDNA polymerase, Pol γ (Anderson et al., 

2020). The catalytic active site of the exonuclease (exo) domain appears to be especially 

susceptible to oxidation, which increases the total negative charge of the area and 

reduces its affinity for DNA. The error rate of Pol γ  increased by up to 20 fold when 
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exposed to high (but physiological) concentrations of hydrogen peroxide for one hour. 

Anderson et al. thus proposed a modified MFRTA vicious cycle theory, whereby mtDNA 

mutation is mediated by oxidative damage to Pol γ and in turn increases ROS production. 

This hypothesis can be explored in the context of the mtDNA mutator mouse model, in 

which the Pol γ exo domain is made defective by mutation of a critical catalytic subunit 

residue (Trifunovic et al., 2004, Kujoth et al., 2005). Homozygous mutator mice 

undoubtedly underwent accelerated ageing, exhibiting phenotypes such as weight loss, 

cardiac enlargement, muscle loss, infertility, alopecia, decreased bone density and spinal 

curvature after ~25 weeks of age. While wild-type C57BL/6 mice have a median lifespan 

of 126 weeks (Yuan et al., 2009), the corresponding timepoint in mutator mice is just 48 

weeks. The mtDNA mutation rate of homozygous mutator mice is 3-11 fold higher than 

wild-type mice (Trifunovic et al., 2004, Kujoth et al., 2005). Subsequent amino acid 

substitutions lead to destabilisation of ETC complexes (Edgar et al., 2009) and an extreme 

reduction in respiratory activity (Trifunovic et al., 2005) and reduction in membrane 

potential (Hiona et al., 2010). However, this impairment does not appear to significantly 

increase oxidative damage (Trifunovic et al., 2005). Indeed, there was no difference in 

ROS level between mutator mice and controls at 2 months of age and by 40 weeks ROS 

was only elevated in some of the tissue types tested (Logan et al., 2014). The surprisingly 

low amount of oxidative stress observed, combined with the fact that mutation load in 

this model increases linearly over time rather than exponentially (Trifunovic et al., 2005), 

refutes the concept of a vicious cycle of mtDNA mutation and ROS production.  

Notably, while there was only a limited elevation of ROS production in mutator mice in 

the final stages of ageing, there was substantial increase in cleaved caspase-3 levels in 

tissues before or during phenotype expression (Kujoth et al., 2005). Kojoth et al. 

therefore proposed that ageing was driven by a process whereby mitochondrial 

dysfunction caused by mtDNA mutations led to permeabilsation of the mitochondrial 

outer membrane, release of cytochrome c and activation of the apoptotic intrinsic 

pathway via caspase-3. 

In summary, while there may not be a mitochondrial mutation/oxidative stress positive 

feedback loop, there is clear evidence that mitochondria are intimately involved in the 

process of ageing. Increased signs of oxidative stress are present in normally ageing 

tissues, which may make mtDNA replication by Pol γ more error-prone. Subsequent 
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accumulation of mtDNA mutations is likely causative of the reduction in ETC function 

observed over time. 

Whether or not the functional decline of mitochondria is causative or a secondary effect 

of aging remains to be established. Regardless, it is clear that ageing, a major risk factor 

for many neurodegenerative diseases, is characterised by an increasingly vulnerable 

bioenergetic state. Additional mitochondrial insults, due to an individual’s genetic 

background or environmental factors, may therefore be sufficient to push cells over a 

critical threshold of dysfunction – particularly in the case of cell types with high-energy 

demands or exposed to especially high levels of oxidative stress. 

1.7.5 Retinal bioenergetics and disease 

The retina has long been recognised as the highest oxygen-consuming organ in the body – 

in 1956, Otto Weinberg went so far as to liken the oxygen consumption rate of retinal 

cells as to that of rapidly-dividing cancer cells (Rajala, 2020). However, despite an 

abundance of available oxygen, ~90% of glucose is converted to lactate rather than used 

for OXPHOS. This phenomenon, also observed in tumour cells, is known as the Warburg 

effect or aerobic glycolysis (Haydinger et al., 2020). While RPE and RGCs rely on oxidative 

phosphorylation, photoreceptors (comprising ~81% of the mouse retina (Jeon et al., 

1998)) are dependent on aerobic glycolysis. Glucose is supplied to photoreceptors by the 

RPE (Hurley et al., 2015). The lactate produced by aerobic glycolysis in photoreceptors is 

returned to the RPE to fuel OXPHOS - appearing capable of entering the TCA cycle faster 

than glucose (Kanow et al., 2017). The increased uptake and rapid processing of glucose 

facilitated by aerobic glycolysis enables redirection of more glycolytic intermediates 

towards anabolic processes, which is a particular advantage in photoreceptors due to the 

constant necessity for outer segment renewal in these cells (Rajala, 2020). Reliance on 

glycolysis may also allow faster ATP production to satisfy the energy requirements of 

neuronal signalling (Haydinger et al., 2020). Forcing RPE cells to switch from OXPHOS to 

glycolysis (simulating a state of hypoxia or perhaps mitochondrial dysfunction) results in 

starvation of photoreceptors (Kanow et al., 2017).  

As detailed in the previous section, general mitochondrial function is established to 

decline with age. Signs of this phenomenon have also been noted in retinal cells, 

specifically: aged rodent retinas have reduced levels of mtDNA repair enzymes and 

display increased levels of oxidative DNA damage in photoreceptors and RGCs (Wang et 
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al., 2010a), while aged human donor retinas also exhibit more mtDNA deletions in foveal 

cones (Barron et al., 2001). Mitochondrial dysfunction may thus be a major underlying 

factor in the pathogenesis of complex age-related retinal diseases, such as age-related 

macular degeneration (AMD), diabetic retinopathy and glaucoma.  

Retinal tissue donated from AMD patients exhibit fewer mitochondria than control 

samples and those mitochondria present display structural defects and accumulation of 

mtDNA mutations in the RPE – the degree of which correlates with disease severity. RPE 

cells from AMD patients also produce less ATP, indicating impaired oxidative 

phosphorylation (reviewed by Eells, 2019). It is hypothesised that in AMD invading 

macrophages use up much of the glucose that the RPE relies upon, therefore disturbing 

the delicate energy balance between photoreceptors and RPE cells (Leveillard et al., 

2019). 

In diabetic retinopathy, chronic hyperglycaemia leads to elevated ROS production and 

oxidative stress – possibly due to saturation of the electron transport chain (Eells, 2019). 

In hyperglycaemic retinal endothelial cells, mitochondria display an altered morphology, 

reduced respiration capacity, accumulation of mtDNA mutations, alongside impaired 

mitochondrial DNA repair and biogenesis (reviewed by Kowluru and Mishra, 2015, 

Kowluru, 2017).    

There is an especially large amount of evidence implicating mitochondrial dysfunction in 

the pathogenesis of glaucoma, which leads to selective degeneration of retinal ganglion 

cells (see chapter 4). 

Thus, interventions that can improve mitochondrial function and/or reduce oxidative 

stress hold great promise for the treatment of age-related retinal disease. In chapter 4, 

one such potential therapeutic is explored in the context of a murine model of glaucoma. 

1.8 Objectives 

Retinal degenerations are manifold and multifaceted. Developing effective treatments for 

these conditions has been challenging and requires a huge collective effort. This thesis 

describes efforts to address three different types of retinal degeneration using three 

different potential therapeutic strategies. 
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In chapter 2, cell and retinal organoid models are used to explore the pathogenesis of 

RP2-associated XLRP and the potential of AAV gene replacement to rescue this form of 

retinal degeneration. 

Chapter 3 explores the potential of a NHEJ-based method for efficient and precise gene 

editing in photoreceptors. It describes the development a gene editing-mediated 

mutation-independent ‘suppression and replacement’ strategy for IRDs due to dominant 

negative or toxic gain-of-function mutations, and preliminary tests of this platform in a 

murine model of RHO-linked RP.  

Finally, in Chapter 4, we move from the outer to the inner retina to explore a potential 

gene independent therapeutic for glaucoma, using a transkingdom gene therapy to boost 

RGC mitochondrial function. 
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2 Development of an AAV gene replacement 

therapeutic for RP2-associated XLRP 
 

  



44 
 

2.1 Acknowledgment of contributions 

AAV gene replacement study concept: Prof. G Jane Farrar and Dr Arpad Palfi. 

Design and manufacture of pAAV-CAG-RP2: Dr Arpad Palfi, with assistance from Áine 

O’Toole. 

AAV production: Dr Naomi Chadderton. 

Retinal organoid modelling and rescue study concept: Prof. Michael E Cheetham 

(University College London), Prof. Alison J Hardcastle (UCL), Prof. G Jane Farrar. 

iPSC and retinal organoid experimental work: Dr Amelia Lane (UCL), Dr Katarina Jovanovic 

(UCL). 

Clinical and genetic characterisation of individuals affected by RP: 

Mr Paul Kenna (TCD; Royal Victoria Eye and Ear Hospital, Dublin), Mr David Keegan 

(Mater Hospital, Dublin), Dr Matthew Carrigan, Dr Adrian Dockery. 

Processing of R120X-A and C4 skin biopsy samples: Prof. Sanbing Shen (NUI Galway). 

Assistance with generation and maintenance of primary fibroblast cultures: Dr Daniel 

Manraj Maloney. 

Subretinal injection: Mr Paul Kenna. 

Retinal cryosectioning: Dr Arpad Palfi. 

General assistance: Emily Breslin and Cristina Borcea contributed to various parts of this 

project, as part of their undergraduate thesis work. 

RP2del23 mice were kindly provided by Dr Toby Hurd (University of Edinburgh).   



45 
 

2.2 Introduction 

2.2.1 X-linked RP 

X-linked retinitis pigmentosa (XLRP) comprises 8-16% of total RP cases, affecting between 

1 in 15,000-26,000 males (De Silva et al., 2020). Mutations in retinitis pigmentosa GTPase 

regulator (RPGR) account for 70-80% of XLRP cases (Shu et al., 2007), while retinitis 

pigmentosa 2 (RP2) variants are responsible for 7-20% (Schwahn et al., 1998, Mears et al., 

1999, Sharon et al., 2003, Hardcastle et al., 1999, Breuer et al., 2002). RPGR and RP2 have 

also been found to be causative in 15% of reported simplex RP cases (Branham et al., 

2012). The Oral-facial-digital 1 gene (OFD1) has additionally been implicated in one XLRP 

pedigree (Webb et al., 2012). In one large IRD cohort, X-linked inheritance was displayed 

by 4% of genetically unresolved cases (Garafalo et al., 2020).  

XLRP is the most severe type of RP, progressing more rapidly than autosomal forms 

(Jauregui et al., 2019). Of note, all three XLRP-associated genes encode cilia-associated 

proteins and ciliopathy-related forms of arRP are established to progress faster than non-

ciliopathies (Takahashi et al., 2019). Symptoms of nyctalopia and loss of peripheral vision 

begin in childhood (age of onset from 0 to 14) and at least 20% of XLRP patients are 

reported to be legally blind by 40 years of age (De Silva et al., 2020). Individuals affected 

by XLRP additionally exhibit an early-onset macular atrophy that is unusual for RP, where 

central vision is usually affected last. Onset of macular degeneration is especially early in 

RP2 patients (De Silva et al., 2020), which may underly the more severe loss of visual 

acuity reported in these individuals relative to RPGR-XLRP patients (Sharon et al., 2003, 

Kurata et al., 2019, Prokisch et al., 2007). In a cohort of RP2-affected males under the age 

of 12 (n = 11), the majority of patients exhibited macular atrophy (91%) and high myopia 

(82%) (Jayasundera et al., 2010). Despite the unusual degree of macular involvement, RP2 

is still primarily a rod-cone dystrophy with 90% of patients displaying a clear rod-cone 

ERG deficit pattern (Jayasundera et al., 2010). RP2 patients also sometimes present with 

atrophy of the choriocapillaris and RPE – a phenotype reminiscent of choroideremia 

(Vorster et al., 2004, Jayasundera et al., 2010). 

Obligate carriers of X-linked IRDs often exhibit some degree of visual impairment, which 

has led to some XLRP variants being described as semi-dominant (Banin et al., 2007, 

Pomares et al., 2009). Over 90% of obligate XLRP carrier females present with an 

abnormal ERG response (Comander et al., 2015, Kurata et al., 2019). XLRP carrier 
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phenotypes vary considerably among affected individuals. If disease symptoms are 

present, they are generally milder than those observed in males. However, carrier 

females occasionally present with ‘male’ phenotypes; 2.5% of XLRP obligate ‘carriers’ 

were legally blind from as young as 35 years of age in one cohort (Comander et al., 2015). 

RP2-XLRP carriers, specifically, have been noted to exhibit macular atrophy (Jayasundera 

et al., 2010), ‘patchy’ peripheral degeneration and a curious tapetal-like reflex (glittering 

particulates due to increased reflectivity of POS) in fundus images (De Silva et al., 2020). 

The high degree of variation in XLRP carrier phenotype severity is proposed to be a 

consequence of a combination of genetic modifiers, environmental factors and skewed X 

chromosome inactivation (XCI) (Talib et al., 2018). The clinical severity of disease in RPGR-

XLRP carriers was recently demonstrated to correlate with the level of wild-type XCI, 

supporting the hypothesis of skewed XCI in severely affected females (Fahim et al., 2020). 

Presentation of severe disease features can lead to female carriers being erroneously 

diagnosed with autosomal dominant or simplex RP (Churchill et al., 2013, Birtel et al., 

2018); in one cohort 8.5% of families originally designated as having ADRP were found to 

actually have XLRP (Churchill et al., 2013). 

Three different AAV-based gene replacement therapies for RPGR-XLRP have reached 

Phase I/II clinical trial (Cehajic Kapetanovic et al., 2019). Recent results from dose 

escalation trials run by NightstaRx (Cehajic-Kapetanovic et al., 2020) and MeiraGTx 12 are 

promising, with no serious adverse events reported and several patients showing 

improved visual field or retinal sensitivity 6-12 months post-treatment. Although only 

tested in male patients so far, such treatments are also being advocated for carrier 

females presenting with severe ‘male’ phenotypes (Salvetti et al., 2020). 

With regard to treatment for RP2-XLRP, an AAV-mediated gene replacement therapy 

showed promise in a null mouse model (Mookherjee et al., 2015) but, as of yet, there are 

no reports of follow-up studies in larger mammals or moves toward a clinical trial. Studies 

using patient-derived in vitro models also indicate that translational read-through 

inducing drugs (TRID) may be a viable option for patients with RP2 nonsense mutations 

(Schwarz et al., 2015, Schwarz et al., 2017). However, the majority of individuals affected 

 
12 https://www.modernretina.com/view/aao-2020-gene-therapy-for-x-linked-retinitis-pigmentosa-
achieves-significant-visual-gains-at-1-year Accessed: 20-11-20 

https://www.modernretina.com/view/aao-2020-gene-therapy-for-x-linked-retinitis-pigmentosa-achieves-significant-visual-gains-at-1-year
https://www.modernretina.com/view/aao-2020-gene-therapy-for-x-linked-retinitis-pigmentosa-achieves-significant-visual-gains-at-1-year
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by RP2 XLRP (84% of probands described in the literature; see Appendix 2) do not carry a 

nonsense variant and so would not qualify for such a treatment. 

2.2.2 RP2  

The RP2 locus was mapped to a 5 cM region in Xp.11.3 via linkage studies (Bhattacharya 

et al., 1984) and the five-exon RP2 gene (NM_006915.3) was subsequently identified by 

positional cloning (Schwahn et al., 1998). The 350 aa RP2 protein is ubiquitously 

expressed at a low level (estimated to comprise ~0.01% of total protein across a variety of 

tissues) (Schwahn et al., 1998, Chapple et al., 2000). In human donor retinal tissue, RP2 

was found to localise to the plasma membrane of cells in all layers and appeared evenly 

distributed across the plasma membrane of photoreceptor cells (Grayson et al., 2002). A 

later study employing a different antibody partially contradicted these results, with RP2 

appearing more concentrated in photoreceptor inner segments and synaptic regions and 

almost absent in the outer segments (Holopainen et al., 2010). Further studies noted RP2 

enrichment at the ciliary basal body and centriole, periciliary ridge and Golgi of murine 

photoreceptors (Evans et al., 2010), and along the ciliary axoneme of hTERT-RPE cells 

(Schwarz et al., 2017) and renal epithelial cells (Hurd et al., 2010). Single cell 

transcriptome analysis of adult donor samples confirmed RP2 expression in all 

neuroretinal cell types except RGCs, with (surprisingly) particularly high expression in 

microglia (Lukowski et al., 2020, de Silva et al., 2020).  

The N-terminal domain of RP2 contains dual acylation sites and a region with 30% 

sequence homology to tubulin folding co-factor C (TBCC), while the C-terminal domain 

includes a region with homology to nucleoside diphosphate kinase (NDPK) (Evans et al., 

2006). X-ray crystallography revealed that the N-terminal domain (228 aa) forms a β-helix 

structure, followed by a C-terminal ferredoxin-like α/β domain (Kuhnel et al., 2006). 

The function of the NDPK domain in RP2 remains to be elucidated. NDPKs are involved in 

the production of NTPs and also demonstrate 3’ to 5’ exonuclease activity. RP2 is classed 

as a pseudokinase protein; a key catalytic residue is altered in the RP2 NDPK domain, 

resulting in a lack of kinase activity (Yoon et al., 2006). Many pseudokinases are involved 

in ciliary functioning and intracellular trafficking, with the defective kinase domain acting 

as a scaffold for the formation of protein complexes or enabling vesicle association 

(Jacobsen and Murphy, 2017). RP2 notably demonstrates exonuclease activity and 

appears to translocate to the nucleus to participate in base excision repair under 
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conditions of oxidative stress (Yoon et al., 2006). A complete C-terminal domain also 

appears to be essential for maintaining RP2 protein stability (Liu et al., 2017). 

Much more is known with regard to the N-terminal domain of RP2. Post-translational acyl 

modifications (myristoylation at residue G2 and palmitoylation at C3) enable RP2 to travel 

from intracellular membranes to the cytoplasmic face of the plasma membrane and to 

the cilium (Chapple et al., 2000, Evans et al., 2010, Hurd et al., 2010). RP2 is trafficked to 

the cilium by importin β2, which binds to a short sequence motif within the TBCC domain 

(Hurd et al., 2011) 

TBCC, along with other chaperone co-factors, is involved in the assembly of α/β-tubulin 

heterodimers. Newly formed heterodimers are subsequently released from the 

chaperone complex when TBCC stimulates the GTPase activity of β-tubulin (Tian and 

Cowan, 2013). While RP2 is capable of catalysing hydrolysis of β-tubulin-bound GTP, it 

cannot fulfil the heterodimer-forming role of TBCC (Bartolini et al., 2002). This, and the 

fact that TBCC does not localise to the plasma membrane, means that RP2 and TBCC are 

unlikely to have shared functionality (Lyraki et al., 2016). The primary role of the TBCC 

domain in RP2 appears to be enabling it to bind to a small GTPase, ADP-ribosylation factor 

like GTPase 3 (ARL3) (Bartolini et al., 2002, Kuhnel et al., 2006) – an interaction that 

increases the intrinsic GTPase activity of ARL3 by 90,000 fold (Veltel et al., 2008). 

At least 108 variants in RP2 have been flagged as possibly pathogenic (see Appendix 2) 

and, as of yet, no gain-of-function mutations have been identified. 52% of RP2-XLRP 

patients reported in the literature carry mutations exclusively affecting an exon 2 region 

encoding the TBCC domain (residues 42 to 192), while the most commonly reported RP2 

mutation is p.Arg118His (11% of reported probands). The Arg118 residue is thought to be 

an ‘arginine finger’ essential for catalysing GTP hydrolysis. The Arg188His mutation 

reduces the affinity of RP2 for ARL3 by 800 fold and abolishes its GTPase activating 

protein (GAP) activity (Kuhnel et al., 2006, Bartolini et al., 2002). When all missense 

mutations affecting this residue are considered, they account for 15% of probands 

described in the literature (Appendix 2). Mutation of a conserved amino acid necessary 

for positioning the Arg188 residue for catalysis (p.Glu138Gly), also dramatically reduces 

the strength of RP2-ARL3 interaction (Kuhnel et al., 2006). 
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The second most commonly reported mutation (6% of reported probands; Appendix 2) is 

a nonsense variant, p.Arg120X, demonstrated to cause nonsense-mediated decay (NMD) 

of the RP2 transcript (Schwarz et al., 2015). The majority of known missense variants, 

small in-frame deletions and C-terminal truncation mutations are also predicted to lead 

to reduced RP2 levels by destabilising the protein and causing proteasome-mediated 

degradation (Liu et al., 2017). 

The ARL3 small GTPase is a microtubule-associated protein that is especially concentrated 

at the connecting cilium (Grayson et al., 2002), and essential for ciliogenesis and 

trafficking of lipid-modified proteins to photoreceptor outer segments (Hanke-Gogokhia 

et al., 2016). While RP2 functions as the GAP of ARL3, ARL13B fulfils the role of its 

guanosine nucleotide exchange factor (GEF) and is localised in the connecting cilium and 

outer segment (Gotthardt et al., 2015). Missense mutations in Arl3 have been linked to RP 

and Joubert syndrome (Holtan et al., 2019, Alkanderi et al., 2018). 

ARL3 coordinates lipidated protein trafficking in conjunction with its effector proteins, 

phosphodiesterase 6 delta (PDE6δ) and uncoordinated 119 protein (Unc119), that can 

extract and solubilise membrane-bound proteins. PDE6δ transports prenylated proteins 

like PDE6 and rhodopsin kinase, while UNC119 binds to myristoylated cargo such as rod 

transducin α and nephrocystin-3 (NPHP3). Based on the results of a number of studies 

(Ismail et al., 2011, Wright et al., 2011, Zhang et al., 2011, Schwarz et al., 2012b), a model 

was proposed whereby PDE6δ and Unc119 capture proteins associated with organelle 

membranes (i.e. ER, Golgi or vesicles) and carry these cargo proteins to the cilia, where 

they encounter a pool of GTP-bound ARL3. Binding of ARL3-GTP to PDE6δ/Unc119 

allosterically displaces cargo proteins, which can then be transported through the cilium 

via the intraflagellar transport (IFT) system. RP2 then inactivates ARL3, freeing PDE6δ and 

Unc119 to collect more cargo. A ciliary gradient of ARL-GTP and -GDP is thought to be 

maintained by the positioning of RP2 (enriched at the basal body) and ARL13B (exclusively 

localised to the cilium) (Gotthardt et al., 2015) (Fig. 2.1). 

Loss of RP2 is theorised to result in increased levels of activated ARL3 and, consequently, 

mistrafficking of cilia-targeted proteins. RPE and fibroblast cells with RP2 null mutations 

or overexpressing a constitutively active form of ARL3 (ARL3-Q71L) are reported to 

display fragmented Golgi and dispersal of intraflagellar transport protein 20 (IFT20), 

which is involved in transport of vesicles from the Golgi to the cilium (Evans et al., 2010, 
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Schwarz et al., 2015). Transgenic mice overexpressing ARL3-Q71L in rods (rodArl3-Q71L) also 

exhibit notably ‘dilated’ ER and Golgi (Wright et al., 2016), suggesting that a build-up of 

mistrafficked lipid-modified protein may lead to swelling and fragmentation of these 

organelles. 

ARL3 was recently found to activate STAT3 (signal transducer and activator of 

transcription 3), which is involved in the regulation of many different processes, including 

cell proliferation, survival, migration and inflammation (Togi et al., 2016). This raises the 

possibility that STAT3-dependent pathways may be altered in RP2-XLRP. However, 

although ARL-GTP increases STAT3 activation in HeLa cells (Togi et al., 2016), this result 

failed to be replicated in a mouse model with constitutively active ARL3 (ARL3-Q71L) 

(Little, 2019). 

RP2 is capable of directly trafficking at least one protein; it binds the β subunit of rod 

transducin (G protein subunit β1; GNβ1) until competition from ARL3-GTP stimulates its 

release (Schwarz et al., 2012a). The N-terminal domain of RP2 has also been 

demonstrated to interact with N-ethylmaleimide sensitive factor (NSF), a protein involved 

in the fusion of vesicles and membranes (Holopainen et al., 2010), which further supports 

a role for RP2 in the regulation of intracellular protein trafficking. It has additionally been 

shown to interact with polycystin 2 protein and is necessary for its correct localisation 

within the cilium (Hurd et al., 2010). RP2 furthermore appears to regulate the activity of 

ciliary kinesins and, therefore, perhaps general transport of proteins through the cilia 

(Schwarz et al., 2017). Recent evidence suggests that RP2 may also play a role in actin 

remodelling and positive regulation of cell motility via inhibition of osteoclast-stimulating 

factor 1 (OSTF1) (Lyraki et al., 2018). 
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Fig 2.1. ARL3-dependent trafficking of lipid-modified proteins. 

Figure reproduced from Gotthardt et al., 2015. 
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2.2.3 RP2 and ARL3 mutant animal models 

The human RP2 and murine Rp2h (RP2 homolog) genes encode highly similar proteins, 

with 88% of amino acids identical and 42% of non-identical residues having similar 

physico-chemical properties (BLAST13 alignment). A number of RP2-XLRP mouse models 

have been generated, which are compared in Table 2.1. Interestingly, these mice exhibit 

conflicting phenotypes. 

The first mouse, Rp2hΔE2/Y, was generated by Cre-Lox-mediated excision of exon 2 (Li et 

al., 2013, Li et al., 2015), while the Rp2hGT/Y model was later produced by insertion of a 

gene trap after exon 1 (Zhang et al., 2015a). Rp2hΔE2/y mice show rod and cone ERG 

defects from 1 month, and significant ONL thinning by 5 months (Li et al., 2013, 

Mookherjee et al., 2015). While the rod ERG deficit stabilised at 4 months of age, cone 

response continued to deteriorate so that at 18 months of age rod and cone function was 

reduced by 22% and 67%, respectively (Mookherjee et al., 2015). M-cone opsin, 

rhodopsin and (prenylated) PDE6 were notably mislocalised or absent (Li et al., 2013, 

Mookherjee et al., 2015), while cone outer segments and axonemes were elongated (Li et 

al., 2015). This effect was phenocopied with cone-specific, but not rod-specific, Rp2h KO 

mice (Li et al., 2015). Rod dysfunction was in general much milder than that of cones in 

Rp2hΔE2/Y mice. To further investigate the predominant cone defect, Li et al. (2019d) 

generated a rod-less S-cone-enriched Rp2h null model (Rp2hΔE2/Y,NRL-/- ) . These mice also 

displayed abnormal cone OS lengthening, but S-cone function or opsin localisation was 

unaffected, suggesting separate roles for RP2 in negative regulation of cone OS length 

 
13 
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome 
 

Fig 2.1. ARL3-dependent trafficking of lipid-modified proteins (continued). 

A gradient of ARL3-GTP/GDP is established across the connecting cilium and periciliary region, 

controlled by localisation of its GEF (ARL13B) and GAP (RP2). ARL13B activates ARL3 along the 

cilia while a pool of RP2 around the basal body deactivates it. PDEδ and Unc119 (carrier proteins) 

transport lipid-modified proteins to the cilium, where ARL3-GTP stimulates cargo release. As 

carrier:ARL3 complexes exit the cilium, RP2 deactivates ARL3, releasing the carriers to retrieve 

more lipidated cargo. 

Figure reproduced from Gotthardt et al. 2015. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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and trafficking of some opsin proteins. Mookherjee et al. (2015) achieved long term (18 

month) rescue of the cone ERG and trafficking defects in Rp2hΔE2/Y mice after subretinal 

injection of scAAV2/8-GRK1-RP2. This treatment did not improve the mild rod dysfunction 

observed, however, and was actually toxic to rods at a certain dose (1E9 vg/eye).  

Zhang et al.’s Rp2hGT/Y model also exhibited rod and cone ERG defects from 1 month of 

age but these responses declined at a similar rate up to 6 months. In contrast to Li et al.’s 

model, Rp2hGT/Y mice did not exhibit ONL thinning or mislocalisation of opsins, while 

potential cone elongation was not examined. A defect was noted, however, in the 

trafficking of prenylated proteins GRK1 and PDE6 (Zhang et al., 2015a). GRK1, PDE6 and 

transducin α levels were also notably mislocalised in rp2 null zebrafish models (Liu et al., 

2015, Liu et al., 2017). 

In an attempt to resolve the phenotypic discrepancy between the two RP2 XLRP mouse 

models, the Hurd group used CRISPR Cas9-mediated editing to generate an additional KO 

mouse with a frameshift mutation in exon 2, Rp2hΔ23/Y, which does not express detectable 

RP2 protein (Little, 2019)14. They also created a Rp2hE135G/Y mouse to mimic a pathogenic 

missense variant (p.E138G) that reduces the affinity of RP2 for ARL3 to a non-

physiologically relevant level (150 fold reduction) (Kuhnel et al., 2006). This should, in 

principle, enable delineation of ARL3-dependent and -independent effects of RP2 loss. 

Rp2hΔ23/Y photoreceptors mistrafficked M/L-cone opsin, rhodopsin and GRK1, displayed 

ONL thinning from 3 months and both rod and cone ERG defects from 6 months. Cone 

elongation has not yet been investigated in this model. In contrast, Rp2hE135G/Y  mice 

experienced a considerably slower disease progression and had not developed a rod ERG 

defect by 12 months. The relatively milder phenotype in Rp2hE135G/Y   mice suggests that 

RP2 may carry out important ARL3-unreleated functions. As discussed earlier, RP2 may be 

involved in vesicle trafficking via interaction with NSF and actin remodelling through 

inhibition of OSTF1. Alternatively, this finding may relate to speculated functions of the 

NDPK domain: oxidative stress response and facilitation of protein-protein interactions. 

However, it is also possible that the E135G mutation dramatically reduces but does not 

completely eliminate RP2-ARL3 interactions, resulting in a milder disease (Little, 2019).  

 
14 Abigail Little, PhD thesis (2019): ‘Functional analysis of RP2 and ARL3 in X-linked retinitis pigmentosa.’ 
https://era.ed.ac.uk/handle/1842/35803. Accessed 03/10/20. Work not yet published. 

https://era.ed.ac.uk/handle/1842/35803


54 
 

The phenotypic variation observed across these models is puzzling and, as all were 

generated on a C57BL/6 background, differences are most likely a consequence of the 

different methods of transgenesis employed. No RP2 protein was detected in Rp2hΔE2/Y 

mice (Li et al., 2013), though Zhang et al. proposed that if some mutant protein 

(possessing a NDPK domain) was produced it could conceivably act in a dominant-

negative manner (Zhang et al., 2015a). Although RP2 protein expression was not detected 

in Rp2hGT/Y mice, the antibody used for immunoblotting was raised against a C-terminal 

region and therefore would not be sensitive to the truncated gene-trap fusion protein. 

Such a protein might retain the ability to localise to the plasma membrane and cilium but 

would lack both the TBCC and NDPK domains. The frameshift and missense mutations in 

Rp2hΔ23/Y and Rp2hE135G/Y mice were generated more precisely via CRISPR-Cas editing and 

should, in principle, better mimic the effects of pathogenic mutations found in patients. 

However, confounding off-target effects are still a very real possibility when employing a 

CRISPR-Cas editing method. 

Further insights into the pathogenesis of XLRP can be gained using Arl3 mutant models, 

which are compared in Table 2.2. Arl3-/- mice develop a severe systemic ciliopathy and do 

not live longer than three weeks. In the retina, they lack cone OS and rhodopsin is 

mislocalised (Schrick et al., 2006). Ciliogenesis is also hindered in a retina-wide Arl3 

knockout mouse (Hanke-Gogokhia et al., 2016), while lipid-modified proteins were 

mistrafficked or degraded with rod-specific overexpression of Arl3Q71L, a constitutively 

active mutant form of Arl3 (Wright et al., 2016). A CRISPR-Cas generated ubiquitous 

Arl3Q71L model also displayed degraded GRK1 and additionally demonstrated dysregulated 

trafficking of rhodopsin and M cone opsin (Little, 2019). All Arl3Q71L mice exhibited 

photoreceptor degeneration, which supports the hypothesis that elevated ARL3-GTP 

levels are central to the pathogenesis of RP2-XLRP pathogenesis. Interestingly, ARL3-GTP 

level was substantially higher and disease progression was more rapid in Arl3Q71L than 

Rp2h null mice, suggesting there may be additional factors involved in the regulation of 

ARL3 activation capable of compensating for RP2 loss (Little, 2019). Such mechanisms 

may be sufficient in other cell-types but inadequate in the face of the exceptionally high 

rate of protein turnover in photoreceptor cells, leading to a retina-specific disorder. 

The fact that OS development was blocked in Arl3 knockout but not Arl3Q71L mice implies 

that Arl3-GTP is required for ciliogenesis, which may explain the elongated cone OS in 
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Rp2hΔE2/Y mice (Li et al., 2015). Cone OS were also noted to appear longer in Arl3Q71L mice, 

though this observation was not quantified (Little, 2019). 

In summary, based on the transgenic animal work so far, it is likely that RP2 plays 

essential roles in the trafficking of lipid-modified proteins important for photoreceptor 

function, such as rhodopsin kinase, rod transducin subunits and PDE6, to the OS via 

regulation of ARL3 activity. RP2 and ARL3 appear to be additionally involved in the 

trafficking of M cone opsin and rhodopsin, and work together to negatively regulate cone 

OS length. There is evidence to suggest, however, that there are additional roles carried 

out by RP2 independent of ARL3 that are important for photoreceptor function, possibly 

involving separate protein trafficking pathways and/or oxidative stress response. 

It is important to note that the phenotypes of the RP2 knockout mouse models described 

are considerably milder than the human disease. XLRP patients often experience macular 

atrophy in childhood (Jayasundera et al., 2010), which translates into regions of ONL 

thinning (visualised via OCT imaging) (Hufnagel et al., 2018)15 (Fujinami et al., 2020). Rod 

dysfunction nevertheless remains the prominent disease feature, as assessed by ERG 

(Jayasundera et al., 2010). In contrast, Rp2h null mice exhibit cone-predominant 

dysfunction (Li et al., 2013, Mookherjee et al., 2015) and the earliest reports of partial 

ONL thinning occurs when they have reached adulthood (Little, 2019, Li et al., 2013). It is 

therefore possible that other proteins are capable of partially compensating for loss of 

RP2 in murine photoreceptors. This represents an obstacle in understanding the 

pathogenesis of RP2-XLRP and assessing potential therapeutics. Hence, one objective of 

the project outlined in this thesis was to supplement understanding of XLRP with human-

derived in vitro RP2 null models. 

  

 
15 Hufnagel et al. 2018 is a conference abstract (not peer-reviewed). 
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Genotype Rp2hΔE2/Y Rp2hGT/Y Rp2hΔ23/Y Rp2hE135G/Y 

Reference(s) Li et al. 2013 and 

2015; Mookherjee et 

al. 2015 

Zhang et al. 2015 Little et al. 2019 Little et al. 2019  

Method of 

generation 

Exon 2 excised via 

Cre-Lox 

recombination. No 

protein detected. 

Protein truncated 

after exon 1 via 

gene trap. 

23bp deletion in 

exon 2 via 

CRISPR/Cas editing. 

No protein detected. 

Missense mutation in 

exon 2 via 

CRISPR/Cas editing. 

Protein incapable of 

inactivating ARL3. 

Cone ERG defect 1 mo 1 mo 6 mo 9 mo 

Rod ERG defect 1 mo (stabilises at 4 

mo) 

1 mo 6 mo No 

ONL thinning 5 mo No 3 mo: reduced 

peripheral ONL 

thickness. 

9 mo: thickness 

reduced across most 

of ONL. 

6 mo: reduced 

peripheral ONL 

thickness. 

9 mo: thickness 

reduced across most 

of ONL. 

Mistrafficking of 

lipid-modified 

proteins 

6.5 mo: PDE6 OS 

intensity reduced. 

Transducin α not 

mislocalised. GRK1 

not tested. 

1 mo: GRK1 and 

PDE6 mislocalised. 

Transducin α not 

mislocalised. 

3 mo: GRK1 

mislocalised. 

PDE6 and transducin 

not tested. 

3 mo: GRK1 

mislocalised. 

PDE6 and transducin 

not tested. 

Mistrafficking of 

opsins 

1 mo: cone M/L 

opsin mislocalised. 

5 mo: rhodopsin OS 

intensity reduced. 

 3 mo: rhodopsin 

mislocalised 

6 mo: cone M/L opsin 

mislocalised. 

 

9 mo: rhodopsin 

mislocalised 

9 mo: cone M/L opsin 

mislocalised. 

 

Abnormal cone 

morphology 

Cone OS and 

axoneme elongated. 

Not analysed. Not analysed Not analysed 

  

Table 2.1. Mouse models of RP2-XLRP. The age that phenotypes are first observed are listed. 

 mo = months old. 
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Genotype Ret.Arl3-/- Rod.Arl3-/- Rod.Arl3Q71L Arl3Q71L/+ Arl3Q71L/Q71L 

Reference(s) Hanke-Gogokhia 

et al. 2016 

Hanke-Gogokhia 

et al. 2016 

Wright et al. 

2016 

Little et al. 2019 Little et al. 2019 

Method of 

generation 

Inverted loxP-

flanked gene trap 

inserted in Arl3 

intron 1. Retina-

specific Cre 

expression 

activates gene 

trap. 

Inverted loxP-

flanked gene 

trap inserted in 

Arl3 intron 1. 

Rod-specific Cre 

expression 

activates gene 

trap. 

Random 

insertion. 

Arl3Q71L 

overexpressed 

by Rho 

promoter. 

CRISPR-Cas 

editing 

CRISPR-Cas 

editing 

Cone ERG 

defect 

P15 1 mo No 3 mo 3 mo 

Rod ERG 

defect 

P15 1 mo 1 mo 9 mo 3 mo 

ONL thinning P15 P15 2 mo 6-9 mo 1-6 mo 

Mistrafficking 

of lipid-

modified 

proteins 

P10: GRK1, PDE6 

and transducin α 

mislocalised. 

P15: GRK1, 

PDE6, transducin 

α and γ 

mislocalised. 

1 mo: GRK1 

level reduced. 

PDE6 and 

transducin γ 

mislocalised. 

1 mo: GRK1 

level reduced. 

1 mo: GRK1 level 

reduced. 

Mistrafficking 

of opsins 

P10: rhodopsin, 

M/L and S opsin 

mislocalised 

No. Rhodopsin not 

analysed. 

6 mo: rhodopsin 

mislocalised. 

9 mo: M/L cone 

opsin 

mislocalised. 

1 mo: rhodopsin 

mislocalised. 

6 mo: M/L cone 

opsin mislocalised 

Abnormal PR 

OS 

morphology 

Rod and cones had 

no CC or OS in 

central retina. 

No N/A Not quantified. Not quantified. 

  

Table 2.2. Mouse models of Arl3-related retinal degeneration. The age that phenotypes are first 

observed are listed. mo = months old. 



58 
 

2.2.4 In vitro models of retinal disease 

While the utilisation of transgenic animals been invaluable to biomedical research, inter-

species variability remains a major obstacle to drug development, where ~86% of drugs 

that enter the clinical trial stage ultimately fail to be approved by regulatory authorities 

(Aasen and Vergara, 2020). Interspecies differences present numerous obstacles to the 

search for retinal therapeutics. For one, the murine retina does not have a fovea, with 

cones making up just ~3% of photoreceptors (Carter-Dawson and LaVail, 1979, Jeon et al., 

1998). Murine retinas possess only two types of opsin – M- and S-opsin, with cones 

expressing one or both of these pigments (Nadal-Nicolás et al., 2020). The RPE cells of 

mice are also larger and can exhibit three fold higher phagocytic capacity than their 

human counterparts (Volland et al., 2015). Transgenic model phenotypes often do not 

adequately recapitulate human disease - as is the case with XLRP, choroideremia 

(Vasireddy et al., 2013) and Usher syndrome (Williams, 2008) to name a few. Additionally, 

AAV serotype tropisms and promoter activities can vary considerably between species 

(Stieger et al., 2008) (Vandenberghe and Auricchio, 2012, Watakabe et al., 2015, Juttner 

et al., 2019, Khabou et al., 2018b). Research using non-human primates (NHPs) is 

undoubtedly of value but is (rightly) limited due to ethical concerns, in addition to the 

prohibitive cost of running such experiments. Fortunately, human-derived cell models of 

disease are increasingly providing a means to bridge the gap between rodents and 

humans in a pre-clinical setting. 

Patient-derived primary dermal fibroblast and peripheral blood lymphocytes have been 

used to model a number of non-syndromic inherited retinal degenerations (Vasireddy et 

al., 2013, Schwarz et al., 2015, Moosajee et al., 2016, Liao et al., 2017, Maloney et al., 

2020) . This approach is feasible when the implicated gene is broadly expressed in many 

cell types. However, anything less than a retinal context is obviously suboptimal when 

studying a retinal disease. Additionally, the amount of available primary cell material is 

inherently limited, as cells inevitably approach replicative senescence. 

The development of induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 

2006), a renewable source of regenerative material free from the ethical concerns of 

embryonic stem cells (ESCs), revolutionised biomedical science and accelerated a 

paradigm shift toward personalised medicine. IPSCs have enabled development of 

autologous cell replacement therapies and have also greatly enhanced the power of in 
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vitro disease modelling. A variety of easily accessible cell types (dermal fibroblasts, 

peripheral blood lymphocytes, hair follicle keratinocytes and renal epithelial cells from 

urine samples) can now be reprogrammed to pluripotency by transfection with the 

Yamanaka factors (OCT3/4, SOX2, KLF4 and c-MYC) (Okita et al., 2011, Staerk et al., 2010, 

Re et al., 2018, Zhou et al., 2012). 

Normal embryonic development is orchestrated by delicately balanced gradients of 

secreted signalling molecules. Neural induction is initiated by fibroblast growth factor 

(FGF) secretion and repression of Wnt and bone morphogenetic protein (BMP)-signalling. 

Restriction of Wnt signalling is particularly important for the designation of an ‘eye field’ 

of retinal progenitor cells in the anterior neuroectoderm. Under the influence of TGF-ß, 

FGF and sonic hedgehog (Shh) factors, the eye field splits in two, and grooves termed 

optic sulci form (Sinn and Wittbrodt, 2013). Around week 3 of development, as the neural 

tube closes, optic sulci evaginate or ‘bud’ to form optic vesicles (OV). At this point, OV 

neuroepithelium can give rise to both RPE and neural retina. Growth factors such as FGF 

secreted from the overlying lens precursor structure stimulate differentiation of the 

apical OV neuroepithelium into neuroretinal precursor cells, while posterior 

neuroepithelial regions are designated to form the RPE. The neural region of the optic 

vesicle then invaginates, positioning itself closer to the RPE and creating an optic cup 

structure. At this point, BMP activity is necessary for maintaining neuroretinal fate, while 

the RPE relies on Wnt signalling (Fuhrmann, 2010, Patel and Sowden, 2019) (Fig. 2.2). 

Retinoic acid signalling is also involved in the formation of the optic cup structure 

(Duester, 2009) and needed for continued development and expansion of the eye (Smith 

et al., 2018). Differentiation of precursor cells in the neuroretinal layer starts with ‘early-

born’ ganglion, horizontal, amacrine and cone photoreceptor cells, while rod 

photoreceptor, bipolar and Müller glia are ‘late-born’ and continue maturing after birth 

(Bassett and Wallace, 2012). Initiation of the retinal progenitor cell (RPC) differentiation 

process appears to be dependent on FGF (Sinn and Wittbrodt, 2013), while retinoic acid 

signalling regulates photoreceptor differentiation (Stevens et al., 2011). 

Retinal cells can be differentiated from pluripotent stem cells by simulating signalling and 

environmental cues present during normal embryonic development in vitro. PSCs can be 

pushed toward a retinal progenitor fate by addition of Wnt and Nodal inhibitors to cell 

suspension and growing adherent cell aggregates on plates coated in ECM components.  
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Figure 2.2. Schematic of early retinal development. Pluripotent cells in the inner 

mass of a blastocyst form a neuroectodermal plate. An eye field is designated in the 

anterior neural plate and splits in two. From the developing eye fields, optic vesicles 

evaginate, extending towards the surface ectoderm. Signalling molecules secreted 

from the lens placode (a thickened region of surface ectoderm) stimulate the distal 

optic vesicle to invaginate, forming an optic cup structure. The inner layer of optic 

cup neuroepithelium becomes the neuroretina, while the outer layer forms the RPE 

and the anterior rims ciliary marginal zones (CMZ) give rise to the iris and ciliary 

body. The lens placode also invaginates to form a lens vesicle.  

Figure reproduced from Quinn and Wijnholds, 2019. 
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Photoreceptor differentiation can then be induced by addition of retinoic acid and 

taurine, though only a small percentage of cells subsequently express markers of PR 

maturity (Osakada et al., 2008, Hirami et al., 2009). PSCs can also be directed to an RPE 

cell fate by modulation of BMP, Wnt and FGF signalling (Buchholz et al., 2013, Leach et al., 

2015) Alternatively, removal of bFGF from PSC culture media stimulates PSCs to 

spontaneously differentiate into RPE cells (Buchholz et al., 2009, Ferguson et al., 2015). 

These ‘2D’ culturing protocols, where adherent monolayers are grown on a flat surface, 

are undoubtedly of value. However, the fact that they lack the complex, heterotypic 

organisation of a normal retina is an inherent and sizeable disadvantage. 

PSCs grown in aggregates, or embryoid bodies, in serum-free suspension cultures 

naturally progress to a neural fate without the addition of extrinsic signalling molecules 

(Eiraku et al., 2008). Meyer et al. (2009, 2011) succeeded in generating PSC-derived eye 

fields and optic vesicles. Aggregates of PSCs were cultured in suspension under serum and 

bFGF-free conditions, then transferred to neural induction medium (containing N216 

neuronal supplement) and grown adherently on laminin-coated plates. This induced 

formation of neural-tube like structures (rosettes), which displayed an eye field 

expression profile (Pax6 and Rx positive). Neuroepithelial rosettes were then 

supplemented with B2717 to promote retinal differentiation and transferred to 

suspension culture to form 3D neurospheres of retinal precursor cells that resembled 

optic vesicles.  

Yoshiki Sasai’s group went further - producing self-organising optic cups from mouse and 

human ESC cultures in two ground breaking studies (Eiraku et al., 2011, Nakano et al., 

2012). hESCs were aggregated in suspension to form floating embryoid bodies in serum-

free medium supplemented with (growth factor-reduced) Matrigel18, a solution rich in 

basement membrane matrix components, a Wnt inhibitor (to counteract the 

caudalisation effect of knock-out serum in the media) and ROCK inhibitor (to suppress 

dissociation-induced apoptosis). In such conditions, embryoid bodies spontaneously 

formed neuroepithelial vesicles – at which point FBS and a Shh agonist was added to 

 
16 https://www.thermofisher.com/ie/en/home/technical-resources/media-formulation.166.html. Accessed 
20/09/20. 
17 https://www.thermofisher.com/ie/en/home/technical-resources/media-formulation.250.html. Accessed 
20/09/20. 
18 https://ecatalog.corning.com/life-sciences/b2c/EUOther/en/Surfaces/Extracellular-Matrices-
ECMs/Corning%C2%AE-Matrigel%C2%AE-Matrix/p/corningMatrigelMatrix. Accessed 20/09/20. 

https://www.thermofisher.com/ie/en/home/technical-resources/media-formulation.166.html
https://www.thermofisher.com/ie/en/home/technical-resources/media-formulation.250.html
https://ecatalog.corning.com/life-sciences/b2c/EUOther/en/Surfaces/Extracellular-Matrices-ECMs/Corning%C2%AE-Matrigel%C2%AE-Matrix/p/corningMatrigelMatrix
https://ecatalog.corning.com/life-sciences/b2c/EUOther/en/Surfaces/Extracellular-Matrices-ECMs/Corning%C2%AE-Matrigel%C2%AE-Matrix/p/corningMatrigelMatrix
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promote neuroretinal differentiation, while a Wnt agonist was used to encourage RPE 

maturation. Remarkably, optic vesicles self-organised into double-walled optic cup-like 

structures (Nakano et al., 2012).  When the neuroretinal regions of these optic cups were 

isolated and further grown in suspension under high oxygen conditions they matured into 

retinal organoids (ROs): 3D laminated structures containing all types of RPC-derived 

neuroretinal cells. The order of neuroretinal cell-type birth in organoids even mirrored 

that seen in vivo. However, photoreceptors did not develop outer segments in this system 

(Eiraku et al., 2011, Nakano et al., 2012).  

Zhong et al. (2014) modified the Sasai protocol substantially – establishing a mixed 2D/3D 

culture protocol that did not require exogenous signalling factors (i.e. Wnt inhibitor) to 

induce retinal progenitor cell (RPC) development. The initial aggregates were formed in 

suspension from clumps of dissociated 2D adherent PSC cultures. Embryoid bodies were 

directed towards a neuronal cell fate in serum-free N2-supplemented media, then seeded 

onto Matrigel-coated dishes in B27 media. After four weeks of differentiation, the 

neuroretinal layers of the developing optic vesicles were isolated and cultured in 

suspension (normal oxygen conditions) to form spherical retinal organoids. FBS, taurine 

and retinoic acid was added at this stage to promote neuroretinal cell survival, though it 

was necessary to reduce retinoic acid concentration at a certain point and switch B27 

supplement to N2 in order to encourage photoreceptor maturation. Crucially, these ROs 

were the first to demonstrate development of rudimentary photoreceptor outer 

segments (from Week 21 – 28). Some of these photoreceptors were even shown to be 

light-sensitive via patch clamp recording (Zhong et al., 2014). A later study noted ribbon 

synapses at the base of RO photoreceptors (D160) and demonstrated PR synaptic 

functionality via changes in membrane capacitance at D300 (Wahlin et al., 2017). 

Most subsequent studies have utilised optic vesicle-derived retinal organoids (ROs) (Fig. 

2.3), derived using variations of the Zhong and Nakano protocols, as opposed to 

invaginated optic cups. ROs often contain small clumps of pigmented RPE but lack an 

appropriately positioned continuous RPE layer. In contrast, while the positioning of 

neuroretina against RPE in optic cups is desirable, the neuroretinal structures of Sasai’s 

optic cups appeared less stable and less capable of maturation than those of ROs. 

However, a more recent study found that addition of insulin growth factor 1 (IGF-1) to 

otherwise minimal media (B27 supplemented) could produce optic cups with 
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substantially accelerated photoreceptor maturation that maintain longer-term integrity 

(Mellough et al., 2015). 

 

Fig. 2.3. Illustration of the procedure for retinal organoid generation. PSCs are aggregated and 

grown as embryoid bodies. Optic vesicles form and are isolated, and the neuroepithelial layer 

differentiates into neural retina (NR). Pigmented regions of ectopic RPE and a brush border of 

developing photoreceptor outer segments are shown. Figure reproduced from Wahlin et al. 2017. 

 

Retinal organoid production is inherently variable, with ROs differing in terms of size, 

shape, uniformity, cellular composition, and differentiation efficiency - largely depending 

on the hPSC line used (Wahlin et al., 2017, Capowski et al., 2019). In an effort to 

standardise comparison of ROs within and across studies, Capowski et al. developed a 

light-microscopy-based staging system that fit ROs differentiated from 16 different hiPSC 

and hESC lines (see Fig 2.4). At Stage 1 (~D30-70), ROs are spherical with a phase-bright 

outer rim of neuroepithelium. This outer rim consists of an outer layer of retinal 

progenitor cells above a layer of starburst amacrine cells and RGCs. By Stage 2 (~D70-

120), ROs have grown larger, with a phase-dark core and diminished outer-rim brightness. 

At this point, the RGC layer is degenerating, while the RPC outer layer is differentiating 

into photoreceptor, horizontal and amacrine cells. At stage 3 (~D120+), photoreceptors 

express cone and rod-specific markers, with rods outnumbering cones 4:1, and newly 

born Müller glia facilitate the formation of an outer limiting membrane. A thin phase-

bright outer-rim is again evident via light microscopy, and a hair-like ‘brush border’ of 

nascent photoreceptor outer segments covers the spheroid. The neuroretinal tissue is 

now clearly stratified, containing an OPL positive for presynaptic markers and an INL with 

bipolar cells. The inner layers, however, continue to degenerate. As ROs are not 

vascularised, a necrotic core grows inside the organoid due to insufficient passive 

diffusion of nutrients and oxygen. Lack of microglia and astrocytes may also contribute to 

inner layer disorganisation (Capowski et al., 2019). 
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Neuroretinal cell types differentiate from RO RPCs in the same order that they would in 

vivo. Importantly, ROs have also been shown to closely replicate the timeline of 

retinogenesis in the human foetal retina when assessed by single cell RNA-seq (scRNA-

seq) (Sridhar et al., 2020, Cowan et al., 2020). By 38 weeks of development (the average 

length of a pregnancy), RO transcriptomes ‘stabilise’ – bearing many similarities to that of 

an adult peripheral retina (Cowan et al., 2020). However, while the expression signature 

of retinal lineage marker genes does not appear dependent on the differentiation method 

used, it does vary substantially between PSC lines (Mellough et al., 2019). 

Retinal organoids are an invaluable tool in the advancement of precision medicine and 

have already been used to model a number of IRDs (Phillips et al., 2014, Parfitt et al., 

2016, Megaw et al., 2017, Shimada et al., 2017, Schwarz et al., 2017, Deng et al., 2018, 

Quinn et al., 2019, Huang et al., 2019, Buskin et al., 2018). Some of these studies further 

succeeded in rescuing deleterious phenotypes using antisense oligonucleotides or 

CRISPR-Cas editing (Parfitt et al., 2016, Deng et al., 2018, Buskin et al., 2018). Schwarz et 

al. (2017) modelled RP2 loss with R120X patient-derived ROs and uncovered a potential 

role for RP2 and Arl3 in the regulation of ciliary kinesin protein activity. The 

mislocalisation of ciliary tip kinesins observed in RP2 null organoids at ~D150 could be 

rescued by treatment with a translational read-through drug (Schwarz et al., 2017). 

The potential of retinal organoid technology for modelling diseases and screening 

potential therapeutics is clearly substantial. A major aim of this project was to further 

explore potential phenotypes in RP2 null ROs – employing additional cell lines and longer 

term analyses – and, additionally, to establish whether an AAV-mediated gene 

replacement strategy would be efficacious in these models.  
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Figure 2.4 Stages of retinal organoid development.  

(A) A schematic illustrating the cellular composition of retinal organoids across the three stages of 

development. Figure reproduced from Capowski et al. 2019. 

(B) Representative light microscopy images of ROs at the different stages are shown (scale bar = 

400 μm). The table on the right outlines key morphological and molecular markers of ROs, 

alongside corresponding foetal development stage features. Figure reproduced from Kruczek and 

Swaroop, 2020.   
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2.2.5 Objectives of chapter 2 

The objectives of the project described in this chapter were: 

I. Investigate the consequences of RP2 loss using primary fibroblast and retinal 

organoid models. 

II. Evaluate the efficacy of AAV-mediated RP2 replacement in these in vitro models of 

RP2-XLRP. 

III. Assess the tolerability of AAV-RP2 treatment in the wild-type murine retina.  



67 
 

2.3 Results 

2.3.1 Identification of individuals with pathogenic RP2 variants 

A 34 year old male RP proband harbouring a c.358C>T nonsense mutation (p.Arg120X) 

was identified through the Target 5000 programme. The patient’s obligate carrier mother 

was confirmed to be heterozygous for the c.358C>T mutation by Sanger sequencing (Fig. 

2.7.B). 

This pathological variant has been found in several cohorts of European, Chinese and 

North American origin (Hardcastle et al., 1999, Mears et al., 1999, Liu et al., 2001) 

(Vorster et al., 2004, Neidhardt et al., 2008, Riera et al., 2017). As mentioned previously, a 

survey of RP2 pathogenic mutations documented in the literature was undertaken and 

c.358C>T was found to be the most commonly reported RP2 nonsense mutation and the 

second most common mutation overall (Appendix 2). The relatively high incidence of this 

mutation across multiple populations and the observation of a case of c.358C>T de novo 

germline mosaicism prompted Vorster et al. (2004) to propose that the affected 

nucleotide may be a mutation hotspot. Fibroblasts derived from a c.358C>T patient were 

found to have reduced RP2 mRNA expression and a complete lack of RP2 protein 

(Schwarz et al., 2015). It was therefore concluded that the mutant transcript underwent 

nonsense-mediated decay (NMD). 

The affected individual, ‘R120X-A’, had been clinically assessed and diagnosed with RP by 

Dr Paul Kenna. He had suffered from night blindness since childhood and experienced a 

progressive deterioration of photopic vision from his early teenage years. By 34 years of 

age, his visual acuity was restricted to perception of light. Fundus imaging of the patient 

revealed bone spicule deposits, atrophic macular regions and attenuation of blood vessels 

(Fig. 2.5.B). 
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Interestingly, a small area of macular hyperpigmentation was observed in the otherwise 

normal fundus of the patient’s unaffected mother. This was astutely noted as a possible 

subclinical carrier phenotype at the time of examination by Dr Paul Kenna (Fig. 2.5.A). 

An additional 68 year old male RP proband was identified with a novel c.425delA 

(p.Asp142IlefsTer14) candidate variant (Dockery et al., 2017). At the time of writing, 

samples from family members were not available for segregation analysis of this variant. 

The mutation was not reported in the Genome Aggregation Database (gnomAD (a 

collection of 125,748 exomes and 15,708 genomes (Karczewski et al., 2020)) or the NCBI 

dsSNP variant database (Sherry et al., 2001). 

Figure 2.5. Fundus images of the retina of the proband (B) and their unaffected carrier mother 

(A).  

(A) The fundus image of the retina, taken with an Optos wide-field fundus camera, shows a 

normal optic disc, normal vasculature (note the vasculature appears thin due to the wide-field 

nature of the image) and absence of the pigment deposits prominent in the fundus images of 

her son. The proband’s mother did show a small area of hyperpigmentation at the central 

macula (not easily seen in the image, marked with an arrow) which may be a subtle indication 

of her being a carrier of an X-linked RP gene variant. 

(B) Photographs of the central retina of the right and left eyes, taken with a Topcon fundus 

camera, showed marked pallor of the optic discs, severe attenuation of the retinal vasculatures, 

bilateral atrophic changes of the macular areas (red arrow) and extensive ‘bone spicule’ 

pigment deposits (black arrow), typical of those seen in Retinitis Pigmentosa, in the more 

peripheral retinal areas in each eye. 

This figure and legend were kindly provided by Dr Paul Kenna. 
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The c.425delA frameshift mutation would cause a premature stop codon to form in exon 

2, at c.463-465 of the normally 1053 bp coding sequence. Hence, nonsense-mediated 

decay of the transcript would likely occur. As outlined previously, loss of function is the 

mechanism behind the vast majority of documented RP2 cases. Considering this and the 

variant’s absence in control population collections, c.425delA was classed as ‘likely 

pathogenic’ as per guidelines set by the American College of Medical Genetics and 

Genomics and the Association for Molecular Pathology (Richards et al., 2015). 

2.3.2 Characterisation of patient-derived primary fibroblast models of RP2 

A collection of patient and control-derived dermal fibroblast cells was established in order 

to investigate the consequences of RP2 null mutations (Fig. 2.6.A). Fibroblast cultures 

were generated from skin biopsies donated by the two affected individuals described and 

are henceforth referred to as ‘R120X-A’ and ‘N142fs’. Fibroblasts from an additional 

R120X patient, ‘R120X-B’, were obtained from the Hardcastle lab (UCL). Characterisation 

of these cells had previously been carried out by Schwarz et al. (2015), as previously 

mentioned. Unfortunately, R120X-B cells were several years old at the time of this study 

and appeared to be approaching senescence. For this reason, they were only included in a 

few of the experiments that follow. 

Several sources of control fibroblasts were obtained for this study, either commercially or 

produced from volunteered skin biopsies. The age of biopsy donors ranged from new-

born (‘BJ’ fibroblasts derived from a neonatal foreskin sample) to 68 years old.  

Primary cell cultures generated in-house were tested for expression of fibroblast surface 

protein to confirm their fibroblast identity and validate the protocol used (Fig. 2.6.B). 

Fibroblast genotypes were also verified at regular intervals by Sanger sequencing (Fig. 

2.7). 
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Fig. 2.6. Establishment of a collection of patient and control-derived primary human dermal 

fibroblast cells. 

(A) Information relevant to fibroblast cultures used in this study is presented, including the age 

and sex of biopsy donors. Patient-derived fibroblasts are named after the RP2 mutation 

harboured (p.R120X or N142fs). BJ and C1-C5 fibroblasts were generated from unaffected 

individuals. Most patient and control cultures were derived by the Farrar lab. Fibroblast obtained 

from an additional RP2 p.R120X patient (R120X-B) were provided by the Hardcastle lab (Schwarz 

et al., 2015). Two control fibroblast cultures were sourced commercially (ATCC). 

(B) Anti-fibroblast surface protein antibody (Sigma-Aldrich; F4771) was used to confirm the 

correct cellular identity of newly derived cultures via ICC. In the representative images shown, 

cells derived in the Farrar lab, C2, were compared to C5 commercially obtained fibroblasts and 

found to express fibroblast surface protein similarly. Cells stained with the secondary antibody 

alone act as a negative control. Scale bar = 50µm. 
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When assessed by RT-qPCR, expression of the RP2 transcript was depleted in both R120X-

A and N142fs fibroblasts (Fig. 2.8.A). Although R120X-B cells were not included in this 

RNA expression test, they previously exhibited an approximately 80% reduction in RP2 

expression relative to BJ control fibroblasts (Schwarz et al., 2015). A similar level of 

depletion was observed in the current study; the relative amount of RP2 mRNA in R120X-

A fibroblasts was 15.96% that of BJ cells (0.16 ± 0.01 vs 1.0 ± 0.17, respectively). 

Interestingly, RP2 expression across control fibroblasts differed considerably. In light of 

this variation, it seemed important to compare patient cell RP2 levels to sex- and age-

matched control cells where possible. When compared to fibroblasts from unaffected 

adult males (C1 and C2), RP2 mRNA expression was reduced by 90% in R120X-A (p = 

0.0144) and 61% in N142fs cells (p = 0.0611) (n = 2) (Fig. 2.8.B). Cells from C4 (a 66 year 

old male) would have been a more appropriate control for N142fs fibroblasts, which were 

derived from a 68 year old donor. Unfortunately, they were unavailable at the time of this 

test but will be included for comparison in future analyses. 

RP2 RNA expression was also compared between fibroblasts from male and female 

donors. The RT-qPCR primers used were designed to be intron-spanning (to discourage 

amplification of gDNA) (Schwarz et al., 2015). Additionally, low signal from DNA carryover 

in samples was assessed using control reactions that did not include reverse 

transcriptase. Thus, any difference observed between male and female samples was not 

simply due to difference in genomic RP2 copy number. 

RP2 expression in control fibroblasts was significantly higher in those from female donors 

(p = 0.0202, n = 2) (Fig. 2.8.C). This was an interesting observation, as RP2 is reported to 

be completely silenced during X-inactivation (Carrel and Willard, 2005, Fahim and Daiger, 

2016). The limited amount of male and female donors at the time of writing precluded us 
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from investigating this matter further. However, the results of this test do emphasise the 

importance of using sex-matched controls where possible. 

Fig. 2.7. Genotyping of samples from affected and control individuals. 

(A) The RP2 c.358 and c.425 regions were Sanger sequenced in patient and control fibroblasts to 

confirm their genotype. Sequencing chromatograms are presented.  

(B) Sequencing results from the R120X-A pedigree are shown. In R120X-A fibroblasts, the C to T 

transition is evident (red asterisk). Fibroblasts from the patient’s unaffected father (C4) were 

free of this mutation. A chromatogram from the proband’s carrier mother confirms her carrier 

status, displaying a heterozygous double peak (C/T) at c.358. 

Note: In the case of the proband’s mother, analysis was carried out on DNA extracted from a 

peripheral blood sample, rather than fibroblasts.  
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RP2 protein expression could not be detected by Western blot in the patient-derived cell 

cultures studied (Fig. 2.8.D and E). Absence of truncated RP2 protein in R120X-A and 

N142fs cells was verified using an antibody gifted by the Hardcastle/Cheetham groups 

(Fig. 2.8.E), which is thought to bind to an epitope within amino acids 8-15 (Chapple et al., 

2002). These results suggest that RP2 c.358C>T and c.425delA mutant transcripts are 

degraded by NMD in patient-derived fibroblasts.  

  

Fig. 2.7. Genotyping of samples from affected and control individuals (continued). 

(C) The relevant RP2 regions were routinely Sanger sequenced in all control and patient-derived 

fibroblast populations to confirm their genotype. An alignment of chromatogram data is shown, 

produced using the MAFFT online tool (Katoh et al., 2019). Red asterisks indicate nucleotides of 

interest: c.358 (top panel) and c.425 (bottom panel). 
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Fig. 2.8. RP2 expression in patient and control fibroblast cells. 

(A) RP2 mRNA levels were assessed by RT-qPCR across patient and control cells. Both R120X and 

N142fs cells produced lower amounts of RP2 than controls. Notably, RP2 expression was highly 

variable between control lines. For each group, n = 2 culture flasks. RP2 levels were normalised 

against β-actin expression. 

(B) In light of the variation in RP2 expression observed across cells, it was decided to use only 

adult male control cells for comparison. Hence, the ‘control’ group in this graph is the average of 

C1 and C2 values. RP2 expression was reduced in R120X and N142fs cells by 90% (p = 0.0144) and 

61% (p = 0.0611), respectively. A one-way ANOVA was performed to test for significance, 

followed by Dunnett’s multiple comparisons test.  

(C) Control fibroblasts from female donors expressed significantly more RP2 mRNA than those 

from male donors (p = 0.0202; Student’s t-test). 

Values shown are means ± SD. 

(D and E) RP2 protein was not detected by Western blot in any of the three types of patient-

derived fibroblasts available. Immunoblotting was performed using two different polyclonal RP2 

antibodies: Proteintech cat. no.: 14151-1-AP (D) and a second antibody known to be capable of 

detecting short N’ protein fragments (Chapple et al., 2002) (E). Cyclophilin B (19 kDa) was used as 

a loading control. 
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2.3.3 AAV-mediated gene replacement restores RP2 expression in null fibroblasts 

An AAV vector was designed to deliver a functioning copy of human RP2 to target cells 

(Fig. 2.9). As RP2 is ubiquitously expressed at a relatively low level (Chapple et al., 2000) 

and its importance in the RPE has yet to be defined, it was decided to drive transgene 

expression with a constitutively active promoter rather than a photoreceptor-specific 

element. This would also enable testing of the vector in non-retinal patient-derived 

models, such as fibroblast cell cultures. The CAG promoter was selected for this purpose 

(Niwa et al., 1991). This synthetic ‘promoter’ sequence is comprised of the 

cytomegalovirus (CMV) early enhancer followed by the chicken β-actin (CBA) promoter, 

first exon and first intron, which contains an additional enhancer element. A rabbit β-

globin splice acceptor is also featured. Importantly, as previously outlined, this promoter 

has been used safely and effectively in human RPE and forms part of an FDA and EMA-

approved AAV gene replacement therapeutic (Maguire et al., 2019). There are also seven 

clinical trials testing AAV-CAG vectors currently registered on clinicaltrials.gov (reviewed 

by Buck and Wijnholds, 2020).   

As the RP2 coding sequence (CDS) is relatively short (1053 bp), it was possible to also 

include a 1169 bp region of the 3’UTR to encourage more natural post-transcriptional 

regulation of the transgene. The endogenous RP2 poly(A) signal (240 bp) was also 

combined with a well-characterised minimal poly(A) sequence to ensure efficacious 

termination of transcription (Levitt et al., 1989).  

High titre AAV-CAG-RP2 virus was produced and used to transduce patient and control 

derived fibroblast cell models (for associated methods and titers see sections 2.5.9 and 

2.5.10). Attempts were made to detect RP2 protein in untreated and transduced 

fibroblast cells by ICC with multiple different antibodies (Proteintech: 14151-1-AP, Sigma 

Aldrich: HPA000234, and a custom made antibody gifted by the Hardcastle/Cheetham 

groups (Chapple et al., 2000)). However, in my hands, these antibodies did not emit a 

clear signal for endogenous or AAV-overexpressed RP2 in fibroblasts (data not shown). 

Given the above, an AAV-CAG-EGFP reporter vector was generated for use in assessing 

AAV transduction efficiencies (Fig. 2.9). 
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Fig. 2.9. RP2 and EGFP vector design and construction. 

A CAG-RP2 fragment was synthesised and cloned into pAAV-MCS using flanking NotI sites. The 

CAG promoter is made up of the CMV IE enhancer (white), CBA promoter (pink) and CBA intron 1 

(grey). The human RP2 sequence is shown in blue, comprised of the CDS, a 1.2 kb section of the 

RP2 3’UTR and the endogenous RP2 poly(A) signal. An additional minimal rabbit β-globin poly(A) 

sequence was attached (red).  

To make a matching CAG-EGFP vector, the CMV promoter from pAAV-CMV-EGFP (Palfi et al., 

2010) and replaced with the CAG sequence from pAAV-CAG-RP14 (Palfi et al., 2020b). A ‘half-

blunted, half-sticky’ strategy was used; pCMV-EGFP and pCAG-RP14 were cut with MluI and 

HindIII, respectively, then blunted with Klenow fragment. Both plasmids were then cut with EcoRI 

and the desired fragments were ligated together. 
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The CAG-EGFP expression cassette was packaged into three different AAV serotypes 

commonly used to transduce retinal cells: 2/2, 2/5 and 2/8 (for titers, see section 2.5.10). 

AAV tropism was then examined in primary dermal fibroblasts, which were transduced 

using a multiplicity of infection (MOI) of 1E5 vg per cell (see section 2.5.10 for protocol). 

Three days after AAV transduction, native EGFP fluorescence was quite weak (as 

evaluated by fluorescence microscopy) and so reporter signal was boosted by probing 

with an anti-GFP antibody. AAV2/2 significantly outperformed 2/5 and 2/8 vectors, 

transducing an average of 55.5 ± 1.8% of cells analysed at a MOI of 1E5 vg/cell (p < 0.05; n 

= 2 experiments, 2 wells per experiment) (Fig. 2.10.A and B). 

AAV2/2-CAG-EGFP was clearly the more efficient choice of serotype for use in primary 

fibroblasts. This vector was then tested at a range of lower doses to determine whether a 

more dilute working dosage of AAV2/2 was feasible. Both control and patient-derived 

fibroblasts were tested in this experiment and were found to be transduced similarly (Fig. 

2.10.C). Results from the two cell types were hence averaged for further analysis. The 

dose response data resembled a sigmoidal curve – transduction efficiency rose steeply 

between doses 1E2 to 1E4, then appeared to plateau at 1E5 (Fig. 2.10.D). Based on this 

result, future working doses between 1E4 to 1E5 vg/cell seemed optimal - transducing 

50.8 ± 8.8% and 55.8 ± 2.5% of cells, respectively. The transduction efficiency obtained at 

1E5 vg/cell was considerably higher than that of other reports using AAV2/2-CMV-GFP at 

similar doses (19-34% efficiency) (Vasireddy et al., 2013, Ellis et al., 2013). This may be 

due differences in AAV production methodologies and AAV batches, the different 

promoter used and/or the fact that other studies may not have boosted GFP fluorescence 

using ICC. 

Transduction of R120X-A fibroblasts with AAV2/2-CAG-RP2 (1E5 vg/cell) for three days 

restored RP2 expression. RP2 RNA was overexpressed by 3.7 fold in AAV-treated cells 

relative to wild-type control samples (n = 2 wells) (Fig. 2.11.A). At the protein level, AAV-

mediated RP2 expression exceeded the normal endogenous level by 1.5 fold when 

assessed by immunoblotting (n = 2 wells) (Fig. 2.11.B and C). Of course, considering the 

mean observed transduction efficiency is 56% at the dose used, it is likely that RP2 

overexpression levels are, in fact, approximately double these estimates in cells that were 

actually transduced. These experiments served to confirm the functionality of the 

AAV2/2-CAG-RP2 vector. However, the estimated levels of overexpression are 
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preliminary, as the sample groups consisted of two wells from the same plate; 

independent replicate experiments would need to be performed to obtain an accurate 

estimate. 
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Fig. 2.10. AAV transduction of primary dermal fibroblasts. 

(A) The CAG-EGFP expression cassette was packaged in AAV2/2, 2/5 and 2/8 to evaluate the 

transduction profile of each serotype for primary fibroblasts. Three days post transduction, cells 

were evaluated for EGFP immunofluorescence and counterstained with DAPI. C5 control cells 

were used in this test. Scale bar = 100µm. 

(B) Transduction efficiency was expressed as the percentage of EGFP-positive cells. AAV2/2-CAG-

EGFP transduced an average of 55.5% of cells and was significantly more efficient than 2/5 or 2/8 

vectors (p = 0.0195 and 0.008, respectively; n = 2 experiments (2 wells per experiment). MOI: 1E5 

vg/cell. A one-way ANOVA was performed to test for significance, followed by Tukey’s multiple 

comparisons test. *p < 0.05, **p < 0.01. 

(C) A dose curve test was carried out with AAV2/2-CAG-EGFP in order to determine an 

appropriate working range of viral concentration. R120X-A and C5 control fibroblasts displayed 

similar levels of transduction. 

(D) Control and R120X cell transduction efficiencies were averaged and plotted against log 

transformed AAV concentration. The data followed a sigmoidal shape. The curve shown was 

fitted using non-linear regression, with a ‘log (agonist) vs. response – variable slope (four 

parameters)’ model (GraphPad Prism, v.8.4) (r2 = 0.8723). 

Values shown are means ± SD. n = 2 experiments, with two wells (an average of 1199 cells) 

analysed per experimental group.  
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Fig. 2.11. AAV-mediated gene replacement in RP2 null fibroblasts. 

R120X-A fibroblasts were transduced with AAV2/2-CAG-RP2 for three days at a MOI of 1E5 

vg/cell and RP2 expression was subsequently assessed via RT-PCR (A) and Western blot (B and C). 

(A) RP2 mRNA was found to be expressed at a level approximately 3.69 fold that of control 

fibroblasts (C1 and C2 cells; indicated by dashed line). Values shown are means ± SD, n = 2 wells. 

(B) RP2 protein expression was restored in AAV-transduced patient fibroblasts, as assessed by 

Western blot. 

(C) The level of RP2 protein expression shown in (B) was quantified using densitometry (ImageJ). 

Transgenic RP2 protein was overexpressed by approximately 1.5 fold in transduced R120X-A 

cells, relative to C5 control cells (R120X-A + AAV: 1.5 ± 0.2; control: 1.0 ± 0.1). Values shown are 

means ± SD, n = 2 wells. Note: this is a rough estimation of RP2 overexpression, as the GAPDH 

signal in some lanes unfortunately overlapped and were therefore suboptimal for performing 

densitometry, and a replicate experiment has not yet been performed. 
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2.3.4 Exploration of potential disease-associated phenotypes in RP2 null fibroblasts 

While the ability of AAV2/2-CAG-RP2 to restore RP2 expression was confirmed, it 

remained to be seen whether gene replacement could provide functional rescue in RP2 

null fibroblasts. Although RP2 mutations cause a non-syndromic retinal degeneration, 

there is precedent to speculate that fibroblasts lacking this normally ubiquitous protein 

might exhibit subtle, sub-pathological phenotypes. Schwarz et al. (2015) observed several 

such phenotypes in R120X-B fibroblasts, including reduced Golgi cohesion, dispersal of 

intraflagellar trafficking protein and altered transport of transfected Gβ1 transducin 

subunit protein. These phenotypes were reversed through plasmid-mediated RP2 

expression or treatment with translational read-through drugs. Unfortunately, as 

previously mentioned, R120X-B cells were unsuitable for repeat morphological tests 

during the current study. 

Golgi apparatus cohesion was assessed in R120X-A, N142fs and control fibroblasts by 

quantifying the cellular area positive for GM130, a cis-Golgi marker (Fig. 2.12.A and B). In 

this immunocytochemistry test, a significant increase in GM130 area is suggestive of Golgi 

fragmentation (Evans et al., 2010, Schwarz et al., 2015). R120X-A Golgi were indeed 

enlarged compared to those in cells from all control donors. A fold change of roughly 1.4 

had previously been noted in the GM130-stained area of R120X-B fibroblasts compared 

to BJ control cells (Schwarz et al., 2015). Relative to the same (though a later passage) BJ 

cells, GM130 regions in R120X-A cells were 1.76 fold larger (57.00 ± 8.95 μm vs 101.87 ± 

19.05 μm; p < 0.0001, n = 9-15 images analysed). 

The fact that R120X fibroblasts derived from two different individuals performed similarly 

in this test was encouraging. GM130-stained areas in R120X-A cells were additionally 

significantly larger than all other control fibroblasts (p < 0.05; n = 6-15 images analysed). 

However, this effect was not replicated with the N142fs cell model, in which GM130-

positive area was actually smaller than cells from three control donors. Given these data, 

it would seem that the enlarged Golgi morphology witnessed in R120X cells was unlikely 

due to lack of RP2 protein. 

Another concern was that, from even cursory observation, it was obvious that fibroblasts 

from different donors varied in terms of growth profiles. This difference was especially 

pronounced when comparing BJ to other fibroblasts at confluent states; BJ fibroblasts 

were packed much more tightly.  
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In general, more tightly packed fibroblast monolayers, with a higher cellular density, 

displayed a more compact cell morphology with less total cellular area. Unfortunately, 

the overlapping conformation of fibroblasts at higher density makes accurate 

quantification of cellular area difficult, so cell densities of confluent cultures were 

compared instead. It became clear that cultures derived from different donors behaved 

differently in this respect (Fig. 2.12.C). In particular, BJ fibroblast monolayers were 

significantly denser than all other cells apart from C3. Strikingly, a significant inverse 

correlation was evident between cell density of fibroblast cultures and mean cis-Golgi 

area (rs = -0.7554; p < 0.0001) (Fig. 2.12.D). The possibility that altered cell density was a 

primary defect in R120X fibroblasts was considered, as impaired ciliary function could 

conceivably affect cell migration. Indeed, impaired migration and wound healing has been 

noted in RP2 null immortalised RPE cells (Lyraki et al., 2018). However, R120X-A and 

N142fs cell densities were not significantly lower compared to the majority of controls 

tested.  

Fibroblast culture growth profiles may be influenced by a variety of factors – donor age, 

health and genetic background, cell passage number, culture conditions and 

length/conditions of cell stock storage. Biopsy processing protocols may also differ slightly 

between labs. Primary cells, of course, have finite life spans and grow senescent as they 

reach the Hayflick limit (40-60 population doublings (PD)). Approaching senescence, 

fibroblast cultures change from tightly-packed, spindle-shaped cells to slow growing, 

broad cells with irregular shaped edges that cannot form dense monolayers. Cell 

characteristics may also change over time as populations are subject to selection pressure 

in artificial culture conditions. For the experiments described, cells were generally used 

below passage 10 (P10) (approximately 15 PD). This was feasible for all cultures except BJ 

and C5, which were used at approximately P15. 

In summary, GM130 area and fibroblast monolayer density appear to be interdependent, 

and it seems likely that Golgi apparatus size is influenced by monolayer density/cellular 

spread rather than vice versa. Considering the conflicting GM130 area results obtained in 

R120X-A and N142fs cells and the apparent dependence of cis-Golgi morphology on 

monolayer density, a relatively variable characteristic in primary cell cultures, this 

phenotype did not appear to be robust and was therefore not prioritised for further study 

during this thesis project. However, it should be noted that the results presented are 
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from a single experimental run; it would be worthwhile to perform independent replicate 

experiments in the future to enable a confident conclusion to be drawn with regard to 

this phenotype. 

  

Fig. 2.12. GM130 area and cell density of patient and control fibroblasts. 

(A) Representative high magnification ICC images of GM130 localisation (red). This cis-Golgi 

marker was used to examine Golgi cohesion. Cells were counterstained with DAPI. Scale bar = 

20µm. Note: The R120X and C2 cells displayed were imaged using different acquisition settings 

than those for N142fs and C4 cells. 
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It was decided to explore another quantitative assay more directly related to an 

established aspect of RP2 function. As RP2 is known to act as a GTPase for ARL3, it was 

hypothesised that RP2 null cells would have higher levels of ARL3-GTP. Hence, a means of 

quantifying activated ARL3 levels in fibroblasts was sought.  

Initially, this was attempted with an ‘Arl3 activation assay kit’ (New East Biosciences, 

83001), which utilises an antibody specific to GTP-bound Arl3 to pull down the activated 

protein. Captured ARL3-GTP is then detected by Western blot, using a non-conformation 

specific Arl3 antibody. Lysates loaded with GDP or GTPγS, a non-hydrolysable version of 

GTP, functioned as controls. This method was attempted using control and patient 

fibroblasts, and wild-type mouse retinal samples (Fig. 2.13). An immunoblot signal was 

obtained at ~23 kDa. However, if this band was Arl3 protein (predicted MW: 20 kDa), the 

signal was not specific to the active conformation as it was present in GDP-loaded 

negative controls. Alternatively, the 23 kDa band was simply background, and this 

technique was not sensitive enough to detect ARL3-GTP at its level of concentration in 

the samples tested. 

Fig. 2.12. GM130 area and cell density of patient and control fibroblasts (continued). 

(B) GM130 area was quantified using the Fiji auto-threshold tool. R120X-A cells displayed 

significantly larger GM130-positive regions than all other cells examined. Notably, N142fs mutant 

fibroblasts did not exhibit an increase in GM130 area compared to controls. Values shown are 

means ± SD. Statistical significance was determined using a one-way ANOVA and Tukey’s post 

hoc test. The p values for each cell line comparison, from left to right on the graph, were p < 

0.0001, p < 0.0001, p = 0.031, p < 0.0001, p < 0.0001, p = 0.0159 and p < 0.0002. Measurements 

were carried out on confocal images obtained with a 20X objective. The number of cells per 

image ranged from 28 to 231, with an average of 72. Total GM130 area was measured per image 

and then divided by the number of cells featured to calculate the average area per cell. This was 

carried out on 6 to 15 images per cell type.  

(C) The degree of cell density at confluency was found to vary between cells from different 

donors. R120X cell layers were significantly less dense than BJ and C3 cells. BJ cells were 

significantly more tightly packed than all other cell lines except C3 (n = 6-15 images; one-way 

ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Values shown are means ± SD. 

(D) A significant inverse correlation was evident between mean GM130 area per cell and cell 

density. Spearman correlation coefficient (rs) = -0.7554; p < 0.0001. 
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The kit used was relatively expensive (~€40 per reaction) and its use was not referenced 

in any publications. Additionally, although the protocol outlined was for cell culture 

lysates, the example data provided was from tests performed on purified ARL3 protein, 

rather than cell lysate samples. Abcam had recently discontinued a highly similar product 

(ab173254) because quality tests had raised doubt as to whether it was specifically 

detecting activated Arl3 protein (personal communication). Given these concerns, an 

alternative assay was sought.  

An ARL3-GTP pull down assay was described in the literature that utilised GST-tagged 

ARL2BP, a ciliary protein known to specifically bind to Arl3 in its active conformation, as 

bait (Togi et al., 2016). In this publication, endogenous Arl3-GTP protein in HEK 293 

lysates was bound to ARL2BP-GST and captured on glutathione Sepharose beads, then 

detected by immunoblotting with an Arl3 antibody. 

It was decided to attempt this assay with primary fibroblast lysates, testing both ARL2BP-

GST and RP2-GST as bait protein. In preparation for the experiment, plasmids expressing 

Fig. 2.13. Pull down assay with an Arl3-GTP specific antibody. 

The Arl3 activation assay kit was tested on R120X-A and C5 fibroblasts, and wild-type mouse retinal 

samples. Lysates were incubated with a monoclonal antibody specific to the activated conformation of 

Arl3, which was then immunoprecipitated on protein A/G agarose beads. Pulled down samples were 

then immunoblotted with a polyclonal Arl3 antibody. Negative and positive control samples were 

loaded with GDP or GTPγS before immunoprecipitation. For each of the three sample groups in the 

blot shown, lysates were loaded followed by GTP and GDP-treated controls. A protein ladder (L) is also 

faintly visible. 

A band of ~23 kDa was present in all samples, including GDP-loaded negative controls. If the band 

observed was Arl3 protein (predicted MW: 20 kDa), the antibody did not appear specific for activated 

protein conformation. 
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these recombinant proteins were acquired or synthesised, along with an empty (GST-

only) negative control plasmid (Fig. 2.13.A). IPTG-induced production of recombinant 

protein from pGST and pRP2-GST in E. coli cultures was verified – proteins were captured 

on glutathione Sepharose beads, eluted and analysed by SDS-PAGE (Fig. 2.13.B). 

Cloning of pARL2BP was not yet completed at the time of this experiment. However, a 

commercial sample of purified ARL2BP-GST protein was available (LS Bio, LS-G22232-20) 

and included for comparison. A band was evident around the predicted molecular weight 

of ARL2BP-GST (46 kDa). However,  there were two additional bands of approximately 25 

kDa present at higher concentrations than the desired protein - likely truncated GST 

proteins. The cloned pARL2BP-GST plasmid will be tested in future with the hope of 

producing more pure solutions.  

Unfortunately, this pulldown strategy had not been tested on fibroblast lysates at the 

time of writing this thesis due to time constraints and the closure of the Genetics TCD labs 

for approx. 4 months during 2020 due to Covid-19. It should be noted that Togi et al. 

(2016) used leukaemia inhibitory factor (LIF) to stimulate activation of Arl3 in HEK 293 

cells before lysis and immunoprecipitation. It is very possible that the endogenous level of 

ARL3-GTP present in control or even RP2 null fibroblasts may be below the detection 

threshold of this assay. In fact, Little et al. (2019) recently found that they could not 

detect endogenous ARL3-GTP in wild-type and Rp2hΔ23/Y tissue using a similar pull down 

assay that was validated using Arl3Q71L  mouse samples. Due to the milder phenotype 

observed in Rp2h null mice, it has been hypothesised that mice may have additional GAPs 

that can partially compensate for RP2 loss (Zhang et al., 2015a). There is therefore a small 

chance that ARL3-GTP levels may be more easily quantified in patient-derived fibroblasts. 

However, a large amount of starting material will likely be required per sample, if this test 

is to be successful. LIF-stimulated cultures will be used as positive controls to confirm 

functionality of the protocol. Purified Arl3 protein loaded with GTγS and GDP would be 

desirable additional controls.  
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Fig. 2.13. Preparation of GST-tagged RP2 and ARL2BP. 
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Fig. 2.13. Preparation of GST-tagged RP2 and ARL2BP (continued). 

(A) A plasmid expressing GST-tagged RP2 (pRP2-GST) was acquired commercially. (Addgene 

plasmid # 86072). The RP2 sequence was excised using XhoI and EcoRI sites, which were blunted 

to allow circularisation of the backbone - generating pGST, a negative control plasmid. 

To create an ARL2BP-GST expressing vector, the ARL2BP coding sequence was isolated from 

pcDNA3.1-ARL2BP (Sino Biological, HG14357-CY) via HindIII and NotI sites. This fragment was 

used to replace the RP2 CDS in pRP2-GST, which was released by NotI and EcoRI digestion. HindIII 

and EcoRI cut sites were blunted before ligation of fragments to form pARL2BP-GST. 

(B) IPTG-induced expression of GST (26 kDa) and RP2-GST (67 kDa) in E. coli cultures was verified. 

Recombinant proteins were precipitated on glutathione Sepharose beads and SDS-PAGE was 

performed on eluates. RP2-GST was observed at a slightly lower position than expected. 

However, my experience, endogenous RP2 has also migrates slightly faster than predicted (data 

not shown). Some truncated GST protein is also possibly present in RP2-GST lysates. In future, an 

untransfected control lysate will be included to distinguish background bacterial protein from 

possible truncated recombinant proteins. 

A commercial sample of purified ARL2BP-GST protein was included for comparison. Although an 

appropriately sized band was obtained, there were two additional bands of approximately 25 kDa 

present at higher intensities. These were likely truncated GST fragments. 
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2.3.5 RP2 null retinal organoid models exhibit a rod degeneration phenotype 

While the ubiquitous nature of RP2 expression makes it possible to explore its function 

using non-retinal cells such as fibroblasts, it would of course be preferable to examine the 

consequences of RP-associated mutations in a photoreceptor-containing model. As 

discussed previously, transgenic mouse models published to date do not satisfactorily 

recapitulate the progression of RP2-XLRP in humans. Advances in stem cell technology 

provided the opportunity to study the pathology of RP2 in an artificial human retinal 

context - modelling the disease with 3D retinal organoids (ROs). 

R120X-A, R120X-B and BJ control fibroblasts were reprogrammed into induced 

pluripotent cells (iPSC) by nucleofection of plasmids expressing the Yamanaka factors 

(Okita et al., 2011), as previously described by Schwarz et al. (2015). As outlined in the 

previous section, experiments with fibroblast models had highlighted the potential for 

inter-donor variation when working with patient-derived models. Importantly, an 

additional RP2 null isogenic model was generated for this RO study. BJ fibroblasts were 

simultaneously made pluripotent and gene-edited as previously described (Howden et al., 

2015). A CRISPR/Cas9 guide RNA targeting RP2 exon 2 was used to induce an 8bp deletion 

(c.371_378delAAGCTGGA; p.Lys124SerfsTer11), generating RP2 knock-out (RP2 KO) iPSCs 

(Fig. 2.14.A). Absence of RP2 protein in these cells was confirmed (Fig. 2.14.B) and iPSCs 

were differentiated into retinal organoids using established protocols (Nakano et al., 

2012, Zhong et al., 2014). 

By day 180 (D180) of RO differentiation, a laminated neuroretinal structure was visible, 

with a ‘brush border’ of rudimentary photoreceptor outer segments (Fig. 2.14.C). Cells in 

the ONL were immunoreactive for photoreceptor markers: recoverin (rods and cones) 

and cone arrestin (cones) (Fig. 2.14.D). Immunocytochemistry also confirmed the 

presence of important photoreceptor structural landmarks in all ROs: TOM-20-reactive 

mitochondria-rich inner segments, and polyglutamylated tubulin (GT335)-positive 

connecting cilia (CC) above an F-actin stained outer limiting membrane (OLM) (Fig. 

4.14.D). Outer segment development could be inferred from bulging upper CC present 

from D150 (visualised with ciliary markers Arl13b and GT335) (Lane et al., 2020; Fig 

S1.C19). Electron microscopy revealed the presence of disorganised discs in these ciliary 

 
19 A copy of Lane et al. 2020 is included in Appendix 1. 
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protrusions by D180 – further evidence of early photoreceptor outer segment formation 

(Fig. 2.14.F). 

RP2 protein was detected in control RO ONL and INL cells by ICC, displaying characteristic 

plasma membrane localisation, and absent in RP2 null ROs (Fig. 2.14.D). When assessed 

by RT-qPCR, RP2 mRNA expression in mutant ROs was reduced by approximately 70-90% 

relative to BJ control ROs (n = 3 independent organoids) (Fig. 2.14.E) - a similar depletion 

to that observed in R120X-A patient-derived fibroblasts relative to BJ fibroblasts (84%).  

ONL thickness was measured in ROs from D120-180 to check for potential photoreceptor 

loss in RP2 null ROs. At D180, all three RP2 null organoid models displayed significantly 

thinner ONLs than control organoids (p ≤ 0.01; n = 3-10 organoids) (Fig. 2.15.A and B), 

suggesting an elevated level of photoreceptor cell death during development. A 

significant rise in TUNEL reactivity in the ONL at D150 indicated a peak of apoptosis at this 

timepoint (p ≤ 0.05; n = 5) (Fig. 2.15.C and D). To probe this degenerative phenotype 

further, RNA-seq was performed on D150 RP2-KO, R120X-A and control ROs. This 

revealed significant upregulation of genes in the p53 signalling pathway in RP2 mutant 

samples, including pro-apoptotic genes such as p53, p21, BAX and PUMA (Lane et al., 

2020) - further evidence that loss of RP2 led to heightened cell death in retinal organoids. 
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Figure 2.14. Retinal Organoids from R120X, RP2 KO, and Isogenic Control iPSCs. 
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Figure 2.14. Retinal Organoids from R120X, RP2 KO, and Isogenic Control iPSCs (continued). 

(A) Sanger sequence trace of edited RP2 KO iPSCs. CRISPR/Cas9 gene editing was used to create 

an 8-bp deletion in exon 2 of RP2 by NHEJ. 

(B) Western blot and immunocytochemistry (ICC) of control and RP2 KO iPSC. Scale bar = 50 µm. 

(C) Retinal organoid morphology at D180, a layer of IS/OS is visible by differential interference 

contrast above the transparent ONL. Scale bar = 50 µm. 

(D) ICC of retinal organoids at D180. Photoreceptors (recoverin and cone arrestin [coneArr]), 

outer limiting membrane (OLM, F actin), mitochondria (Tom20), and connecting cilia/OS (GT335) 

expression in the ONL of control and RP2 null iPSC retinal organoids. RP2 is expressed at the 

plasma membrane of cells in the ONL and inner nuclear layer (INL) in control organoids and is 

absent in RP2 null ROs. Note: there is some background signal in the outermost regions of RP2 

null ROs stained for RP2. Scale bar = 10 µm. 

(E) qPCR of RP2 mRNA in whole retinal organoids at D180 (n = 3 independent organoids). Mean ± 

standard error of the mean (SEM). 

(F) Electron micrographs of control and RP2 KO retinal organoid photoreceptors at D180. Scale 

bars = 5 µm (left), 1 µm (right). OS: outer segment, IS: inner segment, CC: connecting cilia, OLM: 

outerlimiting membrane.  

Figure and legend adapted from Lane et al. (2020). 
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The period of cell death observed in RP2 null ROs (D150 to 180) correlated with a notable 

increase of rhodopsin and rod transducin (GNAT1) mRNA expression in control organoids. 

This rise in rod marker expression was less pronounced in RP2 KO ROs (Fig. 2.16.B). A 

significant reduction in the number of photoreceptors immunoreactive for rhodopsin was 

also observed in mutant ROs at D180 (Fig. 2.16. A and C).  

In contrast to the depletion of rod cell markers, cone numbers did not appear decreased 

in RP2 null ROs. In fact, these models displayed significantly elevated proportions of cone-

arrestin positive photoreceptors in the remaining ONL at D180 relative to controls 

(p<0.01; n = 3-10) (Lane et al., 2020; Fig. S4.A). Reduction in ONL thickness in organoids 

lacking RP2 could therefore be attributed to specific degeneration of developing rod 

photoreceptors. In order to confirm that rod development was not simply delayed, RP2 

KO organoids were cultured until D300, at which point they still exhibited notably fewer 

rod cells (Fig. 2.16.E).  
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Fig. 2.15. Photoreceptor Cell Death in RP2 KO Organoids. 

(A) ICC of control and RP2 KO retinal organoids showing reduced ONL thickness in RP2 KO. 

Recoverin staining demarcates the ONL terminating in the synaptic layer stained with Bassoon. 

Scale bar = 10 µm. 

(B) Mean ONL thickness per organoid was measured from tilescans of cryosections of a whole 

organoid at D120, D150 (n = 5 control; n = 4 RP2 KO at both time points), and D180. Significant 

ONL thinning was recorded at D180 in RP2 KO (n = 9 independent organoids) and R120X lines (n = 

3 R120X A organoids, n = 9 R120X B organoids), but not in controls (n = 10 independent 

organoids; p ≤ 0.01; mean ± SD). 

(C) TUNEL reactive nuclei (arrows) in the ONL of RP2 KO and isogenic control organoids at D150. 

Scale bar, 10 µm. 

(D) Quantification of TUNEL reactivity. RP2 KO organoids had a significantly higher proportion of 

TUNEL-positive cells at D150 (n = 5 independent organoids p ≤ 0.05, mean ± SD) but not at D120 

(n = 3 control; n = 4 RP2 KO) or D180 (n = 5 control; n = 6 RP2 KO). R120X organoids also had 

increased TUNEL reactivity at D150 (n = 5 at D150 n = 2 at D180 independent organoids). 

Figure and legend reproduced from Lane et al. (2020). 
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Fig. 2.16. Reduced Number of Rod Cells in RP2 KO and R120X Patient Retinal Organoids 

(A) ICC of retinal organoids. Low (upper panel) and high (lower panel) power magnification of 

recoverin, rhodopsin, and cone arrestin immunoreactivity in the ONL at D180 in control, RP2 KO, 

and R120X RP2 retinal organoids. Scale bars = 50 µm and 10 µm. 

(B) RHO and GNAT1 levels in retinal organoids. qPCR showing relative fold change in mRNA in 

control and RP2 KO retinal organoids at D120, D150, and D180 (n = 3, 3, 4 independent 

organoids). Mean ± SEM. 

(C) Quantification of rhodopsin-positive cells as a percentage of ONL in control, RP2 KO and 

R120X patient cell lines from D120 to D180 of differentiation. Each data point represents the 

mean of 1 independent organoid, counts are from tilescans of whole organoid cross sections 

(D120 n = 2 control, n = 2 RP2 KO; D150 n = 5 control, n = 6 RP2 KO; D180 n = 12 control, n = 11 

RP2 KO, n = 3 R120X A, n = 5 R120X B; **p ≤ 0.01; mean ± SD). 

(D) High and low magnification of control and RP2 KO organoids at D300 of differentiation 

stained with recoverin and rhodopsin. Scale bars = 10 µm (upper panel) and 100 µm (lower 

panel). 

Figure and legend reproduced from Lane et al. (2020). 
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2.3.6 AAV-RP2 treatment prevents rod degeneration in RP2 KO retinal organoids 

It was sought to rescue the degenerative phenotype witnessed in RP2 null retinal 

organoids using AAV-mediated gene replacement. As mentioned previously, three AAV 

serotypes commonly used in retinal experiments were available in our lab: AAV2/2, 2/5 

and 2/8. 

AAV2/5 and 2/8 serotypes have been established to outperform 2/2 in murine 

photoreceptors by our lab (unpublished data) and others (Lebherz et al., 2008). AAV2/8 

transduces photoreceptors more efficiently in adult murine (Allocca et al., 2007) 

(Natkunarajah et al., 2008) and porcine retinas (Mussolino et al., 2011), while AAV2/5 is 

more efficient than AAV2/8 in neonatal murine photoreceptors (Watanabe et al., 2013). 

While (to my knowledge) AAV2/5 and 2/8 vectors have not been directly compared in 

non-human primates (NHPs), both serotypes have proven capable of transducing 

photoreceptors in this context (Boye et al., 2012, Vandenberghe et al., 2013). AAV2/5, 

however, performed significantly better than 2/8 in the photoreceptors of human retinal 

explants (Wiley et al., 2018).  

Attempts were made to transduce retinal organoids with both AAV2/5 and AAV2/8 

vectors generated for this study. At the commencement of this project, there were no 

published reports of hPCS-derived retinal organoid transduction with AAV. One 

transduction study carried out with mouse ESC-derived organoids had utilised 1E10 vg 

AAV2/8YF-Rho-GFP per organoid (Santos-Ferreira et al., 2016).  

Using our AAV2/5 and AAV2/8-EGFP vectors, the Cheetham group determined that a 

dosage of 1E11 vg per hiPSC-derived RO was more efficient than 1E10 vg (data not 

shown). Relatively large doses of virus seem to be required to achieve effective 

transduction in these cultures - likely due, at least in part, to the dilution of AAV in the 

media. For comparison, 1E11 vg per RO is approximately one hundred times more 

AAV2/5 than would typically be used in murine intraocular injections by the Farrar lab. 

Testing AAV treatments at concentrations higher than 1E11 vg per RO was impractical 

due to AAV production constraints. The number of experimental repeats feasible was also 

limited. 

RP2 KO organoids were treated with AAV2/5-CAG-RP2 (1E11 vg) from D140 to D180.  The 

timeframe for transduction was chosen as a balance between the temporal constraints of 
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photoreceptor maturation and degeneration. ROs would need to be treated before the 

onset of rod death to maximise potential benefit. On the other hand, it was important to 

allow RO photoreceptors to mature for as long as possible before transduction. Recent 

data from (Gonzalez-Cordero et al., 2018) had demonstrated that RO rods could be 

transduced at week 17 (~D119) but not at week 13 (D91). The difference was proposed to 

depend on development of outer segments, initiated during week 16 of differentiation. 

The presence of outer segments thus appears to be especially important for mediating 

AAV entry in rods (Petit et al., 2017). At D140, RP2 KO organoids were confirmed to have 

brush borders comprised of inner and outer segments. 

RP2 immunoreactivity was assessed in treated RP2 KO organoid cryosections to estimate 

AAV transduction efficacy (Fig. 2.17.A-D). 90 ± 7% of ONL cells expressed the transgene – 

an unprecedented level of AAV transduction efficiency in retinal organoids (see 

Discussion (2.4.2)). Both rod and cone photoreceptors showed uptake of the virus (Fig. 

2.17.F). In contrast, only 3± 0.4% % of inner retinal cells were RP2-positive (n = 3). 

The AAV transgene expression pattern seen in ROs resembled expression profiles 

observed after subretinal AAV injection in mice, where transgene expression in the 

neuroretina, for the most part, does not extend beyond the photoreceptor layer, (for an 

example, see Fig. 2.19.)  This confinement of AAV-mediated transgene expression is 

proposed to be at least in part a consequence of the OLM acting as a barrier to AAV 

diffusion from the subretinal space (Petit et al., 2017). In ROs, the presence of an intact 

OLM was confirmed, as evidenced by a characteristic dense layer of actin filaments (Fig. 

2.14). Although this barrier is semi-permeable, AAV diameter (25 nm) exceeds the 

estimated pore size (~6 nm) (Omri et al., 2010) and virions should thus be prevented from 

penetrating inner retinal layers. However, it is interesting to note that AAV2/5 also 

displayed a high degree of photoreceptor specificity relative to other serotypes when 

used to transduce human retinal explants (Wiley et al., 2018).  
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Fig. 2.17. AAV2/5-CAG-RP2 transduction of RP2 KO retinal organoids. 

(A) Top row: ICC for RP2 in untreated D180 RP2 R120X A and RP2 KO and control ROs. 

Bottom row: RP2 immunostaining after six weeks of AAV2/5-CAG-RP2 transduction in 3 different 

organoids (RO1, RO2 and RO3).  Transgene expression is largely confined to the ONL. The few strongly 

positive cells for RP2 outside of the ONL are indicated with arrows. Scale bar = 10 µm. 

(B) RP2 expression in whole retinal organoid sections. Transgene expression was visible across the 

vast majority of the ONL in AAV-treated RP2 KO ROs. Scale bar = 50 µm. 
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RP2 mRNA expression in AAV-treated ROs was assessed by RT-qPCR and found to be 55 ± 

7.7 fold higher than the endogenous level of expression in control organoids (n = 3) (Fig. 

2.17.E). Mean ONL thickness was significantly increased in organoids that received AAV-

RP2 (p = 0.016, n = 4-6) – an almost complete rescue of this phenotype (Fig. 2.18.A and B). 

Rhodopsin mRNA expression notably increased in organoids that received AAV-RP2 (Fig. 

2.18.E). The balance between rod and cone numbers in treated ROs was also somewhat 

corrected; the proportion of rhodopsin-expressing photoreceptors was roughly doubled 

in AAV-RP2 transduced samples (n = 5-6) (Fig. 2.18.D), while the number of cone-arrestin 

positive cells was reduced to a level close to that of control ROs (n = 5-6) ((Lane et al., 

2020); supplementary fig.5.D).   

Fig. 2.17. AAV2/5-CAG-RP2 transduction of RP2 KO retinal organoids (continued). 

(C) High-power magnification of RP2 immunoreactivity in photoreceptors. Scale bar = 10 µm. 

(D) Cells with RP2 immunoreactivity in the ONL and INL were scored against DAPI (mean = 90% ± 7% 

ONL versus 3% ± 0.4% INL, n = 3 independent organoids; mean ± SD). 

(E) qPCR of RP2 mRNA transcript levels in AAV-transduced RP2 KO organoids relative to endogenous 

expression in control organoids (n = 3 independent organoids; mean = 55-fold ±7.7 SEM). 

(F) ICC co-staining RP2 with cone arrestin or rhodopsin showing AAV-driven RP2 expression in both 

rod and cone photoreceptors. Scale bar = 10 µm. 

Figure and legend adapted from Lane et al. (2020). 
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Fig. 2.18. Figure 5. AAV2/5-Driven RP2 Overexpression Rescues Photoreceptor Survival 

(A) ICC of retinal organoid ONL with recoverin (green) and Bassoon (red) in RP2 KO control and 

AAV RP2-treated retinal organoids showing improved ONL thickness in the AAV-treated group. 

Scale bar = 10 µm. 

(B) Quantification of ONL thickness in control and AAV transduced retinal organoids (n = 5 RP2-

KO, 6 RP2 KO + AAV independent organoids, *p = 0.016, mean ± SEM). Dotted line represents 

mean thickness in isogenic control parent cell line. 

(C) ICC showing RP2 (green) and rhodopsin (red) expression after transduction. Scale bar = 50 

µm. 

(D) Quantification of ICC to assess rhodopsin positive cells in control and RP2 AAV-transduced 

RP2 KO retinal organoids. Dotted line represents average control values (n = 5 RP2 KO, n = 6 RP2 

KO + RP2 AAV independent organoids, p = 0.23; mean ± SEM). 

(E) qPCR for RHO mRNA levels in control and RP2 AAV-treated RP2 KO retinal organoids (n = 3 

independent organoids). Mean ± SEM.  

Figure and legend reproduced from Lane et al. (2020). 
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2.3.7 AAV-mediated RP2 overexpression in the wild-type murine retina 

While the results of AAV-CAG-RP2 treatment in retinal orgnaoid models of RP were very 

promising, it is important to acknowledge and address some of the limitations of the 

technology. For example, retinal organoids do not produce a correctly localised, 

continuous layer of RPE, are not vascularised and lack astrocytes (reviewed in (Capowski 

et al., 2019)). Importantly, it is currently not possible to simulate the complexities of 

retinal immune response using these in vitro models. 

It is therefore vitally important to assess tolerance of AAV-mediated gene delivery and 

transgene overexpression in vivo. With this in mind, the AAV2/2, 2/5 and 2/8-CAG-RP2 

vectors generated for the study and previously evaluated in cells and ROs were further 

evaluated in the murine retina. Given differing transduction profiles between cell types 

and between species (as observed in this study and other studies), an additional 

evaluation of AAV serotypes was undertaken in wild type mice. AAV-CAG-RP2 vectors 

were subretinally injected into wild type mice. When titre-matched at doses of 3E8 vg, 

AAV2/8-CAG-RP2 dramatically outperformed the other vectors – producing 8-21 fold 

more RP2 mRNA than the other serotypes two weeks after subretinal injection (Fig. 

2.19.A). 

It is important to note that the AAV dosage used in this in vivo serotype comparison study 

was relatively low for the 2/5 serotype. For example, efficient photoreceptor transduction 

has previously been observed two weeks after subretinal injection of 1.5E9 vg AAV2/5-

CMV vectors (Palfi et al., 2012) – a dose five times higher than the one employed in this 

study. Interestingly, AAV2/8 appears to have a relatively rapid time course of transgene 

expression due to particularly fast second strand synthesis (Davidoff et al., 2005).  

Having confirmed that AAV2/8 was the most efficient serotype choice for murine 

photoreceptor transduction, we sought to examine the effects of different doses of 

AAV2/8-CAG-RP2. A 2X dilution curve (ranging from 3.9E7 to 6.1E8 vg) was tested in wild-

type mice and RP2 transgene expression was assessed uisng IHC. A dilute amount of 

AAV2/8-Rho-EGFP ‘tracker virus’ (Rho-EGFP construct described by Palfi et al. 2010) was 

added to AAV-RP2 solutions before ocular injection, to allow for easy identification of 

transduced retinal areas for cryosectioning and staining. The dosages of both vectors 

used are listed in Table 2.3. The 1.7kb murine rhodopsin promoter used is highly efficient, 

enabling minimisation of the overall viral load.  
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RP2 was overexpressed in all AAV-treated retinas, with areas of overexpression confined 

to the ONL (Fig. 2.19.B). Transduction efficiencies were estimated by quantifying the area 

of RP2 overexpression in whole retinal sections and normalising against the 

corresponding DAPI-positive area. Transduced areas were easily defined, displaying a very 

high intensity of RP2 immunoreactivity relative to untransduced areas. In addition, as 

evident in Fig. 2.20.A, EGFP-positive and RP2-positive regions were closely aligned. AAV 

dosages of 3.9E7 and 3E8 vg transduced 21.5 ± 13% and 39.6 ± 12.9% of total retinal area, 

respectively (n = 3 retinas). When only the photoreceptor layer was considered, the 

percentage of ONL area transduced was 36 ± 16.9%  and 64.9 ± 6.9% for the 3.9E7 and 

3E8 vg doses, respectively (Fig. 2.19.C)20. RP2 immunoreactivity in the ONL clearly 

intensified with increasing AAV concentration (Fig. 2.19.D). Even at the lower doses, RP2 

was overexpressed relative to the endogenous level in ‘no AAV’ control retinas. It should 

be noted that while the antibody used is highly effective in detecting overexpressed RP2, 

it is not yet certain whether the signal produced in untransduced retinas accurately 

represents the degree of endogenous RP2 expression. This will be verified in future by 

assessing background signal in retinas of RP2 KO mice. 

 

  

 
20 It should be noted that these are rough estimates of transduction efficiency based on image analyses (see 
Fig. 2.19.C and section 2.5.20 for protocol details). More accurate measurements of transduction efficiency 
could be obtained in the future using FACS. 
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RP2 transgene mRNA overexpression was quantified via RT-PCR, using primers targeting a 

region homologous to human and murine sequences (Fig. 2.19.E-G). Again, as seen 

previously in fibroblast AAV dose response tests (see Fig. 2.10), the dose response data 

appeared to fit a sigmoidal curve when plotted. Transduction of retinal cells after 

subretinal injection of virus therefore appear to reach a point of saturation at a certain 

dosage of AAV.  

RP2 overexpression peaked with a 51.7 fold increase at 3E8 vg relative to the endogenous 

level, while the lowest AAV dose elicited a 1.36 fold excess of RP2 mRNA. It is important 

to note that mRNA levels were quantified using whole retinal samples. Considering that 

only 36-65% of the ONL was transduced and that photoreceptors make up 81% of the 

mouse neuroretinal population (calculated from data presented by Jeon et al., 1998), it is 

likely that the level of RP2 overexpression in actual transduced cells was much higher – at 

a rough estimate, approximately 5 and 98 fold higher than endogenous expression at the 

lower and higher ends of the dose curve, respectively. In future, transduced areas could 

be isolated from retinas co-injected with AAV-RP2 and AAV-EGFP via FACs before RNA 

extraction to enable more accurate quantitation of overexpression levels. 

 

RP2 vg EGFP vg 

6.0E+08 1.2E+07 
3.0E+08 2.4E+06 

1.5E+08 1.2E+06 
7.8E+07 7.9E+05 

3.8E+07 7.9E+05 

Table 2.3. AAV2/8-CAG-RP2 dosage curve. 

AAV2/8-CAG-RP2 dosages are shown, expressed in viral genomes, along with the amount of 

co-injected AAV2/8-Rho-EGFP tracker vector. 
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Fig. 2.19. AAV-mediated RP2 overexpression in wild-type murine retinas. 

(A) AAV2/2, 2/5 and 2/8 tropisms were evaluated in a retinal context. AAV-CAG-RP2 virions 

were subretinally injected (3E8 vg) and RP2 expression was quantified via RT-qPCR in whole 

retinal samples two weeks later. AAV2/8-CAG-RP2 was the only virus to express 

significantly more RP2 than ‘no AAV’ control retinas. It also dramatically outperformed 2/5 

and 2/2, expressing at a level 8 – 21 times higher than that of the other vectors. Values 

shown are means ± SD; p < 0.0001. The n values were as follows: No AAV and AAV2/2-RP2 

= 4, AAV2/5-RP2 = 7, AAV2/8-RP2 = 3 retinas. 

(B) An AAV2/8-CAG-RP2 dose curve was tested in wild-type retinas. Representative IHC 

images of whole retinal sections from two dose groups are shown. RP2 expression is shown 

in red. Tissue was counterstained with DAPI (blue). Scale bar = 200µm. 
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Fig. 2.19. AAV-mediated RP2 overexpression in wild-type murine retinas (continued). 

(C) Transduction efficiencies were calculated by quantifying areas highly immunoreactive for RP2 

in whole retinal cryosections. The Fiji ‘Threshold’ tool was used to highlight regions of RP2 

overexpression before area measurement. Values were normalised against DAPI-positive area. 

For total retinal meaurements, RPE was removed from images before analysis using the 

‘Freehand selections’ and ‘Fill’ tools. To calculate the proportion of ONL area transduced, all 

other retinal layers were removed and areas positive for RP2-overexpression and DAPI were 

quantified as before. n = 3 retinas (one whole retinal section analysed per retina). 

(D) RP2 expression was analysed via IHC on retinal sections from four dosage groups. All AAV-

treated retinas exhibited more intense RP2 staining than uninjected ‘no AAV’ retinas. Transgenic 

RP2 expression appeared confined to photoreceptors and RPE cells and increased with AAV 

dosage. Scale bar = 50µm. At least one (but mostly two) retinal sections from 3 different injected 

eyes were examined. 

(E) RP2 mRNA expression in AAV-injected retinas was quantified relative to the endogenous level 

in uninjected control retinas. RNA from three different retinas per group were pooled for RT-PCR 

analysis. RP2 expression grew dramatically with increasing AAV concentration, peaking at the 3E8 

vg dose. The amount of RP2 detected in retinas treated with this dose was 51.7 times greater 

than the endogenous level. 

(F) The data from (E) followed a sigmoidal shape. A curve was fitted using the ‘[Agonist] vs. 

response -- Variable slope (four parameters)’ model in GraphPad Prism (r2 = 0.998).  

(G) Retinal samples from the two lowest dose groups were analysed separately to more 

accurately quantify RP2 overexpression. The mean RP2 RNA levels detected in this test were 

extremely similar to data from pooled samples observed in (E). RP2 was overexpressed by 1.36  

and 5.69 fold at the 3.8E7 and 7.8E7 vg doses, respectively (‘no AAV’: 1.00 ± 0.13; ‘3.8E7 vg’: 1.36 

± 0.68; ‘7.8E7 vg’: 5.69 ± 0.76). Values shown are means ± SD, n = 3 retinas. 

Note: Two different AAV2/8-CAG-RP2 preparations were used in (A) and (B-G).  

 



106 
 

In addition to evaluation of transgene expression, EGFP-positive sections from wild type 

retinas in the AAV-RP2 dose curve experiment were further evaluated for indications of 

potential toxicity. Obvious signs of a negative effect associated with the AAV2/8-CAG-RP2 

gene therapy delivered subretinally to wild type mice such as ONL thinning or 

disorganisation were not present – average ONL thickness across retinal cryosections did 

not vary significantly between uninjected and AAV-injected groups (Fig. 2.20.A). 

A preliminary evaluation of markers of macroglia and microglia activation (GFAP and 

IBA1, respectively), and IgG production (Fig. 2.20.C and D) was also undertaken using 

AAV2/8-CAG-RP2 dose curve retinal samples. Image thresholding and integrated density 

measurement (facilitated by Fiji) were used to estimate relative protein abundance in 

these samples (see section 2.5.20.3 for method details). 

During gliosis, GFAP, an intermediate filament protein, undergoes upregulated expression 

in activated astrocytes and is additionally expressed in Müller glia cells (Reichenbach and 

Bringmann, 2020). With regard to the AAV2/8-CAG-RP2 experiment, GFAP expression was 

restricted to astrocytes in uninjected retinas and ‘AAV-EGFP only’ negative control 

retinas. However, in retinas that received both the high and lower dose AAV-RP2 vectors, 

GFAP-positive Müller glia processes extending throughout the retinal layers were evident. 

Areas of Müller cell gliosis closely aligned with transduced regions (Fig. 2.20.C). When 

compared to an uninjected retina, the amount of retinal GFAP in AAV-CAG-RP2 3.9E7 vg 

and 3.8E8 vg groups was 4.9 and 3.3 fold higher, respectively (n = 2 for RP2-injected 

retinas, n = 1 for control retinas; 2-3 sections analysed per retina) (Fig. 2.20.D). Although 

these increases were not significant in this pilot study, this was most likely due to the 

extremely limited sample sizes available. 

In contrast, GFAP expression in the single Rho-EGFP control retinal sample available was 

only 1.4 fold higher than the uninjected retinal sample (Fig. 2.20.D). Unfortunately, there 

were no more RP2/EGFP-positive sections of injected eyes available for analysis after this 

point. The ability to increase numbers was restricted by the introduction of significantly 

reduced colony sizes in the animal facilities in TCD during the first Covid-19 lockdown. 

EGFP-negative regions of injected retinas were nonetheless tested for expression of two 

other markers of immune response. 
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Ionized calcium-binding adaptor protein-1 (IBA1) is a microglial-specific protein that is 

increased upon cell activation. Although expression of this marker varied between 

experimental groups, a clear trend was not evident (n = 1-2) (Fig. 2.20.C and D). There 

was significantly more immunoglobulin (IgG) present in AAV-RP2 treated retinas relative 

to Rho-EGFP and uninjected controls, however (p < 0.01, n = 1-2) (Fig. 2.20.C and D).  

The GFAP, IBA1 and IgG data presented here are from very preliminary tests conducted 

with extremely limited sample sizes, and using a semi-quantitative method (IHC). 

However, it does appear that subretinal injection of AAV2/8-CAG-RP2 induced an altered 

immunological profile, even at the lowest dose of AAV tested (albeit the lowest dose may 

still represent a 5X over expression of RP2). As both the time-frame of overexpression 

(two weeks) and sample group sizes in these tests were clearly sub-optimal, preparations 

are underway for a repeat experiment (outlined in Table 2.4). A 5X dilution curve of three 

AAV doses has been chosen, based on the results of initial expression tests (Fig. 2.19), and 

an additional PBS-injected negative control group has been added. Of note, transgene 

expression from AAV2/8 vectors has been noted to plateau at seven weeks post-

administration (Natkunarajah et al., 2008). Retinas will be assessed three months after 

subretinal injection, at which point the vector will have been expressing fully for roughly 

one month. Retinal detachment is known to activate Müller glia (Bringmann et al., 2009). 

Although the transient retinal detachment induced by subretinal injection normally 

resolves within 24 hours in mice (Wert et al., 2012), it is possible that gliosis persists for 

some time after. Analysing tissues three months post-injection and including PBS-injected 

control eyes should allow delineation of immune response to the vector from reaction to 

the surgical procedure itself. In principle, immune response(s) may be due to over-

expression of the transgene, to the AAV vector and/or to impurities in the particular 

batch of AAV vector. Therefore, to explore these options, an additional batch of virus has 

been generated and is being used in the proposed study.  
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Fig. 2.20. Assessment of AAV-CAG-RP2 tolerance in the murine retina (overleaf). 

(A) Average ONL thickness did not vary significantly between uninjected (n = 3) and AAV-CAG-

RP2 injected eyes (n = 3 per AAV dosage). ONL length was quantified across DAPI-stained 

retinal cryosections using the line tool in Fiji. 8-12 measurement were taken per retina and 

averaged. In the case of injected eyes, only transduced parts of the retina (RP2/EGFP positive) 

were measured. For each retina, 2-4 sections were examined. One-way ANOVA and Tukey’s 

post hoc tests were applied to test for significance (uninjected vs RP2 3.9E7 vg: p = 0.1049, 

uninjected vs RP2 3.8E8 vg: p = 0.9394). 

(B) Subretinal injections contained AAV2/8-CAG-RP2 and a tracker virus (AAV2/8-Rho-EGFP) to 

enable easy identification of transduced retinal regions for use in IHC analysis. Regions of EGFP 

(green) and RP2 (red) overexpression were consistently closely aligned. 

(C) Expression of immune response markers was examined in AAV-RP2 treated retinas. Retinas 

that received only AAV2/8-Rho-EGFP and uninjected retinas (‘no AAV’) were included as 

negative controls. Representative IHC images are shown. GFAP expression (red, top row) was 

upregulated in retinal regions where RP2 was overexpressed. GFAP-positive Müller glial 

processes extended from the GCL to the ONL in EGFP-expressing areas of retinas that received 

AAV-RP2. This was not observed in negative control retinas, where only astrocytes in the GCL 

were GFAP-positive. 

RP2/EGFP-negative retinal regions of injected eyes were additionally tested for IBA1 and IgG 

production. No obvious difference was seen in IBA1 across experimental groups. IgG 

immunoreactivity, however, appeared more abundant in retinas that received AAV-RP2. 

Two retinas (one whole retinal section each) were examined per experimental group for GFAP 

and IgG staining, while IBA1 staining was performed on one retinal section per group. DAPI 

area (blue) was cropped to allow better visualisation of signal in red and green channels. Scale 

bars = 200µm. 

(D) The amount of GFAP, IBA1 and IgG protein in IHC samples described in (C) was quantified 

by calculating the integrated density values (mean pixel intensity x area; Fiji) of 

immunoreactive regions and normalising against the DAPI-positive area of retinal sections. In 

the case of GFAP, only transduced (EGFP-positive) regions were analysed in injected samples. 

The number of retinas analysed per group were as follows: GFAP - uninjected (1), Rho-GFP 

only (1), CAG-RP2 3.9E7 vg (2), CAG-RP2 3E8 vg (2). 2-3 sections were examined per retina. 

IBA1 - uninjected (1), Rho-GFP only (2), CAG-RP2 3.9E7 vg (1), CAG-RP2 3E8 vg (1). 1 section 

was examined per retina. IgG – uninjected (1), Rho-GFP only (1), CAG-RP2 3.9E7 vg (2), CAG-

RP2 3E8 vg (2). 1-2 sections were examined per retina. One-way ANOVA and Tukey’s multiple 

comparisons tests were performed to test for significance. ** p < 0.01. 
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Fig. 2.20. Assessment of AAV-CAG-RP2 tolerance in the murine retina. 
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Of course, it would be preferable to test the efficacy and safety profile of the AAV-RP2 

vector in a Rp2h null mouse model. Fortunately, to this end, the Rp2hΔ23/Y knock out 

mouse was recently made available to us by Dr Toby Hurd (University of Edinburgh). This 

model features a CRISPR Cas9-induced 23 bp deletion in Rp2h exon 2 

(c.410_432delCCACAAACATCAAGTTTGGCTGT, p.Ser137PhefsTer7) (Fig. 2.21). The mutant 

transcript presumably undergoes NMD, as no RP2 protein is detected (Little, 2019). As 

outlined previously in Table 2.1, affected Rp2hΔ23/Y mice display significantly reduced rod 

and cone ERG amplitudes from 6 months of age and reduced ONL thinning starting from 3 

months. A Rp2hΔ23/Y colony is currently being established by our lab and will be further 

characterised. The results of the AAV-RP2 tests in wild-type mice as outlined above will 

enable an optimal dosage range to be chosen for future work with the Rp2h null model. 

Examining the effects of AAV-mediated RP2 replacement in Rp2hΔ23/Y mice will 

complement the AAV-RP2 rescue that has been observed using in vitro models as part of 

this study. 

  

Group AAV-CAG-RP2 

(vg) 

AAV-RHO-EGFP 

(vg) 

RP2:EGFP No. 

retinas 

for IHC 

No. retinas 

for RNA 

Dose 1 1E8 7.9E5 121:1 4 4 

Dose 2 2E7 7.9E5 24:1 4 4 

Dose 3 4E6 7.9E5 5:1 4 4 

EGFP only - 7.9E5 - 4 4 

PBS only - - - 4 4 

Table 2.4. Long term RP2 overexpression experiment design. 

A new AAV2/8 preparation was used in this experiment and was established to be roughly 

twice as potent as the preparation used in the original dose curve. AAV-RP2 concentrations 

were therefore adjusted accordingly. AAV-Rho-EGFP concentration was kept at a minimal 

level. 
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Figure 2.21. Rp2hΔ23/Y mouse genotyping. 

(A) Sanger sequencing chromatograms from wild-type male, Rp2h null male and carrier 

female littermates are shown, aligned to a reference Rp2h sequence (MGI:1277953). A 23 bp 

deletion is evident in -/y males. Double peaks stop heterozygous female sequence reads 

aligning to the reference from the deletion site onwards. 

(B) A region of Rp2h exon 2 surrounding the 23bp deletion site was amplified from DNA 

isolated from ear clip tissue samples. A WT allele produces a 284 bp amplicon, while a mutant 

allele yields a 261 bp fragment. PCR products were separated on 3% agarose gels. In the 

example gel shown, multiple different genotypes are visible: WT males (+/y), hemizygous null 

males (-/y), WT females (+/+) and carrier females (-/+). 
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2.4 Discussion 

2.4.1 Patient-derived fibroblasts as personalised models of disease 

Patient-derived fibroblast cultures offer a means of means of examining the effects of 

pathogenic mutations in the context of a patient’s particular genetic background and, 

moreover, of testing the efficacy of potential therapeutics in this setting. 

In this study, RP2 mRNA expression was downregulated in R120X and N142fs patient 

fibroblasts and RP2 protein could not be detected (Fig. 2.8). It is not surprising that both 

variants appear to cause nonsense-mediated decay of RP2 mRNA, considering their 

locations. NMD is initiated when exon-exon junction complexes (EJCs) bound to mRNA fail 

to be cleared by the ribosome due to the presence of an upstream premature stop codon. 

Nonsense mutations therefore typically need to occur more than ~55bp before the last 

EJC for NMD to be triggered (Nagy and Maquat, 1998). Conversely, when PTCs are located 

within the first exon, translation can sometimes be reinitiated at a downstream start 

codon (Neu-Yilik et al., 2011, Moey et al., 2016). As the Arg120X and Asp142fsIleTer14 

variants are located relatively centrally in the second exon of the RP2 transcript, NMD 

would be predicted to occur. 

The fact that RP2 expression in N142fs fibroblasts was almost 4 fold higher than in R120X 

cells suggests the N142fs mutant transcript could be more stable than the former, which 

could be due to the PTC locations (differing by 106bp). However, NMD efficiency is 

thought to vary between individuals, possible due to differential expression of proteins 

critical to the NMD pathway (Nguyen et al., 2014). Importantly, individuals with nonsense 

mutations that had higher levels of baseline mRNA were shown to respond better to 

translational read-through drugs (Linde et al., 2007b). 

This study confirmed the pathogenicity of a novel candidate variant, RP2 c.425delA. The 

differences in RP2 transcript level between R120X and N142fs cells were also interesting. 

In the future, similar studies assessing the degree of NMD efficiency in personalised cell 

models could be beneficial in predicting the efficacy of translational read-through 

therapies for patients with RP2 nonsense mutations like p.Arg120X. However, in light of 

the fact that NMD efficiency has also been shown to differ across cell types (Linde et al., 

2007a), such studies may be best carried out using patient-derived retinal organoids. 
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As part of this study high titre AAV vectors were generated either carrying a reporter 

gene or the therapeutic RP2 gene of interest. AAV2/2-CAG-RP2 treatment was successful 

in restoring RP2 expression in patient-derived fibroblasts as evaluated at RNA and 

proteins levels (Fig. 2.11). Unfortunately, robust morphological or biochemical 

phenotypes were not established in RP2 null cells, despite attempting multiple assays, 

and so functional rescue-mediated by AAV-CAG-RP2 treatment could not be assessed in 

these cell models. However, an efficient strategy for AAV treatment of primary dermal 

fibroblasts was validated, which proved useful for subsequent studies testing the efficacy 

of gene replacement in IRD patient-derived fibroblast models for dominant optic atrophy 

(Maloney et al., 2020). 

2.4.2 Modelling and rescue of RP2 loss in retinal organoids 

As discussed earlier, mouse models of RP2-XLRP do not faithfully recapitulate the early-

onset, rapidly progressing nature of the human disease – particularly in terms of rod-

related functional defects. Mookherjee et al. (2015) noted that alternative animal models 

may therefore be required to assess capacity of therapeutics to protect rod 

photoreceptors. Examining the consequences of RP2 loss with hPSC-derived retinal 

organoids uncovered an early-onset rod degenerative phenotype not previously 

documented in mouse models. Of note, photoreceptor degeneration and upregulation of 

a p53 pathway gene were also observed in RPGR null ROs in a similar time frame (Deng et 

al., 2018). Mouse models of RPGR-XLRP had also failed to adequately represent the 

severity of the human disease, exhibiting late-onset degeneration (Hong et al., 2000) and 

displayed conflicting phenotypes depending on the background strain used (Brunner et 

al., 2010). 

Significant signs of photoreceptor degeneration were evident in RP2 null ROs at a stage 

that corresponds to a 6 month old foetus (Fig. 2.15 and 2.16). Interestingly, 

photoreceptor OS development was also impaired in zebrafish rp2 knockdown models – 

though cones were more severely affected than rods (Patil et al., 2011). A developmental 

defect would have implications for a potential window for therapeutic intervention – if 

degeneration starts during retinal development, could treatment during childhood or 

later be effective in stopping or reversing disease progression? It was recently shown that 

AAV-mediated replacement of Tulp1, a gene active during early post-natal development 

in multiple retinal cell types, provided only minimal benefit in a null mouse model - 
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despite the fact that treatment was administered before the onset of degeneration (Palfi 

et al., 2020a, Palfi et al., 2020b). 

However, it is important to note that evidence of photoreceptor developmental defects 

has not been observed in RP2-XLRP patients. It is quite possible that the early rod 

degeneration observed is an organoid-specific phenotype, as ROs are subjected to 

artificial stresses that may exacerbate or accelerate an underlying defect. In particular, 

ROs do not possess a continuous layer of RPE to support photoreceptors, which are 

regularly subjected to shear forces during media changes. They also lack important cell 

types such as microglia and astrocytes. A major effort is underway to increase the 

physiological fidelity, reproducibility and scalability of RO models - promoted by the 

National Eye Institute (NEI) (Wright et al., 2020). In one such innovation, the ‘retina-on-a-

chip’, ROs are coated in hyaluronic acid gel (to mimic the interphotoreceptor matrix) and 

placed on a layer of iPSC-derived RPE cells in a microfluidic chamber. Media is perfused 

through the chamber to enable better nutrient exchange while avoiding shear forces 

(Achberger et al., 2019). PSC-derived microglia have also recently been incorporated into 

RO structures (Chichagova et al., 2020)21. Other proposals include the addition of a 

choroid to aid with nutrient exchange, and astrocytes to enhance RGC maturation and 

facilitate the formation of an ILM (Wright et al., 2020, Capowski et al., 2019). Co-culturing 

of retinal and fore-brain structures may even enable the formation of a connecting optic 

nerve (Capowski et al., 2019). The use of nanotechnology to direct the release of growth 

factors and cytokines to specific cell types may also enable ROs to reach a higher level of 

complexity (Wright et al., 2020). Improving the ability of ROs to faithfully recapitulate 

foetal retinal development in a reproducible manner will allow more confident 

interpretation of disease phenotypes observed in this context. 

Treatment of RP2 null ROs with AAV2/5-CAG-RP2 appeared effective in preventing rod 

degeneration, as assessed by ONL thickness preservation (Fig. 2.18). Of note, to the best 

of my knowledge, this was the first study to rescue photoreceptor loss in a retinal 

organoid model (without pre-differentiation gene editing of the PSC line). In future, it 

would be interesting to analyse photoreceptor function in RP2 null ROs using measures of 

light sensitivity. Other groups have achieved this using electrophysiological read-outs 

 
21 Chichagova et al. 2020 was a conference abstract and not peer-reviewed. 
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(Zhong et al., 2014, Wahlin et al., 2017, Hallam et al., 2018) and calcium imaging 

(Achberger et al., 2019). This is not currently a robust means of assessing functional 

deficit or rescue, however, as ROs only exhibit light sensitivity approximately 15-37% of 

the time (Wright et al., 2020).  

The level of RO transduction achieved in this study was unprecedented (90% of the ONL). 

Other studies assessing the potency of AAV2/5 vectors in ROs reported efficiencies of 4-

7.5% (Gonzalez-Cordero et al., 2018, Quinn et al., 2019). Several serotypes have been 

tested in this context and, with the exception of AAV2/2-7m8 (Garita-Hernandez et al., 

2020), the transduction capacities were generally quite low (≤ 21%). Studies to-date that 

have quantified AAV transduction efficiency in ROs were compared in an effort to 

ascertain why our study achieved a higher level of RO transduction than others (Table 

2.5). The timing of transduction is likely a major factor in determining the success of an 

experiment such as this, as development of rod outer segments (~D120) appears key for 

facilitating AAV uptake (Gonzalez-Cordero et al., 2018). The length of transduction before 

analysis is also important, as transgene expression does not begin immediately. AAV2/5-

CBA-GFP vector has been shown to express in the neuroretina from 7 days post-injection, 

with the level of expression steadily increasing for at least another 21 days (Kong et al., 

2010). In our study, AAV2/5-CAG-RP2 was administered at a time when developing 

photoreceptor outer segments were evident and allowed to express for 40 days – a 

substantially longer transduction period than other comparable studies. Additionally, RP2 

transgene expression was detected using a sensitive polyclonal antibody rather than the 

native GFP fluorescence used by other studies. 

The fact that AAV-mediated gene replacement was capable of rescuing rod degeneration 

in RP2 null ROs is promising and, along with evidence that RP2 augmentation preserves 

cone function in a null mouse model (Mookherjee et al., 2015), indicates that this strategy 

may be a viable option for treatment of XLRP in the future. To get to the point of human 

clinical trial(s) for RP2-linked XLRP, of course, will require more thorough optimisation of 

vector design and AAV dosage, together with toxicology and biodistribution studies in 

non-human primates. In concert with this, careful evaluation of clinical trial design, 

including the optimal outcome measures, will be required.



Study AAV 
vector 

Transduction efficiency 
 

Transduction 
method 

Method of 
transgene 
detection 

AAV production 
method 

Organoid differentiation 
protocol 

Gonzalez-
Cordero et 
al., 2018 
 

Serotype: 
2/2, 2/5, 
2/8, 2/8T, 
2/9, 
ShH10. 
Construct: 
CAG-GFP. 

(2/2) 19%, (2/5) 4%, (2/8) 4%, 
(2/8T) 5.5%,  (2/9) 4%, (ShH10) 
21%. 
Positive cells mainly in ONL. 
ShH10 additionally transduced 
Müller glia. 

Titer: 1.2E11vg/ 
organoid. 
Period: D119-
133 (14 days). 
Details: not 
specified. 
 
 

Flow cytometry, 
detecting native 
GFP fluorescence. 

Purification: Sepharose 
column. Titering: qPCR 
against SV40 pA signal. 

hESC-derived. Method 
adapted from Zhong et al., 
2014.  

Quinn et 
al., 2019  

Serotype: 
2/5, 2/9, 
ShH10. 
Construct: 
CMV-
EGFP-
WPRE. 

(2/5) ~7.5%, (2/9) 0%, (ShH10) 
~7.3%. 
Positive cells were mainly Müller 
glia, with occasional positive PRs. 

Titer: 5E9vg/ 
organoid. 
Period: D220-
234 (14 days). 
Details: AAV 
(<10ul) added 
to 2 ROs  in 96-
well plate with 
50ul media. 
Another 50ul 
media added 24 
hr later, then 
media changed. 

Fluorescence 
microscopy, 
detecting native 
GFP fluorescence. 

Purification: Iodixanol 
density gradient.  
Titering: qPCR. Target 
region not specified. 

hiPSC-derived. Adapted 
method from Zhong et al., 
2014.  

Garita-
Hernandez 
et al., 2020  

Serotype: 
2/2, 2/8, 
2/9, 2/2-
7m8. 
Construct: 
CAG-EGFP. 

(2/2) 1.6%, (2/8) 6.8%, (2/9) 
2.5%, (2/2-7m8) 64.4%. 

Titer: 5E10vg/ 
organoid. 
Period: D44-70 
(26 days). 
Details: 10-12 
organoids 
transduced 
together in well 

Flow cytometry, 
detecting native 
GFP fluorescence. 

Purification:  CsCl2 

density gradient. 
Titering: qPCR. Target 
region not specified. 

hiPSC-derived. Protocol 
from Reichman et al., 2014 
and 2017. D42-49: Notch 
inhibitor added to increase 
RPC production. 
Protocol produces cone-
enriched organoids. 
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 of 6-well plate. 
Media changed 
72 hr later. 

 
Lane et al., 
2020 

Serotype: 
2/5. 
Construct: 
CAG-RP2. 

90% ONL (rods and cones), 
<1% INL  

Titer: 1E11vg / 
organoid. 
Period: D140-
180 
(40 days). 
Details: ROs 
incubated with 
21 μl AAV and 
54 μl media in a 
well of a 96-well 
plate for 8 
hours before 
topping up 
media to 200 μl. 
50/50 media 
changes then 
carried out 
every 2 days. 

IHC. Purification: CsCl2 

density gradient.   
Titering: qPCR. Primers 
against central 
transgene. 

hiPSC-derived. 
Protocol adapted from 
Zhong et al., 2014. 

Table 2.5. AAV transduction efficiency in retinal organoids. 

Studies that have quantified AAV transduction efficiencies in ROs are summarised and compared. Note: there are a number of other published 

studies that have reported successful, but not quantified, AAV transduction of ROs using AAV2/9, 2/2m8, 2/2 and PhP.eB serotypes (Welby et al., 

2017, Khabou et al., 2018b, Tornabene et al., 2019, Cowan et al., 2020) 



2.4.3 Evaluation of vector tolerance and choosing an optimal construct 

AAV-mediated RP2 overexpression in photoreceptors of RP2 KO ROs was not obviously 

toxic, as ONL thickness improved compared to untreated ROs. However, as discussed in 

the previous subsection, a retinal organoid is not an optimal model in which to assess the 

safety profile of a therapeutic. We therefore sought to examine in vivo RP2 

overexpression in a murine retinal context. 

Various AAV serotypes were tested in wild type mice to ascertain the optimal serotype for 

expression of the RP2 replacement gene. AAV2/2, 2/5 and 2/8 vectors were subretinally 

injected in wild type mice and AAV2/8 was found to provide the highest levels of 

transgene expression post injection, in line with prior studies (Allocca et al., 2007, 

Natkunarajah et al., 2008). Using various AAV2/8-CAG-RP2 doses from 3.8E7 vg to 6.0E8 

vg, overexpression of RP2 was achieved in wild-type murine photoreceptors. The cellular 

levels of overexpression achieved within this dosage curve were roughly estimated to 

range from 5 to 98 fold higher than endogenous RP2 expression and will be more 

precisely quantified in future tests. 

Gene augmentation therapies have the potential to elicit toxic effects through transgene 

overexpression (phenotoxicity), the vector used for delivery and/or the mode of 

administration. For example, overexpression of wild-type rhodopsin (murine or human) 

has been noted to cause photoreceptor degeneration in transgenic mice (Olsson et al., 

1992, Sung et al., 1994, Li et al., 1996, Tan et al., 2001).22 In the case of RP2, it is possible 

that transgene overexpression could lead to reduced activation of ARL3, perhaps even 

phenocopying an ARL13B-deficient background like that linked to Joubert Syndrome 

(Dilan et al., 2019). Treatment with an AAV-RP2 vector at a dose of 1E9 vg/eye was 

reported to elicit photoreceptor toxicity in a Rp2h null mouse model, though it was not 

determined whether the vector or transgene overexpression was the cause of this 

reaction (Mookherjee et al., 2015). 

In the preliminary retinotoxicity assessment described in this chapter, it is notable that 

ONL thinning was not observed in eyes subretinally injected with AAV2/8-CAG-RP2 (Fig. 

2.20.A). However, albeit a rather preliminary study requiring further animal numbers in 

 
22 Note: AAV-mediated rhodopsin overexpression (by 58%) appeared well-tolerated (Mao et al., 2011) but 
transgenic overexpression (as little as 23%) was toxic in mice (Tan et al., 2001), indicating that abnormally 
high rhodopsin levels may be problematic in developing rods specifically (Cideciyan et al., 2018). 
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the future, Müller glia were found to be activated in AAV2/8-CAG-RP2 transduced retinas 

- the area of Müller glia activation being closely aligned with the region of AAV 

transduction (Fig.2.20.C). This reactive gliosis could be initiated by cytokines or growth 

factors released by damaged photoreceptors or RPE. This could also potentially be a 

result of direct AAV detection by toll-like receptors expressed by Müller glia (Xiong et al., 

2019). 

Gliosis is an injury response that attempts to protect neuronal tissue from further 

damage. Once activated, Müller glia can promote neuronal survival by release of 

neurotrophic factors and antioxidants, and uptake of (neurotoxic) excess glutamate. 

However, prolonged gliosis can be more harmful than helpful – particularly in a diseased 

retina. Müller glia release pro-inflammatory cytokines and chemokines that attract 

monocytes/macrophages, which in turn can damage photoreceptors by release of ROS 

and harmful cytokines. High levels of nitric oxide production by Müller glia can also cause 

oxidative damage to proteins, while the formation of glial scars can hinder retinal repair 

or remodelling (reviewed by Bringmann et al., 2009). As mentioned earlier, gliosis is 

known to occur after retinal detachment (Bringmann et al., 2009). For this reason, it will 

be especially important to include a PBS-injected negative control group in future 

experiments (as discussed in section 2.3.7). Likewise, it is important to carefully evaluate 

the purity profile of the AAV-CAG-RP2 and AAV-EGFP vector batches to clarify whether 

differences in immune response(s) are a function of overexpression of the transgene or 

due to potential differences in batch purity. 

IBA1 upregulation was not detected in the non-transduced regions of injected eyes 

tested. However, the sample sizes for this test were particularly limited (often n = 1 

section from 1 eye). Xiong et al. (2019) notably observed IBA1 upregulation in retinas 

transduced with 3E9 vg of an AAV2/8-CMV-EGFP vector. It is therefore possible that 

microglial activation may have been observed in the experiment described in this chapter 

if additional sections with transduced retinal regions had been available for analysis. 

Strikingly, mouse IgG levels were significantly increased even in non-transduced areas of 

AAV-injected eyes, indicating a humoral immune response. The extremely limited number 

of AAV2/8-Rho-EGFP injected control retinal sections looked similar to uninjected eyes in 

terms of GFAP, IBA1 and IgG levels.  
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The upregulation of GFAP and IgG observed in AAV-RP2 injected eyes may have been due 

overexpression of the therapeutic gene and or to the viral load (4E7 – 3E8 vg AAV-CAG-

RP2 plus 1E6 vg AAV-Rho-EGFP), as discussed. However, this response could equally have 

been elicited by immunogenicity of the viral capsid or contaminants in the research-grade 

viral preparations used in this study as also eluded to. No definitive conclusions can be 

made from the preliminary results presented, given the small samples numbers used. 

However, these early results clearly highlight that a more extensive study will be 

important (as has been planned and detailed previously).   

RPE health was not analysed during this study but could be assessed in future tests using 

RPE flatmounts (as described by Xiong et al. 2019). It may also be prudent to perform 

functional tests, given Mookherjee et al.’s (2015) observation of a dose-dependent rod 

ERG deficit when using an AAV-RP2 vector. 

In future experiments, additional negative controls will be necessary. Contralateral 

control eyes will need to be treated with an equal dosage of a non-RP2 vector. It is not 

uncommon for groups to inject control eyes with an equivalent amount of AAV-GFP for 

this purpose. However, recent work suggests that GFP expression exerts retinotoxicity 

even at doses as low as 5E9 vg per eye. This experimental set up could therefore create a 

confounding bias, whereby the therapeutic-injected eye would show improvement 

relative to toxic effects of GFP in negative control eyes (Khabou et al., 2018a). Another 

strategy is to inject empty AAV capsids into control eyes. However, the capsid is not the 

only immunogenic element of an AAV particle – the AAV genome can be recognised by 

TLR9, while dsRNA produced as a consequence of 3’ITR promoter activity could activate 

TLR3 (Xiong et al., 2019, Shao et al., 2018). Ideally, therefore, this experiment would be 

repeated using a non-coding AAV2/8-CAG vector in contralateral control eyes to ascertain 

whether the gliosis and IgG infiltration observed are a result AAV capsid/genome 

immunogenicity and/or RP2 overexpression. It would also be prudent to test multiple 

preparations of the chosen vectors as rAAV purity and potency can vary between batches. 

A constitutively active promoter was chosen to drive RP2 expression in this study because 

RP2 is normally ubiquitously expressed and it remains to be confirmed whether its loss 

directly affects function of cells outside the neuroretina. RP2 patient iPSC-derived RPE 

cells were reported to display increased Golgi area and dispersal of IFT20 protein 

(Schwarz et al., 2015). Immortalised RPE cells (hTERT-RPE) exhibited dispersal of kinesin 
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proteins from the ciliary tip after RP2 knockdown (siRNA) (Schwarz et al., 2017), while RP2 

KO hTERT-RPE cells had migration and wound-healing defects (Lyraki et al., 2018). 

Regarding other ciliopathies, it is notable that Joubert Syndrome patient iPSC-derived RPE 

cells did not mature fully and a similar defect was shown to precede photoreceptor 

degeneration in a mouse model of Bardet-Biedel Syndrome. Immature iPSC-RPE cells 

exhibited defective phagocytosis and a reduced responsiveness to changes in 

extracellular potassium levels (May-Simera et al., 2018).   

As previously discussed, the clinical presentation of RP2 is quite variable. Interestingly, 

some RP2 patients have been reported to exhibit a depigmentation of the choroid and 

RPE characteristic of choroideremia (Jayasundera et al., 2010) – an IRD in which atrophy 

of the RPE is followed by degeneration of the choroid and neuroretina. Horner et al. 

(2019) recently reported that a severely affected individual with a novel null RP2 variant 

had no independent RPE involvement and therefore proposed that photoreceptor-

specific expression of a gene replacement therapeutic should be sufficient. Although 

some RPE loss was evident in the macula, it was concluded that, since RPE degeneration 

was not as extensive or severe as the photoreceptor loss observed, RP2-XLRP does not 

involve a primary RPE defect (Horner et al., 2019). However, this analysis was based on a 

single patient and concerns a disease that exhibits notable phenotypic variation between 

individuals.  

Considering the ubiquitous nature of endogenous RP2 expression and the uncertainty as 

to its importance in the RPE, a constitutively active promoter would seem prudent. 

However, cell type-specific promoters offer an added layer of safety, protecting against 

transgene expression in undesired cells/tissues. Indeed, most of the registered clinical 

trials of AAV therapeutics for RP utilise photoreceptor or RPE-specific promoters 

(reviewed in (Buck and Wijnholds, 2020)).   

Interestingly, recent studies also suggest that expression from photoreceptor-specific 

promoters may be inherently less immunogenic than constitutive or RPE-specific 

promoters. Xiong et al. (2019) observed signs of retinotoxicity (RPE disorganisation/ 

enlargement/ loss, microglial infiltration of ONL and Müller glia activation) after 

subretinally delivering AAVs expressing EGFP under the control of constitutive or RPE-

specific promoters at a dose of 8E8 vg per eye. Of note, CMV and CAG promoters were 

particularly damaging to photoreceptors, causing ONL thinning and opsin loss – possibly 
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due to the viral sequences present in both promoters. The degree of retinotoxicity 

induced strongly correlated with AAV dosage and these deleterious effects were 

independent of AAV serotype or production method used (Xiong et al., 2019). Strikingly, 

constructs employing photoreceptor-specific promoters appear to be significantly better 

tolerated than vectors with constitutive or RPE-specific promoters (Xiong et al., 2019, 

Khabou et al., 2018a) . This has led Xiong et al. to propose that the RPE is ‘a primary 

sensor of toxic vectors,’ noting that toll-like receptors capable of detecting AAV are 

expressed in these cells. Microglia and Müller glia also likely play a role in this immune 

response, as both were activated after subretinal injection of ‘toxic’ AAV vectors (Xiong et 

al., 2019, Khabou et al., 2018a). 

The nature of the immunogenic trigger hypothesised to be detected by RPE cells remains 

to be confirmed. Toxicity was linked to promoter activity profile but non-coding control 

vectors, in which the GFP CDS was reversed (Khabou et al., 2018a) or absent (Xiong et al., 

2019), induced similar or equivalent levels of damage to GFP-expressing constructs. RNA 

transcription from AAV genomes, whether coding or not, therefore appears to stimulate 

an immune response. Xiong et al. propose that, as ITR sequences demonstrate some 

promoter activity (Haberman et al., 2000), an antisense transcript could be synthesised 

from the 3’ITR and hybridise with the sense strand. The resulting double-stranded RNA 

would be immunogenic, inducing production of interferons and pro-inflammatory 

cytokines, and apoptosis (Schlee and Hartmann, 2016). Inflammatory cytokines were 

indeed found to be upregulated in retinas that received AAV-CMV but not AAV-Rho 

vectors (Xiong et al., 2019). 

The apparent immunogenicity of AAV-CAG vectors is quite surprising, as LuxturnaTM 

(AAV2/2-CAG-RPE65) is well-tolerated in patients at a dose of 1.5E11 per eye (Russell et 

al., 2017, Maguire et al., 2019). NHP data moreover suggests that readministration of the 

vector to the same (ipsilateral) eye is safe (Weed et al., 2019). However, in the case of 

IRDs with primary photoreceptor defects, treatment efficacy could potentially be 

improved if higher doses were tolerated. This could possibly be achieved using 

photoreceptor-specific promoters. 

The human rhodopsin kinase (hGRK1) promoter is active in both rods and cones and 

relatively short (294 bp), which makes it attractive when designing AAV vectors targeted 

towards photoreceptors. As a testament to the appeal of this promoter, six registered 



123 
 

clinical trials are testing AAV-hGRK1p vectors (clinicaltrials.gov identifiers: NCT03920007, 

NCT03328130, NCT03316560, NCT03252847, NCT03116113, NCT03872479). 

The hGRK1 element may therefore be both a safer and more efficient choice of promoter 

for an AAV-RP2 therapeutic, in the event that RP2 expression is not required in the RPE. 

Mookherjee et al. (2015) obtained partial rescue of the degenerative phenotype in a Rp2h 

null mouse model using a scAAV2/8-GRK1-RP2 vector; cone function was significantly 

preserved but the milder rod phenotype was not improved. In fact, this vector was 

significantly toxic to rods at a certain dosage. Considering an AAV2/8-GRK1-GFP virus was 

well-tolerated at a similar dose (Xiong et al., 2019), it could be argued that the deleterious 

effects observed by Mookherjee et al. are unlikely to have arisen from detection of the 

viral capsid. However, the time frame of the two studies were very different and caution 

should be taken in general when comparing AAV titers, as methods of quantifying AAV 

can be quite variable (Ayuso et al., 2014, Lock et al., 2010). It is possible that retinotoxicity 

stemmed from immunogenicity of the double-stranded scAAV genome, AAV batch 

impurities and/or non-physiological levels of RP2 expression. Unfortunately, the level of 

RP2 overexpression was not quantified in this study (Mookherjee et al., 2015).  

A ssAAV2/8-GRK1-RP2 vector was synthesised as part of this project and will be tested in 

parallel to the AAV2/8-CAG-RP2 vector in order to establish whether a hGRK1 vector 

would be better tolerated. If, after performing carefully controlled experiments with our 

vectors, it was found that the CAG element did indeed have a deleterious effect, it would 

be worthwhile to explore ways of ameliorating its immunogenicity. There is evidence to 

suggest that insertion of a reversed poly(A) signal between the transgene cassette and 

3’ITR would block 3’ITR promoter activity (Shao et al., 2018). It therefore would be 

interesting to test whether this strategy could reduce retinotoxicity in vectors with 

constitutive promoters.  

An additional strategy that could be used to increase vector safety profile is codon 

optimisation of the transgene to increase expression efficiency and thereby minimise the 

required viral load. Alternatively, if RP2 overexpression is an issue, the RP2 promoter 

could be characterised and used to drive transgene expression to better match the 

endogenous level. Codon optimisation or use of the endogenous promoter has previously 

been utilised in the design of a number of RPE65 and RPGR gene replacement 
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therapeutics (clinicaltrials.gov; identifiers: NCT00643747, NCT01496040, NCT02781480, 

NCT03116113, NCT03316560). 

It will ultimately be important to assess the safety profile of AAV-RP2 vectors in a Rp2h 

null animal model. A degenerating retina may be especially susceptible to damage related 

to vector immunogenicity and/or transgene overexpression. The ‘diseased 

microenvironment,’ in combination with the transient injury of retinal detachment, has 

been proposed to prime a local immune response toward viral vectors (Casey et al., 2020, 

Bucher et al., 2020). Introduction of a new protein (as would be the case with RP2 

replacement in a null background) may itself induce a transgene-specific adaptive 

immune response (Bucher et al., 2020). Promoter activity may also be altered in a 

diseased retinal context, where the composition of available transcription factors is 

possibly changed - though this is more of an issue when using ‘native’ promoter elements 

than viral derived sequences (Buck and Wijnholds, 2020). Vector tolerability will therefore 

additionally be assessed in Rp2hΔ23/Y mice. Ultimately, once a lead AAV-RP2 gene therapy 

is optimised, toxicology and biodistribution studies would be required using GLP (good 

laboratory practise)-grade vector (with minimal impurities) in NHPs prior to progression 

to human clinical trial.  

2.4.4 Assessment of AAV-RP2 efficacy in vivo 

Rp2hΔ23/Y mice exhibit Müller glia activation in the peripheral retina from 1 month, 

peripheral ONL thinning from 3 months (followed by near universal ONL thinning at 9-12 

months), mislocalisation of opsins and GRK1 from 3-6 months, and rod and cone ERG 

defects at 6 months of age (Little, 2019). It is planned that these phenotypes will be 

assessed in AAV-RP2-treated and contralateral control eyes (receiving PBS or a very low 

dose of EGFP tracker virus) for evidence of functional rescue, using doses informed by the 

studies detailed in this thesis chapter and the additional vector tolerance experiments 

that are planned. In addition, optokinetic behavioural tests will be used to assess visual 

function over time in this model, with and without treatment. Considering the previously 

discussed observations of Schwarz et al. (2015) and Wright et al. (2016), assessment of 

Golgi and ER area and localisation of IFT proteins in photoreceptors would be of interest. 

It would also be valuable to directly interrogate RPE health in this model. 

Comparing the effects of AAV-CAG-RP2 and AAV-hGRK1-RP2 vectors in the Rp2hΔ23/Y mice 

may help to determine whether RP2 loss results in a primary RPE defect. However, this 
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experiment would only be appropriately controlled to enable accurate interpretation if 

the CAG-RP2 and hGRK1-RP2 vectors were found to be similarly tolerated. In addition, the 

dosage of CAG-RP2 and hGRK1-RP2 vectors may also need to be adjusted based on 

expression level data to account for differences in promoter strength.  

2.4.5 Conclusions 

The work described in this chapter of the thesis demonstrates the value and power of cell 

models of disease and human-derived retinal organoids to model IRDs and assess the 

efficacy of potential therapeutics. Importantly, the results of this study have strengthened 

the case for pursuing an AAV-mediated gene replacement therapy for RP-associated 

XLRP. However, the study also highlights the importance of examining the in vivo 

tolerance of would-be treatments in parallel to establishing proof of concept in vitro. The 

results furthermore underscore the importance of optimising therapeutic designs, 

including the serotype of vector, dosage of virus and promoter sequence. As discussed, it 

is planned that further work will be carried out in animal models to determine an optimal 

vector design and dosage for AAV-mediated RP2 gene augmentation. 
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2.5 Materials and methods 

2.5.1 Agarose gel electrophoresis 

Gels were made at concentrations of 1-3% agarose in TAE buffer, depending on the 

resolution required. Ethidium bromide (EtBr) was added to gel mixtures at a final 

concentration of 0.5 µg/ml. Samples were loaded in gels with a bromophenol blue and 

xylene cyanol FF dye mixture (ThermoFisher Scientific, R0611), alongside an appropriate 

DNA ladder standard (ThermoFisher Scientific, SM0323 or SM1333). Gels were 

electrophoresed at 100-150V and imaged using a UV transilluminator. 

2.5.2 Culture of primary dermal fibroblast cells from skin biopsies 

3mm diameter skin biopsies were taken from the inner forearm of participants by medical 

professionals, using sterile biopsy punches (Integra Miltex; 12-460-406).  

Biopsies, consisting of dermis and some subdermal fat, were immediately transferred to 

ice cold, sterile transportation media (see Table 2.6) and transported to the lab for 

processing within an hour.  

All subsequent steps were performed in a laminar flow hood with sterile solutions and 

equipment. PBS (Thermo Scientific; 14190094) supplemented with 1% pen-strep was 

used to wash biopsies, after which they were transferred to fibroblast media (see Table 

2.6) pre-warmed to 37°C. Using a scalpel blade, each biopsy was cut to produce 4-6 pieces 

of roughly equal size. Each biopsy piece was placed in a well of a Nunc 4 well plate 

containing ~500μl fibroblast culture media. Before transfer of the tissue, a single short 

score was made in the centre of the well using a scalpel blade, to encourage adherence of 

the biopsy. It was important not to make the score the full length of the well or to make 

multiple cuts, as this would limit fibroblast outgrowth. Additionally, plates and media 

were pre-equilibrated in an incubator for 30 minutes before use (37°C, 5% CO2). 

After a biopsy piece was placed in a well, the level of media was reduced until the 

topmost part of the biopsy was exposed. This was to prevent biopsies from floating above 

the plate surface, particularly if there was a lot of fat included in the tissue. 

Empty spaces in plates were filled with PBS to prevent evaporation of the minimal 

amount of fibroblast media biopsy wells. Plates were then placed in an incubator (37°C, 

5% CO2) and checked daily. The media was half-changed every 2-3 days, to minimise 

disturbance of biopsies before they had fully adhered to the plate surface. This also 

ensured that any secreted growth or adherence factors would not be completely 
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removed.  

With viable biopsy pieces, keratinocytes could often be seen growing around the tissue 

from approximately 3 days of culturing. Keratinocytes did not persist in culture for long, 

as the media formulation used was optimal for fibroblast growth. It generally took about 

7 days of culturing before fibroblast outgrowth was observed. At this point, biopsies were 

tightly adhered to the plate surface and media volume could be increased to fully cover 

the tissue. 

When fibroblast outgrowth extended to the edges of the culture well (3-4 weeks post-

plating), cells were subcultured. Cells were split at a ratio of 1:3 or lower. Passaging 

generally proceeded as follows: 

Passage (P) Culture vessel Surface area (cm2) 

0 4 well plate 1.9 

1 12 well plate 3.5 

2 6 well plate 9.6 

3 T25 flask 25 

4 T75 flask (or 3 x T75 flasks) 75 

 

Fibroblasts were passaged when they had reached 80-90% confluency. During passaging, 

media was removed, fibroblasts were rinsed with PBS (Thermo Scientific, 14190094) and 

a minimal amount of TrypLE Express (Thermo Scientific, 12605010) was applied to 

stimulate detachment of cells. Culture vessels were then incubated at 37°C until the 

majority of cells changed from a spindle-like morphology to a rounded shape. The culture 

vessel was then tapped gently until cells began to float freely. An excess of full (serum-

containing) media was then applied to stop TrypLE activity. In early passages, where 

vessel volume was limited, cells were pelleted by centrifugation at 100 x g for 5 mins and 

resuspended in fresh media to remove TrypLE, and then split at the appropriate ratio. In 

later passages (~P3+), the enzyme was simply diluted in media at a final ratio of ~1:30. 

Frozen cell stocks were made from P4 or 5 onwards, when cells had reached ~80% 

confluency. After detachment of cells with TrypLE, cells were diluted in media (1:10) and 

pelleted by centrifugation as normal. Fibroblasts were suspended in freezing media (Table 

2.6) in cryovials and placed in a Mr Frosty at -80°C. A T75 flask typically yielded ~ 2 x 106 

cells, which were resuspended in 1ml freezing media. The next day, cell stocks were 

moved to permanent storage at -80°C. 
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Table 2.6. 

Fibroblast culture 

media 

formulations. 

Note: after ~P6, 

fibroblasts were 

cultured in 

antibiotic and 

fungicide-free 

media.  

  

Transportation media 

Component Source Concentration 

DMEM Thermo 
Scientific; 
61965 

99% 

Penicillin-
streptomycin 
(10,000 U/mL) 

Thermo 
Scientific; 
15140122 

1% 

 

Complete fibroblast media 

Component Source Concentration 

DMEM (high 
glucose, + 
Glutamax) 

Thermo 
Scientific; 
61965 

76% for P0, 86 - 88% 
thereafter 

FBS Sigma Aldrich; 
F7524 

20% for P0, 10% 
thereafter 

MEM non-
essential amino 
acids (100X) 

Thermo 
Scientific; 
11140050 

1% 

Sodium 
pyruvate 
(100mM) 

Thermo 
Scientific; 
11360039 

1% 

Penicillin-
streptomycin 
(10,000 U/mL) 

Thermo 
Scientific; 
15140122 

1% until ~P6, 0% 
thereafter 

Amphotericin B 
(250 μg/mL) 

Sigma Aldrich; 
A2942 

1% until ~P6, 0% 
thereafter 

 

Freezing media 

Component Source Concentration 

DMSO Sigma-Aldrich; 
D2650 

10% 

FBS Sigma Aldrich; 
F7524 

90% 
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2.5.3 Fibroblast culture genotyping 

Fibroblasts (~ 5 x 105) were pelleted as described in section 2.5.2, then washed in PBS and 

pelleted again. Supernatant was removed and cell pellets were frozen at -20°C.  

Genomic DNA was isolated using the Thermo Scientific Genomic DNA Purification Kit. A 

250 bp region of RP2 exon 2 encompassing both the c.358 and c.425 mutation sites was 

amplified using Q5 High-Fidelity DNA Polymerase (NEB; M0491L). Primer sequences and 

annealing temperatures are given in section 2.5.23. No template control (NTC) reactions 

were always included and specific amplification was verified by agarose gel 

electrophoresis. Amplified products were purified using GeneJet PCR Purification Kit 

(Thermo Fisher Scientific) and Sanger sequenced by Eurofins Genomics. 

2.5.4 RT-qPCR 

RNA was extracted from fibroblast cultures or snap-frozen whole retinas using the Qiagen 

RNeasy Mini Kit with minor modification of the given protocol. The on-column DNase 

digestion step was extended from 15 minutes at RT to 3 hours at 37°C to minimise 

genomic and AAV DNA contamination. Due to the relatively low RNA content of fibroblast 

cells, best results were obtained using confluent T75 flasks (~ 2 x 106 cells) for RNA 

isolation. In the case of AAV-transduced samples, 2-3 wells of a 6 well plate were used per 

sample, in order to better conserve viral stocks. 

One-step real-time quantitative reverse transcription PCR (RT-qPCR) reactions were set 

up using QuantiTect SYBR Green RT-PCR Kit (Qiagen) and run on an Applied Biosystem 

StepOnePlus machine. The standard curve method for relative quantification was applied, 

using 5X serial dilutions. Three technical replicates were analysed for each sample.  

Fibroblast samples to be quantified were run at 1/10 - 1/50 dilutions (depending on 

whether 6 well plates or T75 flasks were used) against a standard curve made of serially 

diluted control fibroblast RNA. Retinal RNA samples were run as 1/20 dilutions against a 

standard curve made from high dose AAV-RP2-injected sample RNA. No template control 

wells were included. Additional control reactions were run without reverse transcriptase 

in order to assess the level of DNA carryover in RNA samples. This was particularly 

important when analysing transduced samples, where a low but notable amount of viral 

DNA was often detectable even after three hours of DNase digestion.  
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Thermocycling conditions for RT-qPCR were as follows: 

Step Temp (°C) Duration  

Reverse 

transcription 

50 20 min  

Activation of 

polymerase 

95 15 min Cycle repeated 39 

times 

Cycle denaturation 95 15 sec 

Cycle annealing/ 

extension 

60 1 min  

 

When performing qPCR on AAV DNA, the initial 50°C thermocycling step was omitted. 

A final melt curve stage was added, and dissociation peaks were analysed to confirm the 

absence of primer dimers or contamination in negative controls. 

Relative gene expression values were calculated using StepOne Software v.2.3 and the 

relevant methods outlined in the Applied Biosystems ‘Guide to Performing Relative 

Quantitation of Gene Expression Using Real-Time Quantitative PCR.’ 

Target gene expression levels were normalised against β-actin expression. 

2.5.5 Immunoblotting 

2.5.5.1 Cell lysis 

Fibroblast cultures (2 -3 wells of a 6 well plate per sample; ~2.5x105 cells per well) were 

rinsed with ice-cold PBS and the lysed with 250 μl radioimmunoprecipitation assay (RIPA) 

buffer (150 mM NaCl, 1% NP40, 0.1% sodium deoxycholate, 0.1% SDS, 50mM Tris pH 7.0) 

on ice. RIPA buffer was supplemented with a protease inhibitor cocktail (Sigma-Aldrich; 

11836153001) just before use. After 10 minutes lysis, a cell scraper was used to ensure no 

cells remained adherent, then lysates were pipetted up and down multiple times, 

transferred to Eppendorf tubes. Lysates were kept on ice for a further 10 minutes and 

vortexed regularly. Debris was then pelleted by centrifugation at 10,000 x g for 15 

minutes at 4°C, after which supernatant was collected, aliquoted and stored at -80°C. 

2.5.5.2 SDS-PAGE 

Protein samples were quantified using the Qubit Protein Assay Kit (Thermo Scientific; 

Q33212). For each sample, 20 μg protein was prepared with Pierce Lane Marking 
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Reducing Sample Buffer (Thermo Scientific; 39000) and boiled at 99°C for 5 minutes. 

Polyacrylamide gels were made up as outlined in the tables below: 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gels were placed in an electrophoresis unit filled with PAGE running buffer (25 mM Tris, 

19.2 mM Glycine, 0.1% SDS). Samples were loaded alongside a protein standard ladder 

(NEB; P7712) and separated by electrophoresis at constant voltage (120V) for approx. 2.5 

hours. Protein was then electro-transferred onto a methanol activated PVDF membrane 

at 12V for 2 hours in semi-dry conditions. Transfer buffer consisted of of 25 mM Tris, 19.2 

mM glycine, 0.1% SDS and 20% methanol. 

12% polyacrylamide resolving gel 

Reagent Concentration in gel (%) 

dH20 32.5 

30% acrylamide/bis-

acrylamide 

40 

1.5M Tris pH 8.8 25 

10% SDS 1 

10% APS 1 

TEMED 0.1 

4% polyacrylamide stacking gel 

Reagent Concentration in gel (%) 

dH20 60 

30% acrylamide/bis-

acrylamide 

13.4 

1.5M Tris pH 6.8 25 

10% SDS 1 

10% APS 1 

TEMED 0.1 
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2.5.5.3 Western blot 

All incubation steps that follow were performed on a rocker. Membranes were washed in 

1X TBS-Tween (25 mM Tris, 150 mM NaCl, 2mM KCl, pH 7.4, supplemented with 0.1% 

Tween detergent) (3 x 10 minutes), then incubated in blocking solution (5% skimmed milk 

in 1X TBS-T) for 1 hour at RT. Primary antibodies were diluted in blocking solution and 

applied to membranes overnight, shaking at 4°C. For well characterised loading control 

primary antibodies such as Cyclophilin B, this incubation step could be shortened to 2 

hours at RT. After 3 TBS-T washes, membranes were incubated in HRP-conjugated 

secondary antibody solutions for 2 hours at RT then washed again. 

Pierce ECL blotting substrate (Thermo Scientific; 32106) was used to initiate 

chemiluminescence on immunoblots, which was imaged using X-ray film. 

Antibodies used for immunoblotting are detailed in section 2.5.18. 

2.5.5.4 Re-probing blots 

Membranes were incubated in Restore Western Blot Stripping Buffer (ThermoFisher 

Scientific, 21059) for 12 minutes, rocking at RT. After 3 TBS-T washes, blots were blocked 

and re-probed with new antibodies as before.  

2.5.5.5 Densitometry 

Band intensity was quantified using densitometry with ImageJ software, employing a 

commonly used method (Janes, 2015). 

2.5.6 Immunocytochemistry 

Fibroblasts were seeded in 8 well chamber slides (Miltenyi Biotec; 130-098-272) at a 

density of 10,000 cells per well. When ~90% confluent (~2 days later), fibroblasts were 

rinsed with PBS and then serum starved in FBS-free media for 24 hours to induced 

ciliation of cells. It was important not to serum starve fibroblasts for more than one day, 

as they became noticeably unhealthy after this point – seeming to retract and loose 

adherence.  

After serum starvation, fibroblasts were rinsed with chilled PBS, fixed in 4% 

paraformaldehyde (PFA) for 10 minutes and then washed with PBS (3 x 10 mins). Ciliation 

of fibroblasts after 24 hours in 0% FBS media was confirmed by staining with a cilia 

marker, ARL13b. 

Cells were permeabilised in 0.01% triton for 10 minutes, washed in PBS and blocked for 1 

hour at RT. Blocking solution was made up of 10% donkey serum and 3% bovine serum 
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albumin in PBS and was used for dilution of antibodies in subsequent steps. Fibroblasts 

were incubated in primary antibody solution overnight at 4°C, then washed in PBS (3 x 10 

minutes) and incubated in secondary antibody solution for 1 hour at RT. Cells were 

washed twice, then stained with DAPI (2 μg/ml) for 2 minutes and washed three times. At 

this point the detachable wells were removed and a coverslip was applied to the slide 

with Hydromount (National Diagnostics). 

2.5.7 Cloning 

2.5.7.1 Restriction digestion and end modification 

Restriction enzymes were sourced from NEB and used as per the manufacturer’s 

instructions. Klenow fragment (NEB; M0210S) was sometimes used to blunt cut 

overhangs and was heat inactivated at 75°C for 20 minutes after use. Cut fragments were 

gel purified (GeneJet Gel Extraction Kit; Thermo Scientific, K0691) before ligation. 

2.5.7.2 Ligation 

Ligation was performed using Roche T4 DNA ligase (Sigma-Aldrich; 10481220001). 

Reactions were set up with cut vector to insert molar ratios of 1:1, 1:3, 1:5 and 1:10, 

where each reaction contained at least 50 ng backbone vector. Additionally, reactions 

missing insert DNA or ligase were used as negative controls – enabling assessment of the 

level of backbone recircularisation and uncut plasmid carryover.  

Purified vector and insert DNA concentrations were estimated by agarose gel 

electrophoresis, in comparison to fragments of known concentration (Thermo Scientific; 

SM0321 and SM1331). Molar ratios were calculated using the formula: 

Amount insert to add (ng) = (desired insert/vector molar ratio) x (mass of vector (ng)) x 

(insert length (bp)/vector length (bp)) 

Ligations were incubated at 16°C overnight before transformation into competent E. coli 

cells. 

2.5.7.3 Generation of competent E. coli cell stocks 

The procedure was carried out using aseptic technique. Reagent solutions were sterilised 

by autoclaving. E. coli XL-1 Blue cells were streaked on selective Luria broth (LB) agar 

plates (25 μg/ml tetracycline) overnight at 37°C. A single colony was picked and used to 

inoculate a 5ml selective LB culture overnight at 37°C in an orbital incubator, shaking at 

220 rpm. The next day, the starter culture was transferred to 500ml selective LB media 
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and grown for a further ~3 hours until they reached late exponential growth phase, 

indicated by an OD6oo of 0.6-0.7. Cells were then pelleted in 20ml batches by spinning at 

3000 rpm for 10 minutes. Each pellet was washed with 20ml chilled 100mM MgCl2, 

pelleted again, then resuspended in 10ml chilled 100mM CaCl2 and incubated on ice for 

20 minutes. Cells were pelleted a final time and then resuspended in 1ml chilled 100 mM 

CaCl2. Glycerol was added to a final concentration of 15%. Cell suspensions were snap 

frozen in liquid nitrogen immediately after the addition of cryoprotectant. Batches of 

competent cells were tested by transformation with serial dilutions of plasmid DNA. 

When transformed with 10 ng plasmid, competent cells prepared using this procedure 

should yield at least 100 colonies per plate. 

2.5.7.4 Transformation 

Approximately 10 ng plasmid, or half of a ligation reaction, was transferred to Eppendorf 

tubes and made up to 100μl with chilled 100 mM CaCl2. 200 μl competent E. coli cells 

were then added and tubes were incubated on ice for 30 minutes. Cell suspensions were 

heat shocked in a 42°C for 2 mins, then immediately placed back on ice for 10 minutes. 

Cells were transferred to 2.7ml pre-warmed LB and grown at 37°C for 90 minutes in an 

orbital shaker. At this point, the culture was antibiotic-free to allow adequate time for 

expression of antibiotic-resistance genes in successfully transformed bacterial cells. 

After incubation, 100 μl of liquid culture was plated onto selective LB agar plates 

(100μg/ml ampicillin or 50μg/ml kanamycin). Plates were incubated at 37°C for ~16 hours 

and checked for transformed colonies the next day. 

2.5.7.5 Selection of correct clones 

Colonies resulting from transformation of ligation reactions were mini prepped (GeneJET 

Plasmid Mini Prep Kit; Thermo Scientific, K0502) and screened for correct clones using 

diagnostic restriction digests. Expression cassettes of successful constructs were Sanger 

sequenced fully (Eurofins Genomics). 

2.5.8 Construct sequence information 

All constructs for packaging into AAV particles were cloned into the pAAV-MCS backbone 

(accession no. AF396260.1), which contains AAV2 ITR sequences. 

Constructs also contained the following key sequences: 
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pAAV-CAG-RP2 

- CMV IE enhancer (661-1024 bp from GenBank: X03922) 

- CBA proximal promoter/intron 1 (251-1542 bp of GenBank: X00182; 1538-39 bp 

AG were changed to CA) 

- Human RP2 CDS (190-1270 bp of RefSeq: NM_006915.2) 

- RP2 3’UTR fragment (1271-2440 bp of RefSeq: NM_006915.2) and RP2 poly(A) 

(50341-50580 bp of RefSeq: NG_009107.1) 

- minimal rabbit B-globin poly(A) (Levitt et al., 1989) 

pAAV-CAG-EGFP 

- CMV IE enhancer (661-1024 bp from GenBank: X03922) 

- CBA proximal promoter/intron 1 (251-1542 bp of GenBank: X00182; 1538-39 bp 

AG were changed to CA) 

- EGFP (GenBank: U55761) 

- hGH polyadenylation signal (from pAAV-MCS) 

2.5.9 AAV production 

Endotoxin-free mega preps of pAAV-CAG-EGFP, pAAV-CAG-RP2, pHelper (Agilent 

Technologies) and rep/cap plasmids (pAAV2/2, pAAV2/5 (Hildinger et al., 2001) and 

pAAV2/8 (Penn Vector)) were produced using the EndoFree Plasmid Mega Kit (Qiagen). 

The total quantities of plasmid required per AAV preparation were: 1.25 mg AAV genome 

plasmid, 1.25 mg rep/cap plasmid and 2.5 mg pHelper. 

AAV preparations were produced by Naomi Chadderton using a helper virus-free triple 

transfection method in HEK293 cells (ATCC; CRL-1573). AAV was purified from HEK 293 

cell lysates by precipitation with polyethylene glycol and caesium gradient centrifugation. 

Chosen fractions underwent dialysis against PBS with 0.001% Pluronic F68. 

2.5.10 AAV titering 

Viral genome (vg) titers were determined by qPCR using primers targeting the transgene 

of interest (RP2 or EGFP) or the shared CMV enhancer element. Although commercially 

validated ITR primers are available that could be used to titer any AAV sample, it was 

decided against using this quantification method because it could include AAV particles in 

which the plasmid backbone was incorporated instead of the expression cassette.  
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AAV samples were diluted 1/15 and treated with DNase (Promega; M6101) to digest any 

residual plasmid DNA or HEK 293 cell genomic DNA. Samples were then incubated with 

Proteinase K (Thermo Scientific; 25530) to degrade capsid protein, facilitating access to 

the viral genome for amplification. 

The standard curve method was used for absolute quantitation of viral genome copy 

numbers, using 10X serial dilutions of a plasmid containing the targeted region. 

Plasmid copy number was calculated using the equation: 

Single-stranded copy number in 1g DNA =  

(2 x Avogadro’s number)/(molecular weight of plasmid) 

As an average base pair is 650 Daltons, plasmid molecular weight is calculated by 

multiplying length (bp) by 650. 

The result of the above equation is multiplied by 1E9 to convert to copy number/ng, and 

then multiplied by plasmid concentration as ng/µl (determined using a NanoDrop). The 

final result is the number of single-stranded plasmid copies per µl of plasmid solution. 

Alternatively, an online copy number calculator was used: 

http://cels.uri.edu/gsc/cndna.html 

 

 

AAV preparations were titered as follows: 

AAV prep Titer (vg/ml) 

RP2/EGFP 

primers 

Titer (vg/ml) 

CMV primers 

AAV2/2-CAG-RP2 4E10 2E10 

AAV2/5-CAG-RP2 2.7E12 1.9E12 

AAV2/8-CAG-RP2 P1 1E12 4E11 

AAV2/8-CAG-RP2 P2 1.5E12 6.7E11 

AAV2/2-CAG-EGFP 2.2E11 4.1E10 

AAV2/5-CAG-EGFP 1.7E12 3.6E11 

AAV2/8-CAG-EGFP 8.9E11 9.8E10 

AAV2/8-Rho-EGFP 2.4E12 N/A 

http://cels.uri.edu/gsc/cndna.html
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CMV primers, targeting the CMV enhancer region, gave consistently lower values than 

primers targeting transgenes, reporting an average of 4 fold lower viral genomes. This is 

likely due to the CMV enhancer element’s close proximity to the left ITR, which forms a 

hairpin structure. When tested on an AAV bicistronic construct that contained a CMV 

enhancer element in a more central position (not shown), the titer values obtained using 

CMV and transgene (EGFP) primer sets were almost identical. 

It was therefore decided to use the titer values obtained using RP2 and EGFP primers 

when calculating AAV dosage in subsequent experiments. 

2.5.11 AAV transduction of primary fibroblasts 

Fibroblasts were seeded as outlined in 8 well chamber slides (1x104 cells per well) or 6 

well plates (5x104 cells per well) in normal media. The next day, media was replaced with 

a minimal amount of reduced serum media (2% FBS) – 100-150µl per well of an 8 well 

chamber slide or 1ml per well of a 6 well plate. FBS content was reduced in order to 

minimise possible interaction of serum proteins with AAV particles. AAV was added to the 

well and mixed with the media by gently pipetting. Cells were incubated with AAV 

overnight. Empty neighbouring wells were filled with PBS in order to reduce evaporation 

of culture media. 

The next day, the media level was topped up to the normal recommended volume (~3 

times the minimal level used for transduction), to a final concentration of 10% FBS. 

The next day, when cells were ~90% confluent, wells were rinsed with PBS and fibroblasts 

were serum starved in serum-free media for 24 hours. 

2.5.12 ARL3 activation assay 

Specific immunoprecipitation and quantification of activated Arl3 was attempted with 

fibroblast cultures (confluent, ciliated T75 flasks) and murine retinal samples using the 

Arl3 Activation Assay Kit (NewEast Biosciences; 83001). The kit protocol for adherent cell 

culture samples was followed. Retinal samples were lysed in 250 kit lysis buffer using a 

tissue homogeniser and then processed in the same way as cell culture lysates thereafter. 

For both C5 and R120X-A cells, protein was extracted from three T75 flasks, then pooled 

together, quantified using the Qubit, and split into 3 different tubes with 2mg total 

protein. Protein extracted from 2 wild-type 129 mice was also pooled and then split into 3 

tubes with 0.5 mg protein. With each set of three, one sample was to be assessed for 
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endogenous Arl3-GTP and the other tubes functioned as positive and negative controls. 

Positive controls underwent in vitro loading with GTPγS, while negative controls were 

loaded with GDP, as per kit instructions.  

2.5.13 Purification of recombinant GST-tagged proteins 

The GST pull down protocol used was based on that described by Jing (2012). GST 

plasmids (based on pGEX; GE Healthcare) were transformed into E. coli XLI-blue cells. 

Single colonies were used to inoculate 2ml starter cultures in 2x YT selective media (100 

μg/ml ampicillin), which were incubated at 37°C overnight in an orbital shaker. The next 

morning, starter cultures were used to inoculate 400ml selective cultures at a 1:100 

dilution. These were shaken at 37°C for roughly 3 hours, then IPTG was added at a final 

concentration of 1mM to induce GST-tagged protein expression and cultures were 

agitated at 30°C for 1 hour. Bacterial cells were pelleted by centrifugation (7700 x g for 10 

minutes), resuspended in 20 ml chilled PBS supplemented with protease inhibitor (Sigma-

Aldrich; 11836153001) (PBS-PI) and placed on ice. For bacterial lysis, 200μl lysozyme (10 

mg/ml) was added, and cell suspensions were subjected to 3 freeze thaws and then 

sonicated until the solution turned semi-transparent. Debris was removed from lysates by 

centrifugation at 8000 x g for 10 minutes. 

Glutathione Sepharose 4B beads (Thermo Scientific, 11594935) were shaken into a 

homogenous slurry. 1ml beads were transferred to a 15 ml falcon tube and pelleted at 

500 x g for 5 minutes. The ethanol storage solution was then decanted and beads were 

washed in 10 ml PBS to remove any residual ethanol, span down again and resuspended 

in 1 ml PBS-PI to make a 50% bead slurry. 

400 μl of 50% bead slurry was added to each 20 ml batch of cell lysate and incubated on a 

roller for 1 hour at RT. Beads were then sedimented by centrifugation and washed with 2 

ml PBS-PI three times, each time sedimented by centrifugation. A final wash was 

performed with RIPA buffer (supplemented with protease inhibitors). The GST-bound 

‘bait beads’ were then resuspended in 1 ml RIPA and kept on ice.  

At this point, the purified proteins were analysed using SDS-PAGE. 20 μl GST-beads were 

boiled with 20 μl 2X reducing sample buffer for 10 mins, then electrophoresed as outlined 

in section 2.5.5.2. Gels were then stained with PageBlue (Thermo Scientific; 24620) to 

visualise separated proteins. 
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2.5.14 Animals 

129 S2/SvHsd (Harlan UK Ltd), C57BL/6J (Jackson Laboratory) and Rp2h23/y (Dr Toby 

Hurd, University of Edinburgh) mice were maintained under specific pathogen-free (SPF) 

housing conditions. Procedures were performed in accordance with the European 

Communities Regulations 2002 and 2005 (Cruelty to Animals Act) and the ARVO 

‘Statement for the Use of Animals in Ophthalmic and Vision Research.’ 

2.5.15 Subretinal injection 

Subretinal injections of AAV in mice were performed by Dr Paul Kenna, using a protocol 

previously described by Palfi et al. (2010).  

2.5.16 Tissue processing 

Mice were sacrificed by CO2 inhalation.  

2.5.16.1 Samples for histology: 

Eyes were enucleated using McPherson forceps and fixed in 4% PFA at 4°C overnight. 

Tissue was then washed in PBS and dissected using a Vannas scissors and forceps under a 

stereomicroscope. Eyes were cut along the corneal limbus for removal of the cornea and 

lens. Eye cups were washed in PBS (3 x 10 minutes) and then cryoprotected in 

increasingly concentrated solutions of sucrose in PBS: 10% and 20% for 20 mins at RT, and 

30% sucrose overnight at 4°C. An equal volume of optimal cutting temperature 

compound (OCT) was added to samples for 15 mins at RT. Samples were transferred to 

plastic moulds filled with OCT, embedded by freezing with liquid nitrogen and stored at -

20°C. OCT sample blocks were sectioned in 12 µm slices using a Leica CM1900-1-1 

cryostat. Sections were applied to room temperature slides, dried at room temperature 

for 1 hour and then stored at -20°C. 

2.5.16.2 Samples for RNA extraction: 

Eyes were dissected in situ immediately after sacrifice. The back of the eye was held with 

forceps, while a straight scalpel blade was used to cut across the eye in one movement 

and remove the lens. The retina was then gently pushed out of the eyecup with the 

forceps and snap frozen on dry ice. 

2.5.17 Immunohistochemistry 

Sections were removed from freezer storage and dried for 30 mins at RT. A PAP pen was 

used to draw hydrophobic rings around sections on slides. Sections were hydrated in PBS 
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for 15 mins in Coplin jars. Slides were dried around the outside of the PAP ring using 

tissue to remove excess liquid, 120 µl blocking solution was applied and sections were 

incubated in a humidified chamber for one hour at RT. The blocking solution consisted of 

5% donkey serum and 0.3% Triton X-100 diluted in PBS. After incubation, blocking 

solution was removed. Sections were then incubated in 120ul primary antibody diluted in 

blocking solution at 4°C overnight. The next day, sections were washed in PBS (3 X 10 

mins) and then incubated with secondary antibody diluted in blocking solution for two 

hours at RT. Sections were washed (2 x 10 mins), stained with DAPI (1µg/ml) for 10 mins 

and washed again ( 3 x 10 mins). Coverslips were applied using Hydromount (National 

Diagnostics) or Aqua Poly/Mount (Polysciences Inc.) aqueous mounting solutions. 

2.5.18 Antibodies 

Primary antibodies 

Antibody Source Working dilution 

Rabbit anti-fibroblast 

surface protein 

Sigma-Aldrich; F4771 ICC: 1/100  

Rabbit anti-RP2 Proteintech, 14151-1AP ICC/IHC: 1/100;  

IB: 1/500 

Rabbit anti-Cyclophilin B Sigma-Aldrich; SAB4200201 IB: 1/1000 

Chicken anti-GFP Abcam; ab13970 ICC: 1/1000 

Mouse anti-GM130 BD Biosciences;  

610822 

ICC: 1/100 

Mouse anti-Arl3-GTP NewEast Biosciences; 

26925 

IP: 1/100 

Mouse anti-Arl3 NewEast Biosciences; 

26070 

IB: 1/1000 

Goat anti-GFAP Abcam; ab53554 IHC: 1/200 

IBA1 Wako Chemicals USA; 

019-19741 

IHC: 1/100 

Secondary antibodies 

Antibody Source Working dilution 
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2.5.19 Microscopy 

Fibroblasts were imaged using confocal microscopy (Zeiss, LSM 710).). Images were 

acquired at multiple focal distances to ensure the entire sample was captured in focus. 

These Z-stacks were then merged into a 2D image using the ‘maximum intensity 

projection’ function in Fiji. The projected image consists of the highest value for each 

pixel found across all Z slices. 

Retinal sections were imaged using an Olympus IX83 inverted motorised epifluorescent 

microscope with a motorised stage and cellSens software. The enhanced focus imaging 

(EFI) tool was used, which works similarly to Z stacking, capturing multiple images along 

the z-axis and combining them into one in-focus image. Frame stitching was used to 

create composites of whole retinal sections.   

2.5.20 Image analysis 

2.5.20.1 GM130 area measurement 

GM130 immunoreactivity was assessed in fibroblast images taken using a 20X objective. 

Cells on the edge of the field of view, in which the stained area was incomplete, were 

removed from the image. GM130-positive area was isolated using the ‘Auto-Threshold’ 

function and measured using the ‘Analyse Particles’ tool in Fiji. The number of cells per 

image ranged from 28 to 231, with an average of 72. Total GM130 area was measured per 

image, then divided by the number of cells featured in that image to calculate the 

Donkey anti-rabbit Cy3 Jackson ImmunoResearch; 

711-165-152 

ICC/IHC: 1/400 

Donkey anti-chick Alexa 

Fluor 488 

Jackson ImmunoResearch; 

703-545-155 

ICC/IHC: 1/400 

Donkey anti-mouse Cy3 Jackson ImmunoResearch; 

715-165-150 

ICC/IHC: 1/400 

Donkey anti-goat Cy3 Jackson ImmunoResearch; 

705-165-147 

ICC/IHC: 1/400 

Donkey anti-rabbit HRP Jackson ImmunoResearch; 

711-035-152 

IB: 1/10,000 

Goat anti-mouse HRP Jackson ImmunoResearch; 

115-035-003 

IB: 1/10,000 
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average GM130 area per cell. This was repeated on 6 to 15 images per cell type. Cell 

numbers per image were determined using the Fiji Cell Counter plug-in. 

2.5.20.2 Measurement of ONL thickness 

ONL length was measured at 8-12 points across each DAPI-stained whole retinal 

cryosection using the straight line tool in Fiji and values then were averaged. For injected 

eye samples, only transduced retinal regions (RP2/EGFP positive) were considered. 

2.5.20.3 Quantification of protein expression in IHC samples 

Fluorescence intensity across each retinal section was quantified as integrated density 

(pixel intensity x area) using Fiji. This value was then normalised against the DAPI-positive 

area of the section, which was calculated using the ‘Threshold’ and ‘Measure’ functions of 

Fiji. In the case of GFAP measurement, only transduced retinal areas (EGFP-positive) were 

analysed (non-transduced areas were blocked out using the ‘Fill’ tool before 

measurement).  

When assessing samples stained for IBA1 and IgG, all non-neuroretinal areas were 

manually blocked out to eliminate non-specific background signal. The photoreceptor 

outer segment layer was additionally removed before quantification of IBA1/IgG 

immunoreactivity for the same reason. 

2.5.21 RP2del23 mouse genotyping 

DNA was isolated from ear clip tissue using the DNeasy Blood and Tissue Kit (Qiagen; 

69504). A 284bp region of Rp2 exon 2 flanking the 23 bp deletion site was amplified using 

OneTaq polymerase (NEB; M0482S). Primers are listed in the next section. PCR products 

were separated on 3% agarose gels. Amplicons from founder mice were Sanger 

sequenced (Eurofins Genomics) to confirm their mutation status. 

2.5.22 Primers 

qPCR primers 

Target Forward (5’ to 3’) Reverse (5’ to 3’) 

RP2 (human) AAGCAGTACAGCTGGGATCA TCTTGAATGAGAAACTGTTGTCC 

RP2 (human 

and mouse) 

ACTGGAGCCTTCTTCCTCA AAGCCAATAGAAGCATTGTTCC 
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CMV 

enhancer 

TTACGGTAAACTGCCCACTTG CGTGAGTCAAACCGCTATCC 

β-actin AGAGCAAGAGAGGCATCC TCATTGTAGAAGGTGTGGTGC 

 

 

 

 

 

 

 

 

 

 

Note: forward genotyping primers were also used in Sanger sequencing reactions. 

2.5.23 Statistics 

GraphPad Prism 8 was used to perform statistical tests and for graph production. For each 

statistical test the significance threshold was set at 0.05. Normality of data distribution 

was assessed using the Shapiro-Wilk test, which determined whether parametric or non-

parametric tests of significance were used subsequently. Data in this chapter were 

generally normally distributed, and all samples analysed were independent. Hence, the 

unpaired Student’s t-test was used when comparing means of two groups and a one-way 

ANOVA was performed when analysing means of three or more groups. 

Following ANOVA, post hoc analysis was performed using Tukey’s test to compare the 

means of all groups to the mean of every other group. Alternatively, Dunnett’s test was 

used to compare the means of all groups against the mean of one control group. 

When GM130 area or cell densities from all groups were compiled into one large data set, 

the data followed a non-normal distribution. Spearman’s rank-order correlation test was 

Genotyping primers 

Target Forward (5’ to 3’) Reverse (5’ to 3’) Annealing temp 

(°C) 

RP2 

(human) 

CACTCTGCTACAGTTAC

CATTGA 

TGAACTGGAAAGCTAAT

TCAGG 

63 (with Q5 

polymerase) 

Rp2h 

(mouse) 

GGGACCAGTGAAAGGC

AGTGTC 

GGCTCCAGTTGAGCTCTC

CTGAC 

59 (with OneTaq 

polymerase) 
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used to investigate possible a correlation between the GM130 area and cell density in this 

nonparametric data. 
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3 A ‘HITI’ strategy for gene correction in rhodopsin-linked ADRP 
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3.2 Introduction 

3.2.1 Gene editing in post-mitotic cells 

As discussed in Section 1.5, gene editing holds great promise for treating inherited retinal 

degenerations but achieving high-fidelity modifications with sufficient efficiency in retinal 

cells remains a significant obstacle. 

The method by which DSBs are repaired is highly dependent on cell cycle phase. Briefly, in 

G1 (Gap 1) cells either prepare for DNA replication or enter G0 (resting phase; 

quiescence). If a cell decides to divide, it enters the S (DNA synthesis) phase, then G2 (Gap 

2) and mitosis (M). Homologous recombination (HR) between sister chromatids is vital for 

maintenance of genomic integrity during cell division, repairing DSBs formed during 

replication or induced by mutagens. However, recombination between homologous 

chromosomes in non-dividing cells could be deleterious. HDR is therefore suppressed in 

G1/G0 cell cycle phases, largely limited to the late S and G2 phases in dividing cells when 

sister chromatids are available to act as templates. In contrast, NHEJ is predominant in 

the G1 phase but active to some degree during most stages of the cell cycle – except 

during mitosis (M), when both HR and NHEJ are suppressed to protect against aberrant 

chromosome segregation (Zhao et al., 2017). NHEJ is also faster and more active than 

HDR even in dividing cells, repairing ~75% of DSBs (Mao et al., 2008). 

3.2.1.1 HDR 

There is a high degree of interest in exploring methods to increase the rate of HDR in 

post-mitotic cells. For example, one strategy seeks to improve HDR efficiency by 

physically linking donor DNA and Cas9 protein, thereby increasing template availability at 

the target site (Devkota, 2018). Many studies have explored inhibition/downregulation of 

NHEJ enzymes (Liu et al., 2019) or stimulation of key HR pathway components (Song et 

al., 2016, Devkota, 2018). However, it should be borne in mind that DNA repair processes 

are essential for maintaining genomic stability and that general, prolonged alteration of 

repair pathway dynamics could therefore have deleterious effects. Excitingly, delivery of 

E. coli recombinase A (RecA) protein, which facilitates DNA strand exchange (homologous 

to the eukaryotic Rad51 protein), alongside standard CRISPR-Cas components increased 

HDR activity in photoreceptors and enabled correction of a point mutation in the rd1 

model of ADRP in electroporated cells (Cai et al., 2019). As RecA is linked to the sgRNA, it 

should be predominantly localised to the target site. Efficiency of this method may be 
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improved further by converting this strategy into an AAV platform (likely a dual AAV 

system, as the RecA CDS is 1062 bp). However, it should be noted that mice were treated 

at P0-P3 in this study. It is thought that photoreceptor proliferation peaks in this 

timeframe and continues at lower levels until P10 (Vagni et al., 2019). It will therefore be 

important to assess the ability of the Cas9-RecA system to enhance HDR in adult post-

mitotic photoreceptors. 

It has long been known that use of AAV vectors can enhance the efficiency of homologous 

recombination. Russell and Hirata determined that gene targeting efficiency could be 

increased by 2-3 orders of magnitude if the exogenous sequence was delivered by AAV 

rather than plasmid or other viral vectors – reaching an efficiency of 1% in some cell types 

(Russell and Hirata, 1998, Hirata et al., 2002). Addition of an endonuclease-induced DSB 

was found to increase AAV-mediated gene targeting by >100 fold (Porteus et al., 2003) – 

though this strategy was found to be similarly efficient to that of a plasmid and 

endonuclease combination. Of note, single-stranded donors make for better HDR 

templates than dsDNA (Richardson et al., 2018). The ability of AAV to boost HR has 

therefore been hypothesised to stem from its high transduction efficiency, combined with 

the linear, single-stranded nature and long term stability of its genome (Alexander and 

Russell, 2015). It has also been proposed that DNA damage responses potentially elicited 

by AAV ITR sequences may upregulate the HR pathway (Hirsch, 2015).  

Nishiyama et al. (2017) achieved a relatively high rate of in vivo HDR-mediated gene 

knock-in (~15%) in cortical neurons using a dual AAV system to supply the Cas9, sgRNA 

and donor template components over 2-3 weeks. Hu et al. (2020) attempted to rescue 

photoreceptor degeneration in a Rpgr-/y
;Cas9+/WT mouse using a HDR strategy, with 

subretinal injection of separate AAVs encoding an sgRNA and a donor template. Very 

interestingly, they observed no gene correction 1 month post-injection (PI) but an 

average of 85% editing efficiency in treated areas at 6 months, which translated to 

significant preservation of ONL thickness up to 12 months PI. This level of HDR-mediated 

editing is unprecedented in post-mitotic cells. It is somewhat puzzling that efficiencies of 

up to 96% were observed in retinal samples, as transduction is normally restricted to 

photoreceptors and RPE after subretinal injection and the murine neuroretina is 

comprised of ~81% photoreceptors (Jeon et al., 1998). However, it is possible that RPE 

was included with the neuroretinal samples harvested and led to inflation of the 
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efficiency values. It will be important for these results to be replicated in scenarios where 

Cas9 is delivered exogenously and where other loci are targeted. Even so, this is an 

important observation that raises the exciting possibility that previous in vivo HDR tests in 

post-mitotic cells may simply have been evaluating editing efficiency too early to see the 

desired effects. 

3.2.1.2 NHEJ and HITI 

As mentioned in section 1.5.3, NHEJ-induced specific knock-out of pathogenic alleles has 

demonstrated benefit in non-haploinsufficient models of dominant RP (Bakondi et al., 

2016, Li et al., 2018). 

Other researchers have embraced NHEJ as a means of achieving knock-in of transgenes by 

ligation of cut genomic and donor DNA ends (reviewed by Yamamoto and Gerbi, 2018). 

Although NHEJ is traditionally thought of as an error-prone and somewhat unreliable 

process, this idea is being increasingly challenged. DSBs induced by ionising radiation, for 

example, require processing of incompatible DNA ends before end-joining, and so 

mutagenesis may be predominantly due to end-processing rather than ligation. The rate 

of error-free NHEJ repair of compatible ends has been noted to be as high as 75%. This is 

likely an underestimate as, in the absence of a donor template, a correctly repaired DSB 

would be continually recut by the Cas9/sgRNA complex until an indel disrupts the target 

site – making detection of mutations inherently more likely (reviewed by Bétermier et al., 

2014). 

In the ObLiGaRe (obligate ligation-gated recombination) system, heterodimeric ZFNs are 

utilised to cleave genomic and donor DNA with compatible overhangs that can be readily 

ligated (Maresca et al., 2013). A surprisingly high level of precision was observed using 

this method of gene knock-in, with 75-100% of integration junctions indel-free (Maresca 

et al., 2013, Yamamoto et al., 2015, Yamamoto and Gerbi, 2018).  

Suzuki et al. (2016), developed a similar system based around CRISPR-Cas induced blunt 

DSBs. Homology-independent targeted integration (HITI) enables preferential integration 

of a transgene in the desired direction through strategic orientation of sgRNA target sites 

flanking the donor sequence (Fig. 3.1). When tested in vitro, HITI gene knock-in was 

approximately 10 fold more efficient than HDR, with only 2.1% of HITI integrations in the 
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wrong orientation. In addition, the majority of knock-in events (~75-90%) were free of 

indels at the ligated junctions (Suzuki et al., 2016, Yamamoto and Gerbi, 2018).  

In vivo efficiency of HITI-based gene knock-in was demonstrated to be 10.6% in cortical 

neurons two weeks after stereotaxic injection of a dual AAV vector platform. This strategy 

was then adapted to rescue retinal degeneration in the RCS rat model of MERTK-

associated ARRP (Fig. 3.2). Although editing efficiency was not quantified in retinal cells, 

Mertk mRNA expression was restored to 4.5% of the WT level in eyes subretinally injected 

with AAV-HITI vectors. This translated to significant increases in ONL thickness and outer 

retinal ERG responses. In comparison, eyes treated with AAVs to mediate HDR-based 

gene correction of the deletion did not vary significantly from untreated controls. 

Interestingly, the end-joining precision rate (% indel-free sites) was 96% at the 3’ junction 

but 32% at the 5’ junction in treated retinas (Suzuki et al., 2016). It is possible that 

precision of integration varies depending on the locus targeted, cell type context and 

delivery system used. However, 100% fidelity may not be necessary when knocking a 

sequence into a non-coding region, as long as care is taken to avoid disruption of key 

regulatory and splicing motifs. As previously mentioned, a gene editing therapeutic 

capable of inducing deletions, inversions and indels in an intronic region is currently in 

clinical trial (Maeder et al., 2019). 

HITI-based knock-in thus appears to be a promising strategy for correction of IRD-causing 

variants. Indeed, subsequent studies exploring HITI-mediated editing of other RP-related 

genes are beginning to yield results (Llado Santaeularia et al., 2019)23(Chou et al., 2020). 

A summary of studies to-date that have used gene-editing strategies to edit IRD-related 

genes in vivo is provided in Table 3.1. Several other studies have used CRISPR-Cas to 

examine the effects of IRD allele correction/nullification in cells stably transfected with a 

pathogenic allele (Panagiotopoulos et al., 2020) or patient-derived fibroblasts (Fuster-

García et al., 2017), iPSCs (Burnight et al., 2017)(Huang et al., 2019, Bohrer et al., 2019, 

Sanjurjo-Soriano et al., 2020), iPSC-RPE (Sinha et al., 2020) and retinal organoids (Deng et 

al., 2018).24 

 
23 Llado Santaeularia et al. 2020 is a conference abstract (not peer-reviewed). 
24 Note: in this paper, CRISPR-Cas was used to correct a mutation in an iPSC line before differentiation to 
retinal organoids. 



150 
 

 

 

Figure 3.1. Schematic of HITI-based gene knock-in using a plasmid donor sequence. 

SgRNA target sites are depicted as blue pentagons, which are split into rectangles and triangles by 

a black line representing the cut site (3 bp upstream of the PAM). The sgRNA target site in 

genomic DNA is included in reverse orientation in the donor plasmid. A SpCas9/sgRNA complex 

cuts the chromosomal and plasmid target sequences. The linearised donor sequence is inserted 

into the genomic DSB via NHEJ ligation. If the donor is integrated in the wrong orientation, the 

sgRNA target sites are reformed and recut so that the sequence can be continually freed until it is 

inserted in the desired direction or an indel disrupts a target site. GOI = gene of interest. 

Figure reproduced from Suzuki and Izpisua Belmonte, 2018.  
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Figure 3.2. Schematic of HITI-based gene correction using a dual AAV platform. 

(a) Wild-type and mutated alleles of the Mertk gene are shown. In the RCS rat model of RP, exon 2 

is skipped due to a 1.9 kb deletion that includes part of exon 2 and its splice acceptor site. The 

selected sgRNA target site in intron 1 is depicted as a blue pentagon, which is split by a black line 

representing the cut site. 

(b) A SpCas9 expressing vector (AAV-Cas9) is combined with AAV-rMertk-HITI, which contains a 

sgRNA expression cassette, a sgRNA target site-flanked exon 2 replacement sequence (including 

appropriate splice sites) and a GFP reporter expression cassette. After cleavage of the genomic 

and AAV target sites, the donor exon 2 is inserted into intron 1, restoring correct splicing of 

Mertk. 

GFP is fused to the KASH nuclear transmembrane domain that leads to outer nuclear membrane 

localisation. Black half arrows represent primers used to amplify the edited genomic region. 

Figure reproduced from Suzuki et al. 2016, with slight modification. 

  



Study Gene Model Strategy Editing results 

Bakondi et al., 

2016 

Rho S334ter-3 rat. Specific knock-out of S334ter allele. SpCas9 + 

sgRNA in plasmid. 

Editing efficiency: ~35% in transfected area. Increased PR 

no. and OKR in treated eyes. 

Latella et al., 

2016  

RHO Humanised P23H 

mouse. 

Specific knock-out of P23H allele. SpCas9 + 2 

sgRNA in plasmid. 

Editing efficiency: ~18% in transfected area. 

Li et al., 2018  Rho P23H mouse. Specific knock-out of P23H allele. SpCas9-VQR 

+ sgRNA in plasmid. 

Editing efficiency: 45% in transfected area. Increased ONL 

thickness. 

Tsai et al., 

2018  

Rho P23H and D190N mice. Ablation of both WT and mutant mRho, 

combined with supply of WT hRHO. SpCas9 + 

2 sgRNA + hRHO expression cassette. Dual 

AAV2/8 system. 

Editing efficiency: not quantified. 

Giannelli et 

al., 2018  

Rho P23H mice. Specific knock-out of P23H allele. SpCas9-VQR 

+ sgRNA. Plasmid electroporation (subretinal) 

or dual AAV9.PHP.B injection (intravitreal).  

Editing efficiency: Plasmid electroporation: 77-88% in 

transfected area. Increased ONL, longer OS. 

AAV transduction: 50% in highly transduced regions; 3% 

overall. 

Ruan et al., 

2017  

Cep290 WT mice. Deletion of intronic region corresponding to 

IVS26 mutation. SpCas9 + 2 sgRNA in dual 

AAV2/5 system.  

Editing efficiency: ~20% of retina. (4 wk PI). 

Maeder et al., 

2019  

CEP290  Humanised CEP290 

IVS26  mice, WT NHPs. 

Deletion or inversion of IVS26 intronic region. 

SaCas9 + 2 sgRNA in single AAV2/5. 

Editing efficiency: >10% of retina in mouse model. Up to 

30% in NHPs with sgRNAs targeting region corresponding to 

human mutation. (6 wk PI). 
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(Burnight et 

al., 2017) 

 

RHO Humanised P23H pig. Allele-specific knock-out of RHO P23H. SaCas9 

+ sgRNA in single AAV2/5. 

Editing efficiency: ~2% of retina overall. (3 wk PI). 

(Cai et al., 

2019) 

Pde6b rd1 mouse. HDR correction. SpCas9 or SpCas9/RecA + 

sgRNA in plasmid + ssODN. 

Editing efficiency: not quantified. SpCas9: no PDE6B 

expression detected. SpCas9/RecA: Restored PDE6B 

protein to 2% WT level. Increased photoreceptor survival 

and improved ERG response relative to Cas9 treated eyes. 

(Vagni et al., 

2019) 

Pde6b rd10 mouse. HDR correction. SpCas9 in plasmid + ssODN. Editing efficiency: 0.2% of retina. Improved OKR and ERG 

response. 

(3 mth PT). 

(Suzuki et al., 

2016) 

Mertk RCS rat. HITI to knock-in corrected exon. SpCas9 + 

sgRNA + donor in dual AAV2/8 system.  

% not quantified. MERTK mRNA restored to 4.5% WT level. 

ONL thickness and ERG responses improved. (4-5 wk PT) 

(Jo et al., 

2019) 

Rpe65 rd12 mouse.  HDR correction. SpCas9. Dual AAV2/2 system. ~1% HDR and 1.6% NHEJ in-frame deletion of PTC in RPE 

cells. Improved ERG response. (7 mth PT) 

(Suh et al., 

2020) 

Rpe65 rd12 mouse. Base editing. Adenine base editor + sgRNA in 

lentivirus. 

Editing efficiency: 16% of RPE cells. Improved OKR, VEP and 

ERG response. (5 wk PT). 

(Chou et al., 

2020) 

RS1 WT mice. HITI knock-in of RS1-GFP into Rosa26 safe 

harbour. Cas9 + sgRNA + donor in 2 plasmids 

delivered via nanoparticles (intravitreal). 

Editing efficiency: not quantified. 

(Nishiguchi et 

al., 2020) 

Gnat1 Gnat1IRD2/IRD2; 

Pde6ccpfl1/cpfl1 mouse. 

Deletion of mutated intronic region and 

replacement via HITI or MMEJ. SaCas9 + 2 

sgRNAs + donor in dual AAV2/8 system. 

Editing efficiency: HITI: 4.5% of rods. 

MMEJ: 11.1% of rods. Improved OKR, VEP and ERG 

response. (1 mth PT). 
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(Hu et al., 

2020) 

Rpgr Rpgr -/y; SpCas9+/WT 

mouse. 

HDR correction SgRNA and donor supplied via 

dual AAV2/8 system. 

Editing efficiency: 

1 mth PT: 0% 

6 mth PT: 85%. Increased ONL thickness in treated area. 

Table 3.1. In vivo CRISPR-Cas9 editing of IRD-related genes. 

Strategies to correct IRD-causing alleles via somatic gene editing published to-date are summarised. Plasmid vectors were electroporated and 

AAV vectors were administered subretinally unless otherwise specified. Depending on the paper, gene editing efficiencies are expressed as a 

proportion of transfected/transduced cells, as a percentage of  the total number of a particular cell-type, or as a proportion of a whole retinal 

sample. PT = post treatment; MMEJ = microhomology-mediated end joining (will be discussed in section 3.4.4); ssODN = single-stranded donor 

oligonucleotide; SpCas9-VQR = modified Cas9 protein with altered PAM; SpCas9/RecA = co-delivery of Cas9 and Recombinase A; VEP = visual 

evoked potential. 

 



 

3.2.2 Suppression and replacement in rhodopsin-linked RP 

HDR, base editing and prime editing may prove to be feasible approaches for correction 

of pathogenic point mutations or mutation hotspots in IRD genes. However, each 

targeted treatment would need to be independently validated. A mutation-independent 

strategy would circumvent this issue, maximising the patient population that could 

benefit from a single treatment.  

One way of achieving this would be to knock-in a replacement ‘mini-gene’ (CDS and 

poly(A) signal) into the 5’UTR of a pathogenic allele, before the endogenous start codon. 

This should, in principle, effectively hijack the gene’s promoter to drive expression of a 

wild-type CDS and prevent transcription of the mutant allele. This one-step suppression 

and replacement strategy would be applicable to all mutations downstream of the start 

codon in a given gene, both dominant and recessive. In the case of genes too large for 

AAV-delivery of a full mini-gene, a partial mini-gene or ‘super-exon’ (including a 5’ splice 

acceptor site) could be inserted into an intronic region, as previously proposed to correct 

Cystic Fibrosis-causing CFTR alleles (Harrison et al., 2018). As discussed, HDR is not as 

efficient as NHEJ in post-mitotic cells, and this efficiency would likely further decrease 

with increasing template length (Li et al., 2014). The requirement for long homology arms 

(~0.5-2kb) to achieve knock-in of a transgene (Yamamoto and Gerbi, 2018), may also 

challenge the cargo capacity of AAV. In contrast, HITI could provide a relatively 

straightforward and efficient means of enacting a suppression and replacement strategy.  

We decided to explore a 5’UTR mini-gene insertion strategy in the context of rhodopsin-

associated RP. Rhodopsin was the first gene to be linked to autosomal dominant RP 

(McWilliam et al., 1989, Farrar et al., 1990, Dryja et al., 1990) and since then at least 195 

different pathogenic mutations have been identified in this gene25. Combined, these 

variants account for 20-30% of ADRP cases and are also more rarely linked to ARRP or AD 

congenital stationary night blindness. Rhodopsin is a 348aa G-protein coupled receptor 

(GPCR) with a photon-absorbing chromophore (11-cis-retinal) that plays an essential role 

in the process of phototransduction (outlined in section 1.1.3). Dominant rhodopsin 

mutations act in a dominant negative or toxic gain of function manner. These mutations 

can result in protein misfolding or alterations in protein trafficking, stability, ability to 

 
25 http://www.hgmd.cf.ac.uk/ac/gene.php?gene=RHO [accessed: 11/11/20] 

http://www.hgmd.cf.ac.uk/ac/gene.php?gene=RHO
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dimerise or activate transducin, or give rise to a constitutively active protein. With several 

possible avenues of dysfunction, it is not surprising that clinical severity can vary 

substantially depending on the variant implicated (Athanasiou et al., 2018). 

A variety of animal RHO-ADRP models have been generated (reviewed by Hafezi et al., 

2000, Rossmiller et al., 2012). Our group maintains a colony of the humanised RHO P347S 

mouse (Li et al., 1996), which models one of the more clinically severe forms of ADRP. C-

terminus mutations such as P347S are thought to impede trafficking of rhodopsin to the 

OS. The resulting accumulation of mutant protein in inner segment compartments may 

compromise OS renewal and saturate the cell’s degradation pathways (Athanasiou et al., 

2018). In RHO P347 mice, mutant rhodopsin protein is mainly localised in the OS. 

However, outer segments are shortened and an abnormal accumulation of rhodopsin-

containing vesicles is evident around the IS/OS junction. Photoreceptor degeneration is 

quite rapid in this model; at 1 month of age an ERG deficit is evident and just 4-5 lines of 

photoreceptor nuclei remain, compared to ~12 rows of nuclei in control mice. By 4 

months of age, the ONL is reduced to 1-2 lines of cells (Li et al., 1996). 

The mutation-independent strategy of genetic suppression and replacement was 

originally envisioned to comprise a suppression effector, such as antisense RNA or a 

ribozyme, targeted to both alleles of a gene (pathogenic and wild-type) in combination 

with a replacement DNA sequence immune to suppression (Farrar et al., 2006, Millington-

Ward et al., 1997). This approach was tested in the RHO P347S mouse model by 

subretinally injecting two AAV vectors expressing (i) a short hairpin RNA (shRNA) targeting 

RHO and (ii) a RHO replacement cDNA made suppression-resistant by introduction of 

silent mutations at wobble bases. ONL thickness, photoreceptor structure and ERG 

response were improved in treated retinas for a period of at least 5 months (Millington-

Ward et al., 2011). This therapeutic strategy, termed RhoNova, was later acquired by 

Spark Therapeutics26.  

A subsequent study demonstrated rescue of a RHO T47R canine model using a single AAV 

suppression-replacement system (Cideciyan et al., 2018). A two-part suppression-

replacement strategy is complicated by the need to achieve a sufficient level of RNAi 

knockdown without expressing the replacement gene to a toxic level. Overexpression of 

 
26 https://sparktx.com/press_releases/spark-therapeutics-announces-acquisition-of-genable-technologies/ 
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wild-type rhodopsin has indeed been shown to be retinotoxic in some cases (Olsson et al., 

1992). Considering this, it is possible that a dual AAV shRNA/cDNA platform would be 

advantageous, as it would allow more scope for fine-tuning the expression levels of these 

components. Alternatively, a HITI one-step suppression-replacement approach would 

circumvent this issue – enabling an endogenous level of transgene expression with 

simultaneous repression of the pathogenic allele. 

3.2.3 Objectives of chapter 3 

This chapter explores the feasibility of using HITI gene editing to insert a mini-gene into 

the 5’UTR of the human rhodopsin gene. Here, the efficiency of EGFP knock-in (Fig. 3.3) 

was evaluated, with a view to ultimately inserting a rhodopsin replacement mini-gene at 

this locus. At this early stage of the project, the goals were to: 

I. Select appropriate Cas9/sgRNA target sites within the RHO 5’UTR. 

II. Construct a dual AAV platform for delivery of all components necessary for EGFP 

knock-in at a chosen target site. 

III. Assess the in vivo efficiency of this gene editing system in photoreceptors of the 

humanised RHO P347S murine model. 
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Figure 3.3. Schematic of a HITI strategy for EGFP knock-in to the RHO 5’UTR. 

A SpCas9/sgRNA target (red pentagon) is selected in the 5’UTR of the human rhodopsin sequence. 

An EGFP mini-gene HITI donor sequence is synthesised with flanking target sites in the reverse 

orientation to that of the genomic site, and supplied via AAV. Cas9 and sgRNA, expressed by a 

separate AAV, form a complex (depicted as scissors) and cut each of the target sites. Cut sites are 

depicted as black lines through the pentagons. The EGFP minigene is then integrated into the DSB 

in the RHO 5’UTR via NHEJ. As in Fig. 3.1, the integration junctions should be cleaved until the 

mini-gene is inserted in the correct direction or an indel abolishes a target site.  
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3.3 Results 

3.3.1 Guide RNA design 

To implement the gene-editing strategy illustrated in Fig. 3.3, it was necessary to establish 

a panel of guide RNAs27 capable of targeting the RHO 5’UTR region. Before screening 

potential gRNA sites, it was prudent to first test for sequence variation across the various 

models to be utilised in this study. Genetic drift is always a concern when working with 

isolated animal colonies and frequently passaged cell lines. It was therefore important to 

check for variation in the mouse colonies and cell lines in use by our lab. A 1.4kb region 

upstream of the rhodopsin start codon was sequenced in P347S mice and HEK 293 cells, 

and results were compared to a reference human sequence (RefSeqGene: NG_009115.1; 

NM_000539). Very little variation was observed between the three sequences – none of 

which occurred in the 5’UTR region (a sequence alignment is shown in Appendix 3). 

Additionally, it was important to examine polymorphism in this region across human 

populations to ensure a broad utility for any potential future therapeutic arising from the 

study. Variants with allele frequencies of 0.01 or greater are typically classed as 

polymorphisms (Genomes Project et al., 2010). By examining the Genome Aggregation 

Database (gnomAD) v3 dataset (Karczewski et al., 2020), it was determined that two 

single nucleotide polymorphisms (SNPs) were present in the 5’UTR region of interest: c.-

51G>A/T (RefSNP: rs2269736) and c.-26A>G (rs7984) variants with allele frequencies of 

0.0817 and 0.3806, respectively. Both polymorphisms were classified as benign in the 

ClinVar database (NCBI). 

A panel of 10 guide RNA target sites in, or close to, the rhodopsin 5’UTR were chosen (Fig. 

3.4). Target sites selected were 18 or 20nt long, with a SpCas9 PAM site (5’-NGG-3’) 

directly adjacent to the 3’end. While a length of 20nt is typical for the targeting region of 

a gRNA (henceforth termed crRNA), there is evidence to suggest that shortening the 

crRNA to 17-19nt can increase specificity without compromising on-target efficiency (Fu 

et al., 2014). This finding is somewhat counterintuitive, as one would expect longer 

sequences to have fewer potential off-target sites. Indeed, predicted off-target sites for 

18nt guides were considerably more numerous than those of 20nt sequences (Table 3.2). 

However, it is proposed that the reduced DNA-binding energies of shorter RNA sequences 

 
27 Note: all guide RNAs (gRNAs) referred to in this section are single guide RNAs (sgRNAs) 
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leads to preferential binding to fully complementary sites. Guide on-target efficiency 

could also be estimated for this panel, as large libraries of sgRNAs have been screened in 

order to develop algorithms to predict gRNA efficiency based on sequence features 

(Doench et al., 2016). 

Additionally, potential downstream issues were flagged for certain gRNAs. For example, 

the target site of gRNA9 includes the TATA box of the rhodopsin promoter. Binding of a 

gRNA9/Cas9 complex might therefore be impaired by the presence of transcription 

factors or, conversely, obstruct transcription. Several of the gRNA target sites selected 

also include one of the SNPs identified. This would be especially disruptive where a SNP 

falls within the seed region of the site, as in gRNAs 1 and 24. In the case of gRNA 26, a 

SNP changes the PAM from AGG to CGG, which could actually increase targeting 

efficiency as CGG sites appear optimal (Doench et al., 2014). 

  



161 
 

  

Figure 3.3. Schematic of selected RHO gRNA target sites. 

Relevant components of the human rhodopsin gene are shown: TATA box of the core promoter 

sequence (green), 5’UTR (purple), start of exon 1 (blue) and high frequency variants (red). Guide 

RNA sequences are shown above sense or below antisense DNA, depending on which strand they 

target. Double-stranded breaks that would result from gRNA/Cas9 targeting are shown as black 

lines through the genomic sequence. 
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gRNA 

name 

Target 

region 

Length 

(nt) 

No. potential off target sites per 

no. mismatches (1, 2, 3, 4) 

 

Predicted 

efficiency 

(%) 

Potential issues 

R1 5’UTR 20 Human: (0, 0, 5, 104)  

Mouse: (0, 0, 3, 93) 

24.24 SNP in central 

target site 

R2 5’UTR 20 Human: (0, 1, 3, 75)  

Mouse: (0, 0, 6, 83) 

50.97 SNP in PAM-

distal target site 

R8 5’UTR/ Exon 

1 

20 Human: (0, 1, 9, 197) 

Mouse: (0, 1, 12, 147) 

50.01 Cuts within start 

codon 

R9 Upstream 

of 5’UTR 

20 Human: (0, 1, 8, 115) 

Mouse: (1, 2, 7, 73) 

32.1 Binds to TATA 

box 

R21 5’UTR 18 Human: (1, 10, 154, 1455) 

Mouse: (1, 16, 129, 1393) 

41.33  

R22 5’UTR 18 Human: (0, 25, 225, 2238) 

Mouse: (1, 13, 181, 1523) 

44.41  

R23 5’UTR 18 Human: (1, 25, 250, 2334) 

Mouse: (0, 17, 201, 2079) 

40.67  

R24 5’UTR 18 Human: (0, 3, 65, 1166) 

Mouse: (0, 3, 52, 735) 

33.55 SNP in central 

target site 

R25 5’UTR 18 Human: (0, 6, 81, 863) 

Mouse: (0, 5, 57, 632)  

61.3 SNP in PAM-

distal target site 

R26 5’UTR 18 Human: (0, 5, 100, 1027) 

Mouse: (0, 3, 67, 620) 

56.8 SNP in 1st nt of 

PAM 

Table 3.3. Rhodopsin guide RNA panel. 

Factors for consideration of gRNA suitability are presented. Off-target sites were predicted 

using the Cas-OFFinder tool (Bae et al., 2014). They are listed in terms of number of predicted 

sites per number of mismatches. For example, (0, 0, 5, 104) signifies 0 off-target sites with 1 or 

2 mismatches, 5 off-target sites with 3 mismatches and 104 off-target sites with 4 mismatches 

etc. Off target screening was completed using GRCh38/hg38 and mm10 genome assemblies. 

On-target efficiency scores were calculated using CHOPCHOP (Labun et al., 2019). Note: the 

algorithm used to calculate targeting efficiency was developed using data from 20 nt  target 

sequences. As efficiency is apparently not reduced when crRNAs are shortened to 18 nt (Fu et 

al., 2014), on-target efficiency scores were calculated for 20nt crRNA sequences in all cases.  
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3.3.2 Assessment of efficiencies of RHO 5’UTR sgRNA target sites 

Once the target site designs had been finalised, gRNAs were synthesised by in vitro 

transcription (IVT), complexed with SpCas9 and transfected into HEK 293 cells. Targeting 

efficiency could then be determined using an enzyme mismatch cleavage (EMC) assay. In 

this method, potentially edited sites are amplified, denatured and slowly reannealed to 

encourage formation of heteroduplexes at indel sites where NHEJ has occurred. 

Heteroduplex regions can be cleaved by T7 endonuclease I (T7EI) or CELII nuclease and 

the products are then separated on agarose gels. The proportion of edited amplicon can 

be estimated by comparing intensity of cleaved fragments to uncut ‘parental bands’, as 

described by Guschin et al. (2010).  

EMC assays thus provide a faster, more economical means of assessing gene modification 

rates in sample cell populations when compared to analysis of Sanger sequencing data 

with algorithms such as TIDE (Brinkman et al., 2014) or ICE (Hsiau et al., 2018). The ability 

of CELII (also known as Surveyor Nuclease) to recognise and cleave single base pair 

substitutions is well-established. However, it is outperformed by the T7EI bacterial 

resolvase when it comes to detecting heteroduplex bulges formed at indel sites >2bp. In 

addition, the 5’exonuclease activity of CELII generates a higher level of non-specific 

background as a result of degraded DNA fragments (Vouillot et al., 2015). 

It was therefore decided to proceed with a T7EI EMC assay for assessment of editing 

efficiency with the selected RHO gRNA panel. The test was initially performed with gRNAs 

R1, 2, 8 and 9. A positive control gRNA known to successfully target the HPRT 

housekeeping gene was also included and confirmed that the gRNA synthesis and 

transfection protocols were successful. A commercial indel-containing DNA template 

functioned as an additional positive control during the T7EI cleavage tests. The RHO gRNA 

target sites of interest, however, did not appear to contain indels (Fig. 3.5.A and B). 

This result was not entirely unexpected. Rhodopsin is, afterall, a rod-specific protein and 

its heterochromatic state in HEK 293 cells may render it inaccessible to gRNA/Cas9 

ribonucleoproteins. Chromatin state has been demonstrated to influence Cas9 binding in 

several studies. Binding of gRNA/dCas9 at off-target sites was observed to be highly 

correlated with chromatin accessibility (Wu et al., 2014). Targeting of transcriptional 

activator proteins to silenced genes to induce chromatin remodelling has been shown to 

improve Cas9 activity (Daer et al., 2017, Daer et al., 2020), as has fusion of chromatin-
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modulating peptides to the Cas9 protein (Ding et al., 2019). In contrast to results obtained 

with RHO gRNAs, gRNA/Cas9 RNPs targeting the ubiquitously expressed RP2 gene 

produced clear cleaved bands when the T7EI assay was performed (Fig. 3.5.C). 

To circumvent the issue of chromatin state, a modified gRNA efficacy test was devised 

whereby a plasmid containing the RHO section of interest was transfected into cells 

before the gRNA/Cas9 complexes. This exogenous copy of the target region should be 

more readily accessible for editing. While euchromatin-associated DNA would of course 

be preferable to a naked plasmid substrate, this test would at least provide a platform to 

compare activity of the selected gRNAs in a cellular context. Development of this assay 

was also faster than the alternative strategy considered, whereby the RHO target region 

would be stably integrated into a safe harbour site such as AAVS1. 
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Figure 3.5. T7EI mismatch cleavage tests to assess gRNA editing efficacy. 

CRISPR/Cas9 target sites in RHO (A and B) and RP2 (C) were examined for signs of successful 

gene-editing using the T7EI indel detection assay. HEK 293 cells that had been transfected with 

gRNA/Cas9 RNPs were lysed, and the relevant genomic regions were amplified. Heteroduplexes 

were formed and incubated with T7EI, and the resultant DNA fragments were separated on 2% 

agarose gels. A gRNA known to successfully target the HPRT gene (H) functioned as a positive 

control. For each sample, reactions were set up with (+) and without (-) the T7EI enzyme. 

Amplicons of a commercial heteroduplex template (C) functioned as an additional positive 

control for the cleavage assay. 

(A) ‘Parental’ amplicon bands are visible in all lanes. Additional cleaved bands are evident in 

positive control C+ and H+ samples. Samples that had been transfected with gRNAs targeting rod-

specific RHO (R1, 2, 8, 9) did not produce T7EI-cleaved bands.  

(B) The test in (A) was repeated, this time with the addition of a ‘no gRNA’ (N) transfection 

control. Cleaved bands are again visible in the H+ control, though less clear in this run. Very faint 

cleaved bands can also be seen in the R2+ sample. Some non-specific T7EI cleavage is evident in 

the gRNA negative control (N+) and most (+) reactions. Note: two lanes in the second gel in (B) 

have been blacked out as they contained samples irrelevant to this test. 

(C) The protocol was carried out with gRNAs targeting the ubiquitously expressed RP2 gene (1-4) 

for comparison. All gRNACas9-transfected samples yielded clear, specific cleavage bands of 

expected size. 
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A 610bp segment of the RHO sequence encompassing all target sites was amplified and 

cloned into pcDNA3.1+ (Fig. 3.6). Short GFP sequences were inserted either side of the 

plasmid RHO copy to enable its specific amplification and distinction from the 

endogenous sequence during indel detection tests. A GFP-flanked HPRT plasmid was also 

constructed in parallel. This positive control was essential in validating the modified 

assay, as it was initially uncertain whether DSB formation would cause plasmid DNA to 

undergo NHEJ or simply degrade in a cellular context. If indels were successfully detected 

in the HPRT plasmid, induced by an established functional gRNA, then results relating to 

the RHO plasmid could be confidently interpreted. 

The plasmid-based target efficiency assay functioned well, as demonstrated by cleavage 

of DNA amplified from exogenous HPRT. Indels were also detected in the majority of RHO 

target sites (Fig. 3.7). Densitometry was used to quantify cleaved band intensity relative 

to parental bands and gene editing efficiency was estimated following the method 

outlined by Guschin et al. (2010). gRNAs R1 and 2 performed better in the plasmid 

mismatch cleavage assay than in the original test, while samples treated with R8 and R9 

RNPs still displayed no signs of editing. The second batch of RHO gRNAs (R21-26) yielded 

better results still, with all except R26 producing higher editing efficiencies than the HPRT 

positive control. 
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Figure 3.6. Plasmids used in gRNA editing efficiency tests. 

Regions containing the (A) HPRT and (B) RHO target sites to be assessed are shown in red, 

flanked by short GFP sequences (green). Restriction sites used in the cloning of these 

constructs are highlighted – BglII and EcoRV in (A), EcoRV and XbaI in (B). 

To synthesise these constructs, RHO and HPRT fragments were amplified from HEK 293 

DNA using primers that consisted of a 20bp hybridisation region, 20bp GFP primer 

sequence and an appropriate restriction site. These restriction sites were used to clone the 

PCR products into a pcDNA3.1+ backbone. The GFP primer sites (GFP F and R) could then 

be used for specific amplification of exogenous target regions. 
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Two RHO gRNAs were chosen to proceed with to the next stage of this study. R22 and 23 

both had relatively high editing efficiencies (22.76% and 23.14%, respectively; n = 2). 

However, R22 was chosen because of its lower level of standard deviation. R21 was then 

ruled out because of its close proximity to R22. Finally, R25 was selected over R24 

because, while both sites were affected by SNPs (Fig. 3.3), the variant was positioned 

more distally to the PAM site in R25 and might therefore be better tolerated (Zheng et al., 

2017). It was additionally confirmed that gR22 and gR25 were human-specific and would 

not be predicted to induce DSBs at corresponding murine sequences due to sequence 

deviation (Fig. 3.8). 

 

Figure 3.7. A plasmid-based mismatch detection assay to assess RHO gRNA editing efficacy. 

pHPRT or pRHO5UTR plasmids were transfected into HEK 293 cells alongside gRNA/Cas9 RNPs. 

After amplification with GFP primers, gene editing at target sites in the exogenous sequences was 

assessed via T7EI mismatch cleavage. 

T7EI reactions on samples treated with gRNAs targeting HPRT (H), RHO (R1, 2, 8, 9, 21-26)  or no 

gRNA (N) were analysed on 2% agarose gels. An indel-containing template functioned as an 

additional cleavage positive control (C). Each sample was given a reaction with T7EI (+) and an 

enzyme-free negative control reaction (-). 

(A) Clear cleavage bands are evident in all RHO gRNA samples except R8 and 9. 

(B) The results of R21-26 were replicated. 

(C) Gene editing efficiencies at the various target sites were estimated using the widely used 

method described by Guschin et al. (2010). Densitometry was performed using Fiji. R1-9: n = 1; 

R21-26: n = 2, HPRT: n = 3. Values shown for R21-26 and HPRT are means ± SD. 
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Figure 3.8. Alignment of human and murine Rhodopsin 5’UTR sequences. 

The relevant RHO region (hRHO) was aligned with the equivalent 129S1/SvlmJ sequence 

(129_Rho). R22 and R25 sites are highlighted in yellow and PAM sites are underlined in 

red. Multiple mismatches are evident in each target site. Importantly, neither region in the 

murine sequence has a canonical SpCas9 PAM site. 

RHO: RefSeqGene NG_009115.1 

Rho: MGP_129S1SvImJ_G0031159 
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3.3.3 Construction of HITI vectors 

As outlined in the introduction, an AAV-delivered HITI gene-editing strategy would 

require two vectors – a Cas9-expressing AAV, alongside another ‘HITI’ vector containing a 

gRNA expression cassette and donor sequence for integration. The aim of this initial study 

was to determine the in vivo gene-editing efficiency of this strategy when targeting RHO 

5’UTR regions. Hence, an EGFP reporter gene integration sequence was chosen, while a 

separate DsRed expression cassette was included to function as a transduction control. 

Separate AAV-HITI plasmids were constructed to express the R22 and R25 gRNAs. A 

negative control plasmid was also synthesised, in which the crRNA sequence of R25 was 

reversed. This non-targeting gRNA is referred to as gR25X. Sequences of the final gRNA 

panel and relevant information are outlined in Table 3.4. To make these vectors, a ‘HITI 

insert’ was synthesised over the course of four PCR reactions (Fig. 3.9) and then cloned 

into a DsRed-expressing AAV plasmid (Fig. 3.10.A). 

The DsRed plasmid backbone chosen was a modified version of the pAAV-CMV-

DsRedExpress2 plasmid previously described by Palfi et al. (2012). A spacer sequence was 

inserted before the CMV promoter to provide adequate distance between the DsRed 

expression cassette and the inserted U6-gRNA and EGFP elements - to enable adequate 

expression of all elements of the construct. An innocuous 206 bp region of the human 

ubiquitin C (UBC) 5’UTR was selected as the spacer element, having previously been used 

for this purpose in other constructs synthesised by the Farrar lab. 

Resulting pAAV-HITI candidate clones were screened with a restriction enzyme digest test 

(Fig. 3.10.B) and the inserted regions in chosen clones were fully Sanger sequenced. AAV-

HITI plasmids were confirmed to express gRNAs when transfected into HeLa cells and 

evaluated by RT-qPCR (Fig. 3.10.C). AAV constructs were then packaged into AAV2/8 

virions using the method described in section 2.5.9. The functionality of viral preparations 

were confirmed in vitro, by verifying DsRed protein expression in transduced cells (Fig. 

3.10. D). 
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gRNA crRNA sequence 

(5’ to 3’) 

Genomic target 

site 

AAV target site No. predicted off-targets 

gR22 GCCACTCAGGG

CTCCAGC 

CCAGCTGGAGCCC

TGAGTGGC 

GCCACTCAGGGCT

CCAGCTGG 

Human: (0, 25, 225, 2238) 

Mouse: (1, 13, 181, 1523) 

gR25 GCCACGGGTCA

GCCACAA 

GCCACGGGTCAG

CCACAAGGG 

CCCTTGTGGCTGA

CCCGTGGC 

Human: (0, 6, 81, 863) 

Mouse: (0, 5, 57, 632) 

gR25X TTGTGGCTGACC

CGTGGC 

N/A CCGTTGTGGCTGA

CCCGTGGC 

Human: (0, 3, 79, 900) 

Mouse: (0, 5, 54, 727) 

Table 3.4. gRNAs selected for use in this study and their target sites.  

crRNAs and their genomic target sites are shown. PAM sites are highlighted in red. As illustrated 

in Fig 3.3, to facilitate integration of an insert in the correct orientation, target sites in the AAV 

construct must be designed in the opposite direction to their genomic counterpart. Predicted 

off-target sites for each gRNA are summarised. None of these sites were located in the human or 

murine rhodopsin genes. Note: gR25X cannot cleave the RHO 5’UTR or the synthetic target sites 

in its AAV vector. 
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  Figure 3.9. Synthesis of the HITI insert. 

A strategy for construction of a cloneable insert including the necessary components for HITI 

gene editing is illustrated. Four different PCR reactions were required to achieve this.  

Primers are shown as arrows, in which blue regions anneal to templates and red sections 

represent new sequences added during the PCR reaction. 

In PCR 1, the U6 promoter sequence (white) was amplified from PX552 (Addgene). A 5’ NheI 

restriction site (red) and 3’ crRNA sequence (blue) were added during this reaction via non-

annealing primer ends. 

Next, a tracrRNA scaffold sequence (blue) was amplified from the same plasmid template, with a 

5’ crRNA sequence added. An arbitrary ‘overlap’ sequence (black) was also added onto the 3’ end 

of this amplicon to ensure a region of homology would be shared with the product of PCR 3. 

For the third PCR, an EGFP CDS (green) and minimal poly(A) sequence (grey) was amplified from 

pSV40-EGFP (Fig. 3.11). gRNA target sites (purple) were added to flank either side of the EGFP 

mini-gene, in addition to a 5’ ‘overlap’ sequence and 3’ SpeI restriction site (red). 

The crRNA and ‘overlap’ homologous regions enabled joining of the three PCR products and 

amplification of the full insert sequence in the fourth and final PCR reaction. 

Representative gels show PCR products obtained at each of the stages, alongside no-template 

control (NTC) reactions. For PCRs 1-4, the desired amplicon lengths were 277, 148, 900 and 1305, 

respectively. Correct PCR products were gel purified before subsequent cloning steps. 
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Figure 3.10. Cloning and validation of HITI vectors (cont.) 
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Figure 3.10. Cloning and validation of HITI vectors (continued). 

A) Plasmid maps are shown to illustrate the HITI vector cloning process. During amplification of a 

UBC spacer/linker sequence, MluI sites were also added at each end to enable cloning into a 

pAAV-DsRed backbone, forming a pAAV-UBC-CMV-DsRed intermediate construct. NheI and SpeI 

sites were also added to the 5’spacer during amplification to facilitate future addition of HITI 

inserts (Fig. 3.9), creating pAAV-HITI vectors.  

B) Possible pAAV-HITI clones were screened with a NheI/SpeI digest test as these restriction sites 

would only reform in plasmids in which a HITI insert was incorporated in the correct orientation. 

Tests of 4 clones are shown – each cut plasmid (C) is run alongside an uncut (U) control. Cut 

bands of 1291 and 5646 bp indicate that plasmids 1 and 3 are correct constructs. 

(C) The capacity of pAAV-HITI constructs to express gRNAs was confirmed by RT-qPCR after 

transfection into HeLa cells. Cells transfected with pAAV-UBC-CMV-DsRed functioned as a 

negative control. Expression levels of gRNAs from HITI plasmids are shown relative to negative 

control samples. All three HITI constructs expressed gRNA in the range of 106 to 107 copies/µl 

RNA  - levels that were substantially above background. gRNA expression levels across the three 

constructs cannot be reliably compared, however, as different primers were required for each. 

The fact that expression levels are relative to extremely low background levels (well below 

standard curve concentrations) also means that quantitation will not by highly accurate. 

Nonetheless, the data serves to illustrate that the gRNA expression cassette are functional. 

(D) The functionality of AAV2/8-HITI-gR22, R25 and R25X vectors was confirmed by detection of 

DsRed expression in transduced HeLa cells via fluorescence microscopy. MOI: ~105 vg/cell. Scale 

bar = 100 µm. 
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The final AAV-HITI constructs easily fit within AAV cargo capacity, at 4.3 kb. Designing 

appropriately sized AAV-Cas9 vectors was more challenging, as SpCas9 has a relatively 

large CDS (4.1kb). Choice of regulatory elements was therefore limited. Three different 

promoters were assessed as part of this study: simian virus 40 (SV40), human 

cytomegalovirus (CMV) and human rhodopsin kinase (hGRK1) (Table 5.3). 

In order to evaluate promoter activity, a series of Cas9 and EGFP-expressing constructs 

were synthesised (Fig. 3.11)28.  

 

  

 
28 Corresponding Cas9 and EGFP plasmids were made as similar as was feasible but sometimes differed in 
terms of the intron and poly(A) signal sequences featured. 

Promoter Activity Length (bp) Final AAV-Cas9 genome 

length (bp) 

SV40 early 

promoter 

Constitutive 245 4827 

CMV Constitutive 508 5076 

hGRK1 Photoreceptor-specific 294 4869 

Table 3.5. Potential promoters for driving expression of Cas9. 

Length and activity profiles are compared for the different promoter sequences under 

consideration. 
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Figure 3.11. Cas9 and EGFP-expressing vectors. 
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CMV- and SV40-EGFP plasmids were transfected into HeLa cells to compare promoter 

strength. The SV40 promoter proved inefficient in vitro, expressing in only 5.88 ± 3.88% of 

transfected cells (Fig. 3.12.A and B; n = 2 wells). In contrast, the transfection efficiency of 

pCMV-EGFP was 35.92 ± 18.21%. When Cas9-expressing vectors were compared, the 

CMV promoter produced 14 times more Cas9 mRNA in transfected HeLa cells than its 

SV40 counterpart (Fig. 3.13.A). The SV40 element was, therefore, not an optimal choice 

for this project and was not pursued further. Although the CMV promoter has been 

demonstrated to function well in retinal cells, by our lab (Palfi et al., 2012), a CMV-SpCas9 

construct would be >5kb and may therefore exceed the AAV packaging limit (~4.8 kb, (Wu 

et al., 2010)). 

It was therefore decided to proceed with the rhodopsin kinase promoter – a relatively 

small regulatory element with photoreceptor-specific activity. Subretinal injection of 

AAV2/8-hGRK1-EGFP at a dose of 9E8 vg led to almost pan-retinal photoreceptor 

transduction in the sections analysed (Fig 12.C; n = 2 retinas, 1 cryosection per retina). 

Cas9 mRNA expression was confirmed in retinas of mice subretinally injected with 1.5E8 

and 1.5E9 vg AAV2/8-hGRK1-Cas9 (Fig. 3.13.B). Surprisingly, higher expression was 

Figure 3.11. Cas9 and EGFP-expressing vectors (continued). 

Plasmids in which SV40 (pink), CMV (white) and rhodopsin kinase (blue) promoters expressed 

Cas9 (purple) or EGFP (green) were constructed for this study. Introns are shown in grey; poly(A) 

signals are red. All expression cassettes are flanked by AAV2 ITR sequences (beige). hGH poly(A) = 

human growth hormone poly(A). 

To create the SpCas9-expressing plasmids illustrated, the desired promoter sequence was 

amplified with flanking 5’XbaI or HindII and 3’AgeI sites, and then cloned into into PX551 

(addgene) in place of the original MeCP2 promoter. 

The pAAV-CMV-EGFP construct shown was previously synthesised by the Farrar lab (Palfi et al., 

2010). The CMV sequence in this plasmid could be swapped for the hGRK1 promoter, which had 

been amplified with 5’MluI and 3’SacI sites. 

To make pAAV-SV40-EGFP, a ‘half-blunted-half-sticky’ cloning strategy was used. The EGFP CDS 

was excised from pAAV-CMV-EGFP via BglII and AgeI sites, while Cas9 was cut out of pAAV-SV40-

Cas9 via EcoRI and AgeI sites. Cut BglII and EcoRI sites were blunted with Klenow fragment before 

digestion with AgeI. EGFP was then ligated into the pAAV-SV40 backbone. 
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observed in samples that received the lower dose. Although this difference was not 

significant (p = 0.678; n = 5 retinas), it may be an indicator of possible toxicity at the 

higher level of Cas9 overexpression. This was taken into consideration when selecting 

subsequent AAV2/8-hGRK1-Cas9 doses (Table 3.6). 
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Figure 3.12. Evaluation of promoter activity in EGFP vectors. 

A) ICC images show EGFP expression in HeLa cells transfected with pAAV-CMV-EGFP and pAAV-

SV40-EGFP. Cells are counterstained with DAPI. Scale bar = 50 µm. 

B) Transfection efficiencies were calculated by expressing GFP-positive cells as a percentage of 

the total number of DAPI-stained cells. 35.92% of cells transfected with the CMV-EGFP plasmid 

expressed GFP, compared to just 5.98% of SV40-GFP transfected cells. Values shown are mean ± 

SD, n = 2 wells. For each well, transfection efficiency was calculated in 8-10 fields of view - an 

average of 307 cells per image. 

C) Native EGFP fluorescence was assessed in WT murine photoreceptor cells 2 weeks after 

subretinal injection of 9E8 vg AAV2/8-hGRK1-EGFP. Representative retinal sections are shown at 

low (top panels) and high (bottom panels) magnification. Native EGFP fluorescence was evident 

across the entire length of the photoreceptor layer. Top scale bar = 200 µm; bottom scale bar = 

50 µm. 
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Figure 3.13. Assessment of Cas9-expression in CMV, SV40 and hGRK1-Cas9 vectors. 

A) HeLa cells were transfected with pAAV-CMV-Cas9 or pAAV-SV40-Cas9 for 48 hours, after 

which Cas9 mRNA expression was quantified via RT-qPCR. CMV-driven Cas9 produced 14.48 

times more RNA than SV40-Cas9 (14.48 ± 2.52 vs 1.00 ± 0.25) (p = 0.0172; unpaired Student’s t-

test). Values shown are means ± SD, n = 2 wells. 

B) AAV2/8-hGRK1-Cas9 expression was assessed in WT murine photoreceptors two weeks post-

subretinal injection. Two different doses were tested. Both produced a level of Cas9 mRNA well 

above background. Values shown are means ± SD; n = 5 retinas per AAV dose and 3 ‘no AAV’ 

control retinas. 
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HeLa cells transfected with pAAV-CMV-Cas9 and retinas transduced with AAV2/8-GRK1-

Cas9 (1.5E9 vg) were tested for Cas9 protein expression by ICC and IHC using multiple 

antibodies against Cas9 and its HA tag. These attempts were unsuccessful (data not 

shown). The experiment was then repeated for sample protein extraction and 

immunoblotting. It was reasoned that Cas9 protein may be more accessible to antibody 

probing using this method, as was the case with RP2 protein detection in section 2.3.2.  

However, Cas9 immunoreactivity failed to be detected in samples that received either 

CMV- or hGRK1-Cas9 constructs using this method (Fig. 3.13. C). A commercial Cas9 

protein sample was used to confirm that antibodies were functional and Cas9 constructs 

were fully Sanger sequenced to ensure there were no mutations preventing translation. 

Researchers have previously noted that SaCas9 could not be detected by immunoblotting 

of retinal lysates after subretinal injection of AAV-Cas9 alone, despite the fact that Cas9 

immunoreactivity was evident in samples that had received both Cas9 and gRNA-

expressing vectors (McCullough et al., 2019). This observation led McCullough et al. to 

propose that Cas9 protein may be unstable in the absence of a partner gRNA, at least in a 

photoreceptor context. However, this phenomenon was not the cause of detection 

problems in the current study, as Cas9 protein was not detectable in control samples that 

received both Cas9 and gRNA-expressing vectors either. 

Figure 3.13. Assessment of Cas9-expressing vectors (continued). 

C) Attempts were made to detect Cas9 protein in pAAV-CMV-Cas9 transfected HeLa (H) and 

AAV2/8-hGRK1-Cas9 transduced retinal (R) lysates by SDS-PAGE protein staining (top panel; PAGE 

Blue stain) and Western blot (middle panel). Purified Cas9 protein (NEB) functioned as a positive 

control, verifying that the SDS-PAGE/Western blot conditions were suitable and the Cas9 

antibody was functional. Samples co-transfected/transduced with gRNA-expressing HITI vectors 

were included as additional controls to ensure that lack of Cas9 was not simply due to protein 

instability in the absence of a gRNA. For example, ‘Cas9 and gR22’ HeLa samples were 

transfected with equal amounts of pAAV-CMV-Cas9 and pAAV-HITI-gR22 plasmid. The 160 kDa 

Cas9 protein was not visible in pAAV-CMV-Cas9-transfected cell lysates or AAV2/8-hGRK1-Cas9 

transduced retinal samples. 

Vinculin protein (124 kDa) was tested for use as a loading control (bottom panel) but the 

antibody utilised did not appear sensitive to murine protein. 
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In retrospect, it seems likely that the failure to detect Cas9 protein expression in this 

experiment was likely due to insufficient lysis of the nuclear membrane during lysate 

preparation, as samples were not sonicated. Indeed, sonication may be particularly 

important for releasing DNA-binding proteins. These experiments will therefore be 

repeated with a modified lysis protocol, based on methods previously described 

(McCullough et al., 2019, Li et al., 2019a).  

3.3.4 HITI-mediated gene editing in vivo  

All three HITI constructs (gR22, gR25 and gR25X) were packaged into AAV2/8 vectors. In 

an initial dosage test, AAV-HITI-gR25 was combined with AAV-hGRK1-Cas9 for subretinal 

injection at two different concentrations (Table 3.6). Each dose contained a HITI:Cas9 

vector ratio of approximately 4:1. 

 

 

 

 

As outlined in section 3.2.2, it was planned to test the dual vector AAV-HITI strategy in a 

humanised model of ADRP harbouring a RHO P347S allele (Li et al., 1996). Homozygous 

P347 mice exhibit severe, early-onset photoreceptor degeneration. Thus, mice were bred 

to have one P347S allele to allow a larger window of intervention and to simulate a 

heterozygous genotype in ADRP. This model has been used on both rho+/+ and rho+/- 

backgrounds to test a suppression and replacement therapeutic strategy (Chadderton et 

al., 2009, Millington-Ward et al., 2011). For the current study, it was decided to use a 

heterozygous null murine rho background, as this would more closely replicate a state of 

natural diploidy. Hence, P347S homozygotes were crossed with rho-/- mice (Humphries et 

al., 1997) to produce progeny with one transgenic P347S allele and one null rho copy. 

RHO347+/-Rho+/- mice are henceforth referred to as P347S mice. 

In the proposed gene-editing strategy, integration of the EGFP minigene should render 

the P347S allele non-functional. The remaining wild-type rho allele may, in principle, be 

Dose AAV2/8-HITI-gR25 (vg) AAV2/8-hGRK1-Cas9 (vg) 

1 6.2E+08 1.4E+08  

2 2.1E+08 4.8E+07 

Table 3.6. AAV HITI and Cas9 dosages tested. 

AAV doses are expressed in terms of viral genomes injected per eye, as determined by qPCR 

using primers targeting a central region of the expression cassette.  
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sufficient to ‘rescue’ photoreceptor function. This was essentially the case in a previous 

study by the Farrar lab, when specific RNAi suppression of the human P347S allele on a 

rho+/+ background provided functional benefit (Chadderton et al., 2009). 

In P347S mice, approximately two third of photoreceptors are reported to be lost by P20-

30 (Li et al., 1996). Mice were therefore subretinally injected as neonates (P4-5) and 

assessed two weeks later in initial tests. Transduction efficiency was assessed by 

analysing the proportion of the outer nuclear layer that was DsRed-positive in retinal 

sections. Transduction efficiencies obtained using AAV Dose 1 and Dose 2 differed 

significantly (41.5 ± 5.3% and 4.3 ± 3.5%, respectively; p = 0.0005, n = 3 retinas) (Fig. 

3.14.A and B). 

It was not possible to quantify EGFP-expressing cells based on native fluorescence due to 

overlapping emission spectra of the chosen reporters, which led to a high level of DsRed 

bleed-through into the EGFP channel (data not shown). Even without this issue, detection 

of native fluorescence may still have been challenging, as edited cells would be expressing 

EGFP from a single genomic copy, as opposed to expression from many episomal AAV or 

plasmid copies. An anti-GFP antibody was therefore used in combination with a Cy5-

conjugated secondary antibody to probe for edited cells. DsRed fluorescence was 

confirmed not to interfere with Cy5 signal detection; unstained DsRed-positive sections 

did not emit fluorescence when subjected to Cy5 fluorophore imaging conditions (data 

not shown). The rate of successful gene integration was estimated by expressing the 

amount of EGFP positive ONL as a proportion of the transduced (DsRed-positive) ONL 

area. This editing efficiency was consistent across the AAV Dose 1 and Dose 2 groups 

(23.1 ± 12.4% and 22.2 ± 10.8%, respectively). 

Interestingly, EGFP expression was sometimes detected outside of the ONL in retinas that 

received the higher AAV dose, despite the use of established photoreceptor-specific 

promoters. Signal detected in RPE cells may be due simply to phagocytosis of EGFP-

containing photoreceptor outer segments. There were, however, instances of DsRed and 

EGFP-positive cells in the inner retinal layers (Fig. 3.14. C and D). Transgenic expression 

usually does not extend past the ONL following subretinal injection in WT mice, even 

when constitutive promoters are employed, such as that used to drive DsRed expression 

(for example, see Fig. 2.19). This restricted expression profile is proposed to be a 

consequence of the outer limiting membrane acting as a barrier to AAV diffusion to inner 
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layers (Petit et al., 2017). However, AAV2/8 has been noted to sometimes transduce inner 

retinal cells when expressed at relatively high doses, such as that utilised in this study (Dr 

Arpad Palfi, personal communication). Photoreceptor degeneration may additionally have 

aided AAV penetration of the inner layers. Indeed, regions of inner retinal DsRed 

expression tended to occur in or adjacent to sections of the retina displaying 

degenerative signs, such as photoreceptor rosettes (Fig. 3.14.C). 

The fact that some DsRed-positive inner retinal cells also appeared to express EGFP was 

more puzzling. Afterall, expression of both Cas9 and any integrated EGFP copies would be 

driven by photoreceptor-specific promoters. It is possible that the promoters used may 

have altered activity in a degenerating retina than in a healthy one (Buck and Wijnholds, 

2020). It is more likely, however, that the seemingly edited inner retinal cells are in fact 

simply Müller glia that have phagocytosed degenerating photoreceptors (Sakami et al., 

2019, Nomura-Komoike et al., 2020, Palfi et al., 2020a). To test this hypothesis, 

colocalisation of EGFP expression and Müller glia markers, such as CRALBP, will need to 

be assessed in further experiments. 

It was decided to proceed with the higher AAV dose in subsequent tests because 

transduction efficiencies from the lower were suboptimal. All three AAV-HITI vectors 

were individually combined with AAV-hGRK1-Cas9 and subretinally injected as before. 

‘gR25 only’ and ‘no AAV’ groups were included as additional negative controls. In this 

test, gR22 performed better than gR25, with gene-editing efficiencies of 43 ± 23.5% and 

15.5 ± 14.4%, respectively (n = 4 retinas). The non-targeting gRNA negative control group, 

‘gR25X and Cas9’ yielded no EGFP-positive photoreceptors. However, ONL EGFP 

expression was detected in the other negative control group, ‘gR25 only’ retinas. These 

positive cells were not rare events, making up 27.6 ± 17.6% of the transduced (DsRed 

positive) area. The simplest explanation for this finding is, of course, human error. 

Following the principle of Occam’s razor, it seems most likely that some AAV-Cas9 was 

added to the ‘g25 only’ solution for injection by mistake. These experiments will be 

repeated to verify this assumption.  

The data presented represent a preliminary evaluation of an interesting mutation-

independent HITI-based therapeutic approach for rhodopsin-linked ADRP, an ocular 
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disorder for which at least 195 disease causing RHO29 mutations have been identified thus 

far. Clearly while very interesting and with significant potential, additional work is 

required to further validate this approach.   

 
29 http://www.hgmd.cf.ac.uk/ac/gene.php?gene=RHO 
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Figure 3.14. HITI editing efficiency in murine photoreceptors. 
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Figure 3.14. HITI editing efficiency in murine photoreceptors (cont.) 

(A) P347S mice were subretinally injected with AAV2/8-HITI-gR25 and AAV2/8-hGRK1-Cas9 at ~P5. 

Dose 1 retinas received 6.20E+08 vg AAV-HITI and 1.44E+08 vg AAV-Cas9, while Dose 2 retinas 

were given a solution 3 times less concentrated. Representative IHC retinal sections are shown. 

Scale bar = 50 µm.  

(B) The DsRed-positive area of the ONL was determined in order to estimate transduction 

efficiency. Gene editing efficiencies were then calculated by expressing EGFP-positive area as a 

percentage of the DsRed-expressing area (EGFP+/DsRed+). AAV Dose 1 transduced approximately 

10 times more of the ONL area than the lower dose tested (p = 0.0005; unpaired Student’s t-test). 

The average apparent gene editing rates were essentially the same at both doses (22.2-23.1%). 

Values shown are means ± SD, n = 3 retinas. For each retina, one whole retinal section was 

analysed. 

(C) Some samples in the Dose 1 group exhibited DsRed expression in inner retinal layers. This 

tended to occur in, or in close proximity to, regions with photoreceptor rosettes (highlighted with 

white arrowheads). EGFP-positive cells were also occasionally observed in the inner retina. Scale 

bar = 50 µm 

(D) A higher magnification image of a retinal region with inner retinal layer DsRed and EGFP-

positive cells. Scale bar = 50 µm. 

(E) The experiment was repeated with all three gRNA-Cas9 vector combinations at Dose 1. A group 

of retinas receiving AAV2/8-HITI-gR25 without the Cas9 vector functioned as an additional 

negative control. EGFP positive cells were evident in retinas from all groups that received AAV 

except ‘gR25X and Cas9.’ Representative IHC retinal sections are shown. Scale bar = 50 µm. 

(F) EGFP and DsRed positive areas of retinal sections were quantified. Gene editing efficiency in 

‘gR25 and Cas9’ retinas was lower than that observed in the previous experiment (15.54% vs 

23.06%). ‘gRNA R22 and Cas9’ was a better performing combination at 42.96%. ‘gR25X and Cas9’ 

control retinas displayed a negligible amount of EGFP positive cells – likely due to some 

background autofluorescence/ nonspecific-antibody binding. 27.63% of transduced 

photoreceptors in the ‘gR25 only’ negative control group were EGFP-positive. Values shown are 

means ± SD, n = 4 retinas. 
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3.4 Discussion 

3.4.1 High efficiency HITI in murine photoreceptors 

In the preliminary test of HITI-mediated gene knock-in described in this chapter, 16-43% 

of transduced ONL cells appeared to have successfully integrated an EGFP mini-gene into 

the RHO 5’UTR locus. This experiment will need to be repeated due to observation of 

apparently edited cells in one out of two of the negative control groups. However, this 

was most likely simply due to a mix up in preparing reagents.  

An alternative explanation would be that EGFP expression in the gR25 HITI vector was 

‘leaky’ due to transcriptional readthrough from the U6 promoter – an interpretation that 

would cast general doubt upon the authenticity of the gene editing events observed in 

other experimental groups. This scenario seems very unlikely, however, as the non-

targeting gR25X vector, which contains the same EGFP coding sequence, did not yield 

EGFP positive cells. All HITI vectors were confirmed to contain a transcription termination 

signal at the end of the gRNA sequence (TTTTTTT) and, even if readthrough did occur, a 

ribosomal entry site would be needed for translation of EGFP protein. Moreover, if the 

EGFP positive cells observed were simply a result of readthrough from the U6 promoter, 

one would expect to see a continuum of EGFP signal intensity that correlated with the 

strength of DsRed expression. This was not the case; most of the transduced ONL regions, 

including cells with relatively high levels of DsRed expression, were not EGFP-positive.  

When repeating this experiment, it would be informative to include an additional ‘gR22 

only’ negative control group for comparison. In vitro tests could also be conducted 

relatively quickly to investigate the possibility of vector leakiness; HeLa cells could be 

tested for EGFP expression (via ICC) after transduction with HITI vectors in the absence of 

Cas9. 

In this preliminary study, which needs further validation, the gene knock-in efficiencies in 

this chapter seem notably higher than that observed by Suzuki et al. when editing the 

Tubb3 locus in murine cortical neurons (10.6%). This is not necessarily surprising, as gene 

editing efficiency is known to vary across target sites and cell types (Shui et al., 2016). Due 

to the extremely dense packing of the ONL, editing efficiencies were calculated by 

comparing EGFP and DsRed positive retinal area rather than counting individual cells. It 

would therefore be informative to quantify EGFP and DsRed positive cells using flow 
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cytometry and to compare the resulting editing efficiencies to those calculated from 

histology samples. In future, retinal sections will also be counterstained with a Müller glia 

marker in order to explore if the occasional inner retinal EGFP positive cells observed are 

simply due to glial phagocytosis of photoreceptor debris.  

 In summary, while this test will be repeated in order to more thoroughly analyse the 

authenticity, efficiency and specificity of editing, the results obtained so far appear 

promising. 

3.4.2 Evaluation of potential phenotypic rescue 

The aim of the short term (two week) experiment described was solely to assess in vivo 

gene integration efficiency at the RHO 5’UTR sites selected. Given that this strategy 

appears feasible, albeit further repetition and validation of the approach is required, a 

longer term study will be carried out to ascertain whether HITI-mediated suppression of 

the P347S allele alone can provide benefit in this mouse model of ADRP. Insertion of the 

EGFP mini-gene should essentially knock-out the single pathogenic human rhodopsin 

gene. As these mice are bred on a rho+/- background, the remaining murine wild-type 

copy should in principle be sufficient to maintain normal function when unimpeded by 

the dominant allele. In the next experiment, mice will therefore be injected with HITI 

vectors at ~P3-5 and photoreceptor function and survival will be evaluated one month 

later via ERG and histology analysis. It will be important to bear in mind the potential for 

DsRed-induced toxicity when interpreting these results, as the reporter protein is 

expressed quite highly in transduced retinas. Hence, additional comparisons will be made 

between mice injected with negative control AAVs and PBS-injected controls.  

Of course, the ultimate aim of this project is to assess the potential benefit of a RHO mini-

gene insertion. Work will soon begin on constructing appropriate AAVs to facilitate this. 

The RHO CDS is 1047 bp and so will fit comfortably within the AAV-HITI vector. A 

HA/His/FLAG tag could be added onto the rhodopsin protein. The DsRed expression 

cassette would be removed from this vector to allow dosage optimisation without fear of 

toxicity due to overexpression of the reporter protein. 

3.4.3 Assessment of editing fidelity and specificity 

When repeating the EGFP knock-in experiment, EGFP positive cells could be isolated using 

FACS, and the target regions amplified and Sanger sequenced to examine end-joining 
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precision at the 5’ and 3’ integration junctions. Targeted deep sequencing could also be 

utilised to assess edits at the top predicted off-target sites in whole retinal samples. 

Recent studies have reported frequent integration of AAV genomes (full and partial) into 

Cas9/gRNA target sites (Hanlon et al., 2019, Maeder et al., 2019, Nishiguchi et al., 2020). 

It will therefore also be important to assess the frequency of such insertions in future 

experiments. 

Of course, there is limited value to examining on/off-target effects of this treatment in a 

mouse. If this therapeutic strategy demonstrates substantial benefit in the P347S model, 

it will be important to assess editing specificity more thoroughly in the photoreceptors of 

human-derived retinal organoids or donor retinal explants. Indeed, it may in general be 

prudent to use personalised retinal cell models to screen for off-target effects, in addition 

to non-human primate studies, before administration of a gene editing therapeutic to a 

patient. The importance of screening in the cell type of interest was recently highlighted 

when Sinha et al. (2020) observed Cas9/gRNA off-target activity in patient derived iPSC-

RPE but not in undifferentiated cells. In addition to screening predicted off-target sites, it 

would be important to employ an unbiased means of detecting non-specific activity, such 

as GUIDE-seq (Tsai et al., 2015), during pre-clinical assessment of a therapeutic. 

Considering reports of large deletions at Cas9 target sites (Kosicki et al., 2018), it may also 

be prudent to perform long-read sequencing at the target locus.  

3.4.4 Future directions 

The field of gene editing is evolving rapidly, and the CRISPR-Cas toolbox is under constant 

improvement. The editing strategy described in this chapter could therefore look quite 

different in a few years’ time. 

For example, several iterations of Cas9 nuclease have been engineered for greater 

specificity (Chen et al., 2017, Lee et al., 2018, Tan et al., 2019). In addition, Cas proteins 

smaller than SpCas9 (CDS: 4.1 kb) are being continually identified. These include SaCas9 

(3.2 kb) (Ran et al., 2015), CjCas9 (3 kb) (Kim et al., 2017) and Casϕ (~2.1-2.4 kb) (Pausch 

et al., 2020). The latter of these was, fascinatingly, isolated from a huge bacteriophage 

that uses a hypercompact CRISPR-Cas system to eliminate DNA of competing phage and 

plasmids in bacterial host cells. These discoveries enable design of single AAV systems for 

gene knock-out and small correction strategies. It is therefore possible that a single vector 

HITI suppression and replacement strategy may be feasible for genes such as rhodopsin at 
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some point in the future. Utilisation of Cas proteins from more obscure microbes may 

also enable circumvention of pre-existing immunity.   

Transient activity of Cas protein may ultimately be preferable to long term AAV-mediated 

expression, in order to minimise potential off-target activity and immunogenicity. For this 

reason, inducible or self-deleting AAV-Cas9 vectors are being explored (de Solis et al., 

2016, Ruan et al., 2017, Li et al., 2019a), as well as non-AAV based delivery of Cas9/gRNA 

RNPs (Givens et al., 2018, Chen et al., 2019b). However, with regard to HDR editing, 

efficiency appears to be enhanced when a donor template is carried in an AAV (Nishiyama 

et al., 2017) and expression of CRISPR-Cas components over several months may be 

necessary (Hu et al., 2020).  

It is worth mentioning that ‘NHEJ’ has thus far been used to refer to the canonical NHEJ 

pathway (c-NHEJ) in this thesis. There is an alternative NHEJ pathway (alt-NHEJ) that is 

active to a lesser degree in cells and more error-prone, which can take the form of 

microhomology-mediated end-joining (MMEJ). In MMEJ, short (2-20bp) complementary 

regions surrounding a DSB anneal and are ligated, and sequences that fall between the 

homologous regions are deleted (Seol et al., 2018). Nishiguchi et al. (2020) recently 

exploited this process to rescue an IRD mouse model by excising and replacing a mutated 

intronic region of Gnat1. Integration of the ~240 bp replacement sequence was more 

than twice as efficient in retinal cells using MMEJ (11%) than with a corresponding HITI 

donor (5%). It would be interesting to compare MMEJ and HITI efficiency in the context of 

the rhodopsin suppression and replacement strategy outlined.  

If the gene editing strategy explored in this chapter proves successful, a logical next step 

would be to investigate similar strategies for other IRDs with toxic gain-of-function 

modes, as well as the possibility of partial mini-gene insertion for IRDs in which the 

causative gene is too large to deliver with an AAV vector.  

3.4.5 Conclusions 

This pilot study provides an initial proof-of-concept for efficient NHEJ mediated gene 

knock-in at RHO 5’UTR sites in post-mitotic photoreceptor cells. The results, while 

requiring further validation, support the feasibility of a HITI based suppression and 

replacement strategy for ADRP. Further work will assess the potential of such an 

approach to rescue retinal degeneration in the P347S murine model, as well as 
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determining editing precision and specificity. If successful in the context of RHO-linked RP, 

this strategy will be explored for other forms of IRD, and could, in principle, be applicable 

to any inherited disease affecting post-mitotic cells.  
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3.5 Materials and methods 

3.5.1 In vitro transcription of guide RNAs 

Guide RNAs were synthesised using the Invitrogen GeneArt Precision gRNA Synthesis Kit 

(Thermo Scientific, A29377).  

DNA templates for in vitro transcription of gRNAs, including the T7 RNA polymerase 

promoter, were synthesised using an assembly PCR method (Fig. 3.15). 

The target primers used are listed in section 3.5.19. Following in vitro transcription and 

purification, gRNA size, quantity and integrity was assessed using RNA ScreenTape 

analysis on the TapeStation automatic electrophoresis platform.  

Figure 3.15. Schematic of PCR assembly of a DNA template for IVT of gRNAs. 

Overlapping primers (Target F1 and R1) encompass the T7 promoter (blue), target crRNA region 

(red) and part of the tracrRNA (black). The two primers anneal at the overlapping region and are 

extended to form a double-stranded DNA fragment. The 3’ end of the target primer product can 

anneal to the 80 bp tracrRNA fragment, which is extended to form a complete gRNA DNA 

template. The Target F1 and R2 oligonucleotides and tracrRNA fragment therefore act as both 

primers and templates during this reaction. Additional ‘universal’ forward and reverse primers 

are used to amplify the full-length template. 

A 5’G is required at the start of transcripts for high-yield IVT reactions. For this reason, the 

universal forward primer is designed to add a G (bold) at the start of all transcripts.  

Figure reproduced from the GeneArt Precision gRNA Synthesis Kit manual. 
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3.5.2 Cloning 

Restriction enzymes were sourced from NEB and used according to the manufacturer’s 

instructions. 

When constructing pAAV-HITI plasmids, the pAAV-UBC-CMV-DsRed vector backbone was 

cut with enzymes that produced compatible cohesive ends. The backbone was therefore 

dephosphorylated with calf intestinal phosphatase (NEB, M0290) before ligation to 

prevent recircularisation 

Ligations, transformations and mini preps production were carried out as described in 

section 2.5.7. 

3.5.3 Tissue culture 

HEK 293 (ATCC, CRL-1573) and HeLa (ATCC, CCL-2) cells were grown at 37°C in 5% CO2. 

Cells were maintained in high glucose DMEM with Glutamax (ThermoFisher Scientific; 

61965), supplemented with 10% FBS (Sigma Aldrich; F7524) and 1% sodium pyruvate 

(ThermoFisher Scientific; 11360039). 

All subculture and plasmid/AAV treatment steps were performed aseptically in a laminar 

flow cabinet. 

Cells were regularly subcultured at a split ratio of 1:10 or 1:20, once they had reached 

~70% confluency. During this procedure, cells were rinsed with PBS and a minimal 

amount of Trypsin-EDTA (ThermoFisher Scientific, 25200056) was applied. Cells were 

incubated at 37°C for approximately 2 minutes, until their morphology became rounded 

and cells began to detach. The culture vessel was tapped gently and an excess (at least 5x) 

of normal media was used to wash the surface, dislodging any remaining cells. The cell 

suspension was made homogenous by pipetting and the appropriate volume was 

transferred to a new culture vessel. 

Frozen cell stocks were made following the protocol described in section 2.5.2. 

3.5.4 Assessment of gRNA targeting efficiency 

3.5.4.1 Transfection of gRNA/Cas9 complexes 

HEK 293 cells were seeded in 24 well plates at a density of 1x105 cells per well. The next 

day, cells were transfected with gRNAs complexed with SpCas9 protein (GeneArt 

Platinum Cas9 Nuclease; Thermo Scientific, B25640) using GeneArt CRISPRMAX 

Transfection Reagent (Thermo Scientific, CMAX00001). 
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Two days later, cells were rinsed with PBS and lysed with DNA extraction buffer (10mM 

Tris-HCL pH 8, 1mM EDTA, 0.5% SDS, 100mM NaCl, 0.5% proteinase K) at 50°C for 1 hour. 

Proteinase K was then heat inactivated at 95°C for 10 minutes. 

3.5.4.2 T7E1 mismatch cleavage assay (for genomic target sites) 

Target regions were amplified using Q5 DNA polymerase (NEB, M0491L). Amplicons were 

designed so that cleavage at an edited site would result in two fragments easily 

distinguished by gel electrophoresis. Primers, annealing temperatures and cleaved 

fragment sizes are listed in section 3.5.19. Amplified products were purified using GeneJet 

PCR Purification Kit (ThermoFisher Scientific, K0701) and quantified using a NanoDrop 

spectrophotometer (Thermo Scientific). Purified amplicons were denatured, slowly 

hybridised and incubated with T7 endonuclease I (NEB, M0302L), following the protocol 

supplied by NEB30. Each sample was made in duplicate – one tube without T7EI enzyme 

acting as a negative control for assessment of the background level of nonspecific 

cleavage. In addition, a commercial hybrid DNA amplicon was synthesised using the 

GeneArt Genomic Cleavage Detection Kit (ThermoFisher Scientific, A24372) and acted as 

a positive control for the cleavage reaction. Reactions were stopped by addition of EDTA 

(to a final concentration of 17mM), separated by electrophoresis on 1% agarose gels and 

visualised using a UV transilluminator. Cleaved DNA fragments were often quite faint. For 

this reason, agarose gels were made with SYBR Gold (Thermo Scientific, S11494) – a dye 

established to be at least tenfold more sensitive than ethidium bromide31. 

3.5.4.3 Modified gRNA efficiency assay: mismatch cleavage in exogenous target DNA 

In this iteration of the assay, to gRNA/Cas9 complex activity was assessed on plasmid-

contained target sites in a cellular context. RHO or HPRT regions of interest in these 

plasmids were flanked by short EGFP sequences to allow specific amplification of 

exogenous gene sequences. 

HEK 293 cells were seeded as before (section 3.5.4.1). The next morning, cells were 

transfected with pRHO5UTR or pHPRT using Lipofectamine 3000 (ThermoFisher Scientific, 

L3000015). Four hours later, cells were transfected with gRNA/Cas9 complexes, as in 

section 3.5.4.1. 

 
30 https://international.neb.com/protocols/2014/08/11/determining-genome-targeting-efficiency-using-t7-
endonuclease-i ; accessed: 04/08/20 
31 https://www.thermofisher.com/order/catalog/product/S11494#/S11494 ; accessed: 04/08/20 

https://international.neb.com/protocols/2014/08/11/determining-genome-targeting-efficiency-using-t7-endonuclease-i
https://international.neb.com/protocols/2014/08/11/determining-genome-targeting-efficiency-using-t7-endonuclease-i
https://www.thermofisher.com/order/catalog/product/S11494#/S11494
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Two days after transfection, cells were lysed as before and plasmid target regions were 

amplified using GFP primers. The T7EI mismatch detection assay was then carried out as 

normal. 

3.5.4.4 Calculation of editing efficiency 

Following separation of T7EI reaction products, gene editing efficiencies were determined 

based on the method described by Guschin et al. (2010). Densitometry was performed on 

cleaved fragments and uncut parental bands using ImageJ, as outlined in section 2.5.5.5. 

The following equation was used to calculate gene editing efficiency. 

% gene editing = 100 × (1 – (1 – fraction cleaved)1/2) 

where fraction cleaved = sum of cleavage product peaks 

                                     sum of cleavage product and parent peaks 

 

3.5.5 Plasmid transfection of HeLa cells 

3.5.5.1 Cells for ICC 

HeLa cells were seeded overnight on 8 well chamber slides at a density of 5x104 cells per 

well. The next day, each well was transfected with 250 ng plasmid using Lipofectamine 

2000 (ThermoFisher Scientific, 11668019), following the manufacturer’s protocol. 48 

hours later, cells were rinsed with ice-cold PBS and fixed in 4% PFA for 10 minutes. Cells 

then underwent three PBS washes. Cells were stained with DAPI (2 µg/ml) for 2 minutes 

and washed a further three times. The detachable wells were removed and coverslips 

were applied using Hydromount medium. Transfection efficiencies were evaluated using 

native EGFP fluorescence. 

3.5.5.2 Cells for RNA or protein extraction 

HeLa cells were seeded in 6 wells plates at a density of 5x105 cells per well. The next day 

they were transfected with 1400 ng plasmid using Lipofectamine 2000. Two days later, 

cells were rinsed with chilled PBS. Cells for RNA extraction were lysed with 350µl RLT 

buffer from the Rneasy mini kit (Qiagen, 74104), transferred to Eppendorf tubes and snap 

frozen on dry ice until RNA extraction. Cells for protein extraction were lysed with 300µl 

RIPA buffer (supplemented with protease inhibitors) and processed as previously 

described (section 2.5.5).  
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3.5.6 Transduction of HeLa cells with AAV2/8-HITI  

HeLa cells were seeded as described in section 3.5.1. The next day, media was replaced 

with 150µl reduced serum media (2% FBS) and AAV-HITI vectors were added to wells at a 

MOI of ~1x105. After 24 hours, the media was topped up to 300µl (10% FBS). Two days 

after addition of AAV, cells were live imaged using an epifluorescent microscope and 

native DsRed fluorescence was assessed.  

3.5.7 Construct sequence information 

All constructs were cloned into a backbone containing flanking AAV2 ITR sequences. 

Constructs contained the following key sequences: 

pAAV-CMV-EGFP 

- CMV promoter from pAAV-MCS 

- β-globin intron from pAAV-MCS 

- EGFP (GenBank: U55761) 

- hGH polyadenylation signal from pAAV-MCS 

pSV40-EGFP 

- SV40 promoter (2881 to 3125 bp of GenBank: MT233536.1) 

- EGFP (GenBank: U55761) 

- Minimal polyadenylation signal from PX551 (Addgene) 

pAAV-hGRK1-EGFP 

- hGRK1 promoter (1793 to 2087bp of GenBank: AY327580.1) 

- EGFP (GenBank: U55761) 

- hGH polyadenylation signal from pAAV-MCS 

pAAV-CMV-Cas9 

- CMV promoter from pAAV-MCS 

- SpCas9 and minimal polyadenylation signal from PX551 (Addgene) 

pAAV-SV40-Cas9 

- SV40 promoter (2881 to 3125 bp of GenBank: MT233536.1) 

- SpCas9 and minimal polyadenylation signal from PX551 (Addgene) 
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pAAV-hGRK1-Cas9 

- hGRK1 promoter (1793 to 2087bp of GenBank: AY327580.1) 

- SpCas9 and minimal polyadenylation signal from PX551 (Addgene) 

pAAV-HITI constructs 

- U6 promoter from PX552 (Addgene) 

- crRNA of choice 

- gRNA scaffold/tracrRNA sequence from PX552 (Addgene) 

- EGFP (accession no. U55761) and minimal poly adenylation signal from  

- CMV promoter from pAAV-MCS, flanked by gRNA target sites of choice 

- DsRed Express 2 (accession no. FJ226077) and hGH polyadenylation signal from 

pAAV-MCS 

3.5.8 AAV production 

Endotoxin-free mega preps of pAAV-CMV-NDI1, pAAV2/2 and pHelper (Agilent 

Technologies) plasmids were produced using EndoFree Plasmid Mega Kit (Qiagen). 

AAV preparations were produced by Naomi Chadderton, as described in section 2.5.9.  

3.5.9 AAV titering 

Viral genome (vg) titers were determined by qPCR, as outlined in section 2.5.10, using 

primers targeting the CMV enhancer region or Cas9 coding sequence. As the CMV 

enhancer is located centrally in AAV-HITI constructs, the region could be amplified 

efficiently without the interference from ITR secondary structure.  

The titers for each AAV vector were as follows: 

AAV prep Titer (vg/ml) 

AAV2/8-HITI-gR22 3.4E12 

AAV2/8-HITI-gR25 3.1E12 

AAV2/8-HITI-gR25X 2.3E12 

AAV2/8-hGRK1-Cas9 3.6E11 
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3.5.10 Animals 

RHO P347S (Li et al., 1996) and rho-/- mice (Humphries et al., 1997) were bred on a 129 

S2/SvHsd (Harlan, Huntington, UK) background and were maintained under SPF 

conditions, as previously described (section 2.5.14).  

3.5.11 Subretinal Injection 

Subretinal injections in neonatal mice were performed by Dr Paul Kenna. Pups were 

subretinally injected with 1ul AAV solution at P4-P5, as previously described (Millington-

Ward et al., 2011).  

3.5.12 Tissue processing 

Mice were sacrificed by CO2 inhalation. Retinal samples for histology and RT-qPCR were 

processed as outlined in section 2.5.16. Retinal samples for protein extraction and 

immunoblotting were dissected in situ, snap frozen on dry ice and stored at -80C. 

3.5.13 RT-qPCR 

RNA extractions were performed on samples as described in section 2.5.4. Samples were 

run in triplicate at a 1/50 dilution. Relative gene expression levels were quantified as 

outlined in section 2.5.4. 

3.5.14 Immunohistochemistry 

Retinal sections were stained as described in section 2.5.17. Antibodies are listed in 

section 3.5.18. 

3.5.15 Immunoblotting 

Sample preparation, SDS-PAGE and immunoblotting were carried out as described 

previously in section 2.5.5, with minor modifications. As SpCas9 is a relatively large 

protein (160kDa), protein lysates were separated on 8% polyacrylamide gels, rather than 

12%. 

Two identical gels were run; one was stained with PAGE blue (Thermo Scientific, 24620), 

while the other was electro-transferred to a PVDF membrane for immunoblotting.   
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3.5.16 Microscopy and image analysis 

ICC and IHC samples were imaged using an Olympus IX83 inverted motorised 

epifluorescent microscope and cellSens software, as described in section 2.5.19. 

Transduction and editing efficiency calculations were carried out on stitched images of 

whole retinal sections. One section was evaluated for each of the 3-4 retinas per 

experimental group. 

Counting individual photoreceptors was impractical due to the extremely high density of 

cells in the ONL. Instead, the area of DAPI-, DsRed- and EGFP-positive regions in the ONL 

were analysed using Fiji. The ONL was isolated by blacking out all other regions in the 

image, including photoreceptor outer segments. An example is shown in Fig. 3.16. This 

was done using the ‘Freehand selection’ and ‘Fill’ options, with the aid of a drawing 

tablet. Areas of interest were highlighted using the ‘Threshold’ tool and then quantified 

using the ‘Measure’ function. 

For each image, transduction efficiency was calculated by expressing the DsRed-positive 

area as a percentage of total ONL area (indicated by DAPI staining). Editing efficiency was 

estimated by normalising EGFP-positive area against DsRed-positive area.  
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3.5.17 Statistics 

Statistics were performed as previously described in section 2.5.23. Data collected in this 

chapter generally followed a normal distribution. Unpaired Student’s t-tests were used to 

compare group means. 

  

Fig. 3.16. Image processing for gene editing efficiency calculation. 

(A) A retinal section image is shown before (left) and after (right) blocking out all areas except the 

outer nuclear layer. 

(B) Top panels: the ONL image was separated into blue (DAPI), red (DsRed) and green (EGFP) 

colour channels. 

Bottom panels: Regions of fluorescence were highlighted in red using the ‘Threshold’ tool and the 

area covered was subsequently quantified. 
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3.5.18 Antibodies 

Primary antibodies 

Antibody Source Working dilution 

Chicken anti-GFP Abcam; ab13970 ICC/IHC: 1/1000 

Mouse anti-Cas9 Merck Millipore; MAC133 WB: 1/1000 

Mouse anti-Vinculin Proteintech; 66305-1-Ig WB: 1/5000 

 

Secondary antibodies 

Antibody Source Working dilution 

Donkey anti-chicken Alexa 

Fluor 488 

Jackson ImmunoResearch; 

703-545-155 

ICC/IHC: 1/400 

Goat anti-mouse HRP Jackson ImmunoResearch; 

115-035-003 

WB: 1/10,000 

 

  

ICC: immunocytochemistry; IHC: immunohistochemistry; WB: western blot.  



3.5.19 Primers 

All primers were synthesised by Sigma Aldrich. 

3.5.19.1 Primers for PCR assembly of gRNA IVT templates 

  gRNA  Target sequence Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

R1 TCAGGCCTTCGCAGCATTCT TAATACGACTCACTATAGTCAGGCCTTCGCAGCA TTCTAGCTCTAAAACAGAATGCTGCGAAGGCCTG 

R2 CCTTCGCAGCATTCTTGGGT TAATACGACTCACTATAGCCTTCGCAGCATTCTT TTCTAGCTCTAAAACACCCAAGAATGCTGCGAAG 

R8 ACAAGGGCCACAGCCATGAA TAATACGACTCACTATAGACAAGGGCCACAGCCA TTCTAGCTCTAAAACTTCATGGCTGTGGCCCTTG 

R9 GAGGTCACTTTATAAGGGTC TAATACGACTCACTATAGGAGGTCACTTTATAAG TTCTAGCTCTAAAACGACCCTTATAAAGTGACCT 

R21 GCTCCAGCTGGATGACTC TAATACGACTCACTATAGCTCCAGCTGGATGAC TTCTAGCTCTAAAACGCTGGAGCCCTGACTGGC 

R22 GCCACTCAGGGCTCCAGC TAATACGACTCACTATAGCCACTCAGGGCTCCA TTCTAGCTCTAAAACGCTGGAGCCCTGAGTGGC 

R23 GCCTGAGCTCAGCCACTC TAATACGACTCACTATAGCCTGAGCTCAGCCAC TTCTAGCTCTAAAACGAGTGGCTGAGCTCAGGC 

R24 GGCCTTCGCAGCATTCTT TAATACGACTCACTATAGGCCTTCGCAGCATTC TTCTAGCTCTAAAACAAGAATGCTGCGAAGGCC 

R25 GCCACGGGTCAGCCACAA TAATACGACTCACTATAGCCACGGGTCAGCCAC TTCTAGCTCTAAAACTTGTGGCTGACCCGTGG 

R26 GCCCTTGTGGCTGACCCG TAATACGACTCACTATAGCCCTTGTGGCTGACC TTCTAGCTCTAAAACCGGGTCAGCCACAAGGGC 

Forward primer regions annealing to the T7 promoter are shown in blue, while reverse primer sections binding to the tracrRNA fragment are in black. 

Overlapping target sequences are in red. The T7 promoter element sequence included added a 5’G to the start of each transcript. Hence, the first 

nucleotide of target sites that naturally began with a 5’G was removed when designing forward primer sequences. Additionally, IVT primers for 

assembly of HPRT gRNA expression templates were provided in the kit. 
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3.5.19.2 Amplification of targeted regions for T7EI mismatch detection assay 

 

For analysis of endogenous target regions 

Target Forward (5’ to 3’) Reverse (5’ to 3’) Annealing 

temp. (°C) 

 

Product 

size 

Cleaved fragment 

sizes (bp) 

Hybrid DNA 

positive 

control 

Supplied by GeneArt Genomic 

Cleavage Detection Kit 

Supplied by GeneArt Genomic 

Cleavage Detection Kit 

55 516 291 and 225 

HPRT CTTGTTTATGGCCTCCATAG GATGATGAACCAGGTTATGACC 61 607 386 and 221 

RHO,  gRNA1 CCAGAGGACATAGCACAGAGGC ACGGTGACGTAGAGCGTGA 70 602 370 and 232 

RHO,  gRNA2 CCAGAGGACATAGCACAGAGGC TGGACGGTGACGTAGAGCGT 70 605 375 and 230 

RHO,  gRNA8 CCAGAGGACATAGCACAGAGGC TGGACGGTGACGTAGAGCGT 70 605 416 and 189 

RHO,  gRNA9 TGTCAGAGGAGTGTGGGGACTG TACTCGAAGGGGCTGCGTACCA 72 609 417 and 192 

 

  
HPRT and RHO regions of interest were amplified to test for the presence of Cas9-induced indels. 

‘Parental’ amplicon sizes and predicted fragments generated from T7EI cleavage are listed. 
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 For analysis of plasmid-contained target regions 

Target Forward (5’ to 3’) Reverse (5’ to 3’) Annealing 

temp. (°C) 

 

Product size Cleaved 

fragment sizes 

(bp) 

HPRT GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 647 406 and 241 

RHO,  gRNA1 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 395 and 255 

RHO,  gRNA2 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 400 and 250 

RHO,  gRNA8 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 441 and 209 

RHO,  gRNA9 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 324 and 326 

RHO,  gRNA21 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 348 and 302 

RHO,  gRNA22 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 358 and 292 

RHO,  gRNA23 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 369 and 281 

RHO,  gRNA24 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 396 and 254 

RHO,  gRNA25 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 425 and 225 

RHO,  gRNA26 GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 67 650 327 and 233 

Plasmids were designed to contain short GFP sequences flanking HPRT or RHO regions. GFP primers were therefore used to amplify target regions for 

T7EI indel detection analysis. Successful Cas9 targeting would induce indels at different sites, depending on the gRNA used. Predicted fragment sizes 

generated from T7EI cleavage at indel heteroduplex sites are listed. 
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3.5.19.3 Cloning  

 

 

  

PCR primers for cloning of pAAV-CMV-Cas9 

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) Annealing 
Temp. (°C) 

Product size 
(bp) 

Elements added 
via primer 

CMV 
promoter 

GCAGTCTAGACGTTACAT
AACTTACGGTAAATGGC 

TAGCACCGGTAGCTCTGC
TTATATAGACCTCCCA 

64 528 Restriction sites 
(XbaI and AgeI) 

PCR primers for cloning of pAAV-UBC-CMV-DsRed 

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) Annealing 

Temp. (°C) 

Product 

size (bp) 

Elements added via 

primer 

UBC spacer GCAGACGCGTGCTAGCACTAGTGTTCCC
GAGTCTTGAATGGA 
 

TAGCACGCGTGACGACAAACCGAG
TTCTCC 

65 238 Restriction sites 
(MluI, NheI, SpeI) 

 

Primers used in PCR cloning reactions are listed. Non-annealing portions of oligonucleotides (for the addition 

of new sequence elements) are highlighted in red.  
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PCR primers for cloning of pAAV-HITI constructs 

Product Forward Primer (5’-3’) Reverse Primer (5’-3’) Annealing 
Temp. (°C) 

Product size 
(bp) 

Elements added via primer 

U6 promoter 
fragment for 
pAAV-HITI-gR22 

GCAGGCTAGCGAGGGCCTATTTCCCAT
GATT 

GCTGGAGCCCTGAGTGGCGGTGTT
TCGTCCTTTCCACAAG 
 
 

65 279 Forward: Restriction site and 
Reverse: gRNA 22 crRNA 
sequence 

U6 promoter 
fragment for 
pAAV-HITI-gR25 

GCAGGCTAGCGAGGGCCTATTTCCCAT
GATT 

TTGTGGCTGACCCGTGGCGGTGTT
TCGTCCTTTCCACAAG 

65 279 Forward: Restriction site and 
Reverse: gRNA 25 crRNA 
sequence 
 

U6 promoter 
fragment for 
pAAV-HITI-gR25X 

GCAGGCTAGCGAGGGCCTATTTCCCAT
GATT 

GCCACGGGTCAGCCACAAGGTG

TTTCGTCCTTTCCACAAG 
  Forward: Restriction site and 

Reverse: gRNA 25X crRNA 
sequence 

gRNA fragment 
for pAAV-HITI-
gR22 

GCCACTCAGGGCTCCAGCGTTTTAGAG
CTAGAAATAGCAAGTT 

GTACACTGGCCAGCGCCTAAAACC
CACTTGCACTC 

61 148 Forward: gRNA 22 crRNA 
sequence 
Reverse: overlap region 

gRNA fragment 
for pAAV-HITI-
gR25 

GCCACGGGTCAGCCACAAGTTTTAGA
GCTAGAAATAGCAAGTT 

GTACACTGGCCAGCGCCTAAAACC
CACTTGCACTC 

61 148 Forward: gRNA 25 crRNA 
sequence 
Reverse: overlap region 

gRNA fragment 
for pAAV-HITI-
gR25X 

TTGTGGCTGACCCGTGGCGTTT
TAGAGCTAGAAATAGCAAGTT 

GTACACTGGCCAGCGCCTAAAACC
CACTTGCACTC 

  Forward: gRNA 25X crRNA 
sequence 
Reverse: overlap region 

EGFP for pAAV-
HITI-gR22 

CGCTGGCCAGTGTACGCCACTCAGGG
CTCCAGCTGGCGCCACCATGGTGAGC
AAGG 

TAGCACTAGTCCAGCTGGAGCCCT
GAGTGGCGTTCCTGCGGCCGCACA
C 

60 900 Forward: overlap, gRNA 22 target 
site (crRNA plus PAM site) 
Reverse: gRNA 22 target site, SpeI 
cut site 

EGFP for pAAV-
HITI-gR25 

CGCTGGCCAGTGTACCCCTTGTGGCTG
ACCCGTGGCCGCCACCATGGTGAGCA
AGG 

TAGCACTAGTGCCACGGGTCAGCC
ACAAGGGGTTCCTGCGGCCGCACA
C 

60 900 Forward: overlap, gRNA 25 target 
site 
Reverse: gRNA 25 target site, SpeI 
cut site 
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EGFP for pAAV-
HITI-gR25X 

CGCTGGCCAGTGTACCCGTTGTGGC

TGACCCGTGGCCGCCACCATGGT

GAGCAAGG 

TAGCACTAGTGCCACGGGTCAGCC
ACAACGGGTTCCTGCGGCCGCACA
C 

  Forward: overlap, gRNA 25X 
target site 
Reverse: gRNA 25X target site, 
SpeI cut site 

Full insert for 
pAAV-HITI-gR22: 
U6, gRNA and 
EGFP  

GCAGGCTAGCGAGGGCCTATTTCCCAT
GATT 

TAGCACTAGTCCAGCTGGAGCCCT
GAGTGGCGTTCCTGCGGCCGCACA
C 

60 1305 N/A 

Full insert for 
pAAV-HITI-gR25: 
U6, gRNA and 
EGFP  

GCAGGCTAGCGAGGGCCTATTTCCCAT
GATT 

TAGCACTAGTCCAGCTGGAGCCCT
GAGTGGCGTTCCTGCGGCCGCACA
C 

60 1305 N/A 

Full insert for 
pAAV-HITI-gR25: 
U6, gRNA and 
EGFP 

GCAGGCTAGCGAGGGCCTATTTCCCAT
GATT 

TAGCACTAGTGCCACGGGTCAGCC
ACAACGGGTTCCTGCGGCCGCACA
C 

60 1305 N/A 

 

  

Non-annealing portions of oligonucleotides are highlighted in red.  
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3.5.19.4 qPCR 

 

  

qPCR Primers 

Target Forward (5’ to 3’) Reverse (5’ to 3’) 

SpCas9 CCTGTTCGACGACAAAGTGA GAAGTTTCTGTTGGCGAAGC 

CMV enhancer TTACGGTAAACTGCCCACTTG CGTGAGTCAAACCGCTATCC 

gR22 AGGGCTCCAGCGTTTTAGAG CGGTGCCACTTTTTCAAGTT 

gR25 CGGGTCAGCCACAAGTTTTA CGGTGCCACTTTTTCAAGTT 

gR25X GACCCGTGGCGTTTTAGAG CGGTGCCACTTTTTCAAGTT 

β-actin AGAGCAAGAGAGGCATCC TCATTGTAGAAGGTGTGGTGC 

EGFP GGTGAACTTCAAGATCCGCC CTTGTACAGCTCGTCCATGC 



4 Exploration of a transkingdom gene therapy for glaucoma 
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4.2 Introduction 

4.2.1 Glaucoma  

4.2.1.1 Prevalence 

Glaucoma is a neurodegenerative disease in which retinal ganglion cells are progressively 

lost. Globally, this optic neuropathy is the second most common cause of blindness (after 

cataracts) and is the leading form of irreversible blindness (Kingman, 2004). In 2013, there 

were an estimated 64.3 million cases of glaucoma worldwide. As populations age, this 

figure is predicted to rise to 76 million people in 2020 and 111.8 million by 2040 – largely 

due to substantial increases in life expectancy in Africa and Asia (Tham et al., 2014). 

13.9% of individuals with glaucoma are estimated to be bilaterally blind (Quigley and 

Broman, 2006). 

4.2.1.2 Disease presentation 

Glaucoma typically manifests during or after middle age and progresses slowly. In 

developed nations it is estimated that about half of people with glaucoma are unaware 

they are affected, while this figure can rise to 97% in developing countries (Kingman, 

2004, Budenz et al., 2013). 

Glaucoma can be considered an umbrella term for a variety of multifactorial optic 

neuropathies. In each of these conditions, RGC axons degenerate, causing a thinning of 

the neuroretinal rim and ‘excavation’ of the optic nerve head (ONH; the site at which RGC 

axons exit the eye). The optic cup consequently becomes enlarged relative to the optic 

disc – a phenomenon sometimes referred to as optic disc cupping or excavation (Casson 

et al., 2012) (Fig 4.1). Peripheral vision is initially affected but visual field loss may not be 

noticed for some time, as the brain can compensate by ‘filling-in’ information (Janssen et 
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al., 2013). Without successful intervention, the disease can progress to a state of 

complete blindness (Casson et al., 2012). 

 

 

4.2.1.3 Types of glaucoma 

Glaucoma is classed as ‘open-angle’ or ‘angle closure’ based on the size of the 

iridocorneal angle. In angle closure forms of the disease, the angle between the iris and 

cornea is narrowed, blocking aqueous humour (AH) outflow. In contrast, in open-angle 

glaucoma the iridocorneal angle is normal but AH drainage is impeded due to 

downstream trabecular meshwork abnormalities. Blockage of AH drainage, whether 

through constriction of the iridocorneal angle or increased resistance in the TM, leads to 

an elevation of intraocular pressure (IOP). Glaucoma is further categorised into primary or 

secondary forms, based on whether its development is dependent on another underlying 

condition. It is important to note that glaucoma can develop in the absence of increased 

Fig. 4.1. Optic nerve cupping. 

Left: A normal optic nerve head is 

shown above and a glaucomatous 

ONH with a thinned nerve fibre 

layer below. In the circles shown, 

the outer ring represents the optic 

disc area (corresponding to fibres 

of the ONH), while the inner ring 

depicts the cup area (a groove free 

of fibres in the centre of the ONH). 

Right: fundus images show retinas 

with a normal optic cup:disc ratio 

(top), abnormally enlarged cup 

(middle) and a severely 

glaucomatous retina with a large 

cup:disc ratio (bottom). 

Figure reproduced from  

https://www.hopkinsmedicine.org/

wilmer/services/glaucoma/book/ch

06s03.html [accessed: 02/09/20]. 

https://www.hopkinsmedicine.org/wilmer/services/glaucoma/book/ch06s03.html
https://www.hopkinsmedicine.org/wilmer/services/glaucoma/book/ch06s03.html
https://www.hopkinsmedicine.org/wilmer/services/glaucoma/book/ch06s03.html
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IOP. Primary open-angle glaucoma (POAG) is thus divided into ocular hypertension 

glaucoma (HTG) and normal-tension glaucoma (NTG) (Saccà et al., 2014). 

POAG accounts for 74-86% of primary glaucoma cases (Quigley and Broman, 2006, Tham 

et al., 2014). Although primary angle closure glaucoma (PACG) is less prevalent globally, 

the number of blind POAG and PACG patients is thought to be roughly equal because of 

the severity of PACG progression (Quigley and Broman, 2006). Secondary forms of 

glaucoma are estimated to occur ~ 9% as often as primary glaucomas (Quigley, 1996) and 

can arise from trauma or a variety of conditions, including lens abnormalities 

(phacomorphic or phacolytic glaucoma), inflammation (uveitic glaucoma), diabetes 

mellitus (neovascular glaucoma), long-term steroid use (corticosteroid-induced 

glaucoma), pseudoexfoliation syndrome and pigment dispersion syndrome  (Krishnadas 

and Ramakrishnan, 2001). 
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Figure 4.2. Aqueous fluid drainage and its blockage in open- and closed-angle glaucoma. Figure 

reproduced from Weinreb et al., 2014.  

 

4.2.1.4 Risk factors 

4.2.1.4.1 IOP 

IOP varies depending on age, sex and ethnicity (Leske et al., 1997) (Hashemi et al., 2005), 

and also fluctuates diurnally (David et al., 1992). Normal IOP ranges from 10-21 mmHg, 

whereas individuals with an IOP greater than 21 mmHg are classed as having ocular 

hypertension (OHT) and considered at risk of developing glaucoma (Wang et al., 2018). As 

IOP is the only modifiable risk factor for this disease, treatment for glaucoma has thus far 

relied upon IOP-reducing measures - eye drops containing compounds that lower 

aqueous humour (AH) production from the ciliary body and/or increase AH drainage. 

Such treatments include prostaglandins (PGAs), β-blockers, alpha adrenergic agonists, 
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carbonic anhydrase inhibitors and Rho kinase inhibitors (reviewed by Lusthaus and 

Goldberg, 2019). These topical treatments are associated with side effects, which range 

from minor, reversible cosmetic changes in the case of PGAs to bronchoconstriction and 

systemic hypotension induced by β-blockers. The main obstacle to successful treatment 

with topical medication is lack of compliance. It has been estimated that, on average, 

patients only apply half of the eye drops they are prescribed (Quigley, 2019). In cases 

unresponsive to topical treatment, surgical intervention, such as trabeculotomy or 

insertion of drainage enhancement devices, may be necessary (Lusthaus and Goldberg, 

2019).  

However, not all individuals with chronically high IOP develop glaucoma (Lascaratos et al., 

2015). Conversely, as mentioned previously, glaucoma can manifest in individuals with 

normal IOP levels (≤ 21 mmHg; NTG). NTG affects approximately one third of Caucasian 

patients and is more prevalent still in Asian populations, underlying up to 92% of 

Japanese POAG cases (Iwase et al., 2004). There must, therefore, be additional factors 

determining an individual’s susceptibility to glaucoma. 

4.2.1.4.2 Age 

As with many other neurodegenerative disorders, risk of glaucoma increases with age 

(Suzuki et al., 2006, European Glaucoma Prevention Study et al., 2007, Friedman et al., 

2006, Leske et al., 2007), with symptoms typically developing during or after middle age 

(>40 years). With each decade, the risk of POAG is estimated to increase by 1.4 – 2.3 fold 

(Rudnicka et al., 2006, Song et al., 2017, Friedman et al., 2006). 

4.2.1.4.3 Sex 

Interestingly, women are significantly more at risk of angle-closure glaucoma across all 

populations studied, which is likely a result of a decreased anterior chamber depth (ACD) 

relative to that of males (reviewed by Amerasinghe and Aung, 2008, Vajaranant et al., 

2010). In contrast, women have a reduced likelihood of developing POAG than men and 

this risk appears to be lower still in women with longer reproductive periods. Estrogen is 

notably established to have neuroprotective properties and may also be involved in the 

regulation of IOP and ocular blood flow dynamics (reviewed by Zetterberg, 2016, Nuzzi et 

al., 2019). It is therefore possible that female levels of estrogen can offer a certain 

amount of protection to RGCs in some glaucomatous contexts but not others. It is worth 

noting that the clinical presentation of POAG and PACG can be quite different. PACG 
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progression is more dependent on IOP (Gazzard et al., 2003), with patients tending to 

exhibit ‘sharp spikes’ of IOP (Yousefi et al., 2018), while (as previously mentioned) POAG 

often occurs at normal IOP levels. PACG patients are three times more likely to progress 

to a stage of severe visual impairment in both eyes (Sun et al., 2017). 

4.2.1.4.4 Ethnicity 

People of African descent are disproportionately affected by POAG (Rudnicka et al., 2006, 

Tham et al., 2014, Friedman et al., 2006) – particularly West Africans (Budenz et al., 2013) 

– and are also reported to experience an earlier-onset, more severe form of disease 

(Salowe et al., 2015). In contrast, Asian ethnicity is a higher risk factor for PACG; 80% of 

individuals affected by PACG are living in Asia (Tham et al., 2014, Song et al., 2017, 

Quigley and Broman, 2006). 

4.2.1.4.5 Heredity 

A positive family history of glaucoma greatly increases an individual’s chance of 

developing the disease (Tielsch et al., 1994, Wolfs et al., 1998, Wang et al., 2010b). In 

particular, siblings of POAG patients are estimated to be 4-15 times more likely to 

develop glaucoma (Tielsch et al., 1994, Wolfs et al., 1998). The heritability of POAG is 

estimated to be 70-93% (Sears et al., 2019), while PACG is over 60% heritable in Chinese 

populations (Wang et al., 2019b). 

POAG and PACG are complex inherited traits; the vast majority of cases do not present 

with a distinct, Mendelian pattern of inheritance. Approximately 5% of POAG cases are 

autosomal dominant, arising from pathogenic variants in myocilin (MYOC), optineurin 

(OPTN) or tank binding kinase 1 (TANK1) (Sears et al., 2019). The remaining 95% of POAG 

cases not yet linked to a genetic insult suggest that much of the heredity in POAG may be 

polygenic and/or under environmental influence (Abu-Amero et al., 2015). Genome-wide 

association studies (GWAS) have identified many additional loci associated with increased 

risk of POAG, PACG or endophenotypes of these diseases (i.e. IOP, retinal nerve fibre 

layer thickness or ACD) (reviewed by Liu and Allingham, 2017, Youngblood et al., 2019, 

Wang et al., 2019b). It has been demonstrated that individuals with a greater ‘dose’ or 

cumulative load of risk alleles have a greater risk of developing POAG (MacGregor et al., 

2018) or having an earlier onset of disease (Fan et al., 2019). A polygenic risk score was 

recently developed than can predict these risks and identify patients in need of more 
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intensive treatment (Craig et al., 2020). Genetic screening may thus be incorporated into 

practices for the detection and management of glaucoma in the not-too-distant future. 

4.2.2 Mitochondrial dysfunction in glaucoma 

4.2.2.1 Systemic mitochondrial dysfunction in glaucoma 

Mitochondrial involvement in the pathogenesis of glaucoma was first suspected due to 

the disease’s similarity to mitochondriopathies such as Leber hereditary optic neuropathy 

(LHON) and dominant optic atrophy (DOA), in which RGCs are also preferentially lost. 

Interestingly, a maternal family history of POAG is reported more frequently than a 

paternal lineage (Shin et al., 1977, Nemesure et al., 1996), leading to further speculation 

of a mitochondrial influence. 

Of the three genes linked to Mendelian glaucoma, all three have links to mitochondria. 

The products of OPTN and TANK1 are both involved in mitophagy. Knockdown of TANK1 

causes an accumulation of aberrant mitochondria (Moore and Holzbaur, 2016), while 

expression of a pathogenic OPTN allele leads to elevated mitochondrial degradation and 

oxidative stress in RGCs (Shim et al., 2016). MYOC has also been established to associate 

with mitochondria in the TM (Sakai et al., 2007). Overexpression of a POAG-associated 

MYOC allele resulted in a decrease in ATP production, higher levels of ROS, disrupted 

calcium homeostasis and increased cell death in primary TM cells (He et al., 2009). SNPs 

in OPA1, a nuclear gene encoding a protein essential for mitochondrial fusion, and ND2, a 

mtDNA encoded Complex I subunit, have been also associated with increased risk of 

normal tension glaucoma (NTG) development (Yu-Wai-Man et al., 2010, Jeoung et al., 

2014). OPA1 expression was further demonstrated to be downregulated in POAG patient 

peripheral blood leukocytes (Bosley et al., 2011). Thioredoxin reductase 2 (TXNRD2), part 

of the mitochondrial thioredoxin antioxidant system, was identified as a risk factor for 

POAG in a large GWAS study (Bailey et al., 2016). Other genes with mitochondrial roles 

(ME3, VPS13C, GCAT, PTCD2) have also been linked to IOP via GWAS (Choquet et al., 

2020). 

Some African mitochondrial haplotypes have been associated with increased risk of POAG 

in African American (Collins et al., 2016; L1c2 and L2 haplotypes) and Saudi Arabian 

cohorts (Abu-Amero et al., 2011; L macro haplogroup). The haplotypes in question are 

carried by a quarter of African-Americans (Collins et al., 2016), which may offer some 
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explanation as to why this population is approximately four times more at risk of 

developing POAG than Caucasians (Tielsch et al., 1991). As mentioned previously, African-

American individuals moreover tend to manifest an earlier-onset, more severe and faster 

progressing form of the disease (Salowe et al., 2015). The Eurasian N1 haplotype appears 

to confer a protection from POAG in Saudi Arabian individuals (Abu-Amero et al., 2011). 

Severity of POAG presentation also seems to differ between the implicated African 

mitochondrial haplotypes - L1c2 being associated with a more severe form of POAG than 

L1b (Cui et al., 2019). Notably, variants in the L1c2 haplotype include three missense 

mutations in the cytochrome oxidase c subunit gene (CO1), which encodes a key 

component of the ETC Complex IV. Although the inherited mtDNA haplotype variants in 

question may alone have only mild effects on mitochondrial function, they are proposed 

to push the mutational load of mitochondria over a threshold where energy production is 

insufficient in cells with especially high energy demands, such as RGCs (Collins et al., 

2016). 

It is interesting that men have an increased risk of developing POAG compared to females 

across all ethnicities (Khachatryan et al., 2019, Kapetanakis et al., 2016). This pattern has 

been noted as reminiscent of the incomplete penetrance of LHON (Collins et al., 2018), 

which is approximately four times more likely to manifest in males than females (Yu-Wai-

Man et al., 2002). The sexual dimorphism in LHON is thought to be a consequence of a 

‘sex-specific selective sieve.’ Natural selection can only act upon mtDNA within females 

and so maternal transmission allows for the accumulation of mtDNA mutations that may 

be deleterious to males while being neutral or even beneficial to females (Frank and 

Hurst, 1996, Milot et al., 2017) – an effect termed ‘Mother’s curse’ by evolutionary 

biologists.  

As discussed in section 1.7, mitochondrial DNA is inherently more unstable than the 

nuclear genome and accumulates mutations at a relatively high rate. As only 3% of the 

mitochondrial genome is comprised of non-coding DNA (in contrast to 93% of the nuclear 

genome) (Chial and Craig, 2008), mutations are more likely to be deleterious in this 

context. Several studies have investigated the possibility that mitochondrial DNA may 

mutate at an accelerated rate in glaucoma patients by sequencing peripheral blood 

leukocyte samples. The majority (60%) of POAG patients in a Saudi Arabian cohort were 

found to have non-synonymous mtDNA mutations – most of which were transversions, 
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indicating an elevated level of oxidative stress (Abu-Amero et al., 2006). In a study of 

Indian and Irish POAG patients, half of the cohort contained somatic mtDNA mutations 

(Sundaresan et al., 2015). 36% of identified mutations were located in genes encoding 

Complex I subunits. Of the patients who harboured a mtDNA mutation, 31% carried a 

variant in the ND5 CI subunit gene specifically. This corroborated the results of a larger 

Indian study, in which non-synonymous mutations of mtDNA in POAG patients were most 

often found in ND5 (24% of cases) (Banerjee et al., 2013). MtDNA mutations have also 

been noted in blood samples of primary congenital glaucoma, primary angle closure 

glaucoma, and pseudoexfoliation glaucoma patients, though at lower frequencies (~10-

23% of patients) (Sundaresan et al., 2015). 

The predominance of mtDNA mutations affecting Complex I is not surprising, as 

NADH:ubiquinone oxidoreductase dysfunction is the most frequently cited ETC defect in 

mitochondriopathies (Rodenburg, 2016). Complex I is the largest of the ETC protein 

complexes with subunits encoded by 45 different genes, mutations in 26 of which have 

been linked to metabolic disorders (Rodenburg, 2016). (For comparison, the other ETC 

complexes are comprised of 4-11 subunits.) Additionally, mutations in the genes encoding 

the assembly factors required for the joining of Complex I subunits, have also been 

established as pathogenic (Nouws et al., 2012). In the OXPHOS system, Complex I also 

possesses the largest number of subunits encoded by mtDNA (7); 38% of the 

mitochondrial genome codes for Complex I subunits - including ND5, the largest 

mitochondrial gene (1811bp).  

POAG patient-derived lymphocytes and lymphoblasts have been demonstrated to exhibit 

significant deficits in mitochondrial respiratory activity (Abu-Amero et al., 2006, Lee et al., 

2012), Complex-I enzymatic activity (Van Bergen et al., 2015) and Complex I-driven ATP-

synthesis (Lee et al., 2012, Van Bergen et al., 2015). Van Bergen et al. additionally 

observed reduced Complex II-driven ATP synthesis and impaired growth of POAG 

lymphocytes when forced to rely on OXPHOS. The abnormal bioenergetic profile of POAG 

patient lymphocytes was suggested to be a consequence of fragmentation of the 

mitochondrial network or increased accumulation of mtDNA mutations (Yu-Wai-Man, 

2012).  

Depletion of antioxidants, including glutathione, has also been observed in POAG patient 

blood samples (Gherghel et al., 2005, Sorkhabi et al., 2011). Additionally, the plasma 
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citrate levels of glaucoma patients were noted to be abnormally low. As citrate is 

produced in the mitochondria for use in the TCA cycle and has antioxidant properties, its 

depletion is likely indicative of reduced mitochondrial function and/or increased reliance 

on citrate as an antioxidant (Fraenkl et al., 2011). 

Very interestingly, increased systemic mitochondrial efficiency has been linked to reduced 

susceptibility to POAG. Lascaratos et al. (2015) characterised mitochondrial function in 

glaucoma ‘resistant’ individuals, manifesting no glaucomatous features despite having 

chronically high IOP (ocular hypertension; OHT), and especially susceptible people (NTG 

patients). Lymphocytes from resistant individuals displayed increased Complex I, II and IV-

driven ATP production, increased hyperpolarised mitochondrial membrane potential, 

more mtDNA and increased tolerance to cytosolic calcium overload compared to both 

susceptible and unaffected control groups. Despite increased mitochondrial function, 

samples from the resistant cohort displayed lower levels of oxidative damage than NTG 

specimens. This suggests an above-average level of mitochondrial efficiency in individuals 

with high IOP who do not develop glaucomatous optic neuropathy (Lascaratos et al., 

2015). Further work suggests that mitochondrial function is also more compromised in 

normotension compared to hypertension POAG cases (Petriti et al., 2020)32.  

Taken as a whole, the evidence strongly suggests that perturbation of systemic 

mitochondrial function, in particular Complex I activity, increases susceptibility to POAG. 

4.2.2.2 Oxidative stress in the trabecular meshwork 

The trabecular meshwork is established as the tissue most susceptible to oxidative 

damage in the anterior chamber. It appears incapable of mounting the antioxidant 

responses activated in light-sensing tissues such as the cornea and iris (Izzotti et al., 

2009). POAG patient TM cells have been shown to undergo increased DNA oxidation 

relative to controls. Significantly, the level of oxidative damage in patient cells was 

proportional to IOP level and restriction of visual field (Sacca et al., 2005). TM cells from 

POAG patients were shown to have a five-fold increased incidence of a large (4977 bp) 

mtDNA deletion associated with oxidative damage, which coincided with a similarly sized 

depletion in mitochondrial number (Izzotti et al., 2010). This elevation of oxidative 

damage to TM cell mtDNA appears to be restricted to POAG and pseudoexfoliative forms 

 
32 Petriti et al. 2020 is a conference abstract (not peer-reviewed). 
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of glaucoma (Izzotti et al., 2011). The 4977bp mtDNA deletion is found to commonly 

accumulate with age and in mitochondrial disorders (Meissner et al., 2008, Zhang et al., 

2015b). This lesion deletes almost one third of the mitochondrial genome, including most 

of the OXPHOS system (4 Complex I, 1 Complex IV and 2 Complex V subunits as well as all 

tRNA genes) (Yusoff et al., 2019). 

A null mutation in glutathione S-transferase 1 (GSTM1), which plays a key role in 

antioxidant defence, was associated with an increased level of mtDNA damage in POAG 

patient TM cells (Izzotti et al., 2010). Homozygous GSTM1 null patients were later found 

to be significantly more likely to be experience a more severe form of POAG - 

unresponsive to topical medical treatment and requiring filtration surgery (Saccà et al., 

2019). POAG patient-derived TM cells have also displayed impaired mitochondrial 

function, indicated by decreased membrane potential and ATP production, and higher 

amounts of ROS (He et al., 2008). Notably, POAG TM cells were more sensitive to 

Complex I inhibition than controls but tolerated Complex II and III inhibition. 

In addition to oxidative stress likely generated via mitochondrial dysfunction, TM cells are 

constantly exposed to UV-generated ROS from the aqueous humour, cornea and lens 

epithelium (Stamer and Clark, 2017). Aqueous humour samples of POAG patients also 

indicated elevated oxidative stress in anterior chamber tissues – antioxidant molecules 

were depleted, accompanied by an apparent compensatory increase in antioxidant 

enzyme activity (Ferreira et al., 2004, Sorkhabi et al., 2011).  

Oxidative stress has been demonstrated to alter TM cell characteristics in vitro. When TM 

cultures were subjected to hydrogen peroxide, cells exhibited reduced adhesion to ECM 

components as well as cytoskeletal rearrangement (Zhou et al., 1999). Cell-matrix 

adhesion is vital for maintaining TM structural integrity and its compromise may lead to 

cell loss and collapse of the TM (Zhou et al., 1999). Saccá et al. hypothesised that 

oxidative stress may also contribute to the trabecular thickening and fusion observed in 

POAG and elderly individuals (Sacca et al., 2007). Thus, oxidative damage to the TM 

structure may increase AH outflow resistance, leading to elevation of IOP. Mutation of 

mtDNA or antioxidant genes, such as GSTM1, could increase vulnerability to this 

pathology. 
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4.2.2.3 RGC mitochondrial dysfunction and degeneration 

CNS axons are generally highly dependent on oxidative phosphorylation, with ~70% of 

ATP generated required for maintenance of membrane resting potential (Osborne et al., 

2016, Inman and Harun-Or-Rashid, 2017). To maintain visual perception, RGCs are 

estimated to use 4.7 x 108 ATP molecules per second/per cell (Casson et al., 2019). RGCs 

are particularly vulnerable to perturbed bioenergetics because of their unique structure. 

To allow light to pass through to photoreceptors, the portion of RGC axons that traverse 

the NFL are transparent and, therefore, unmyelinated. Mitochondria are concentrated in 

unmyelinated axonal regions to enable propagation of action potentials, compensating 

for the lack of saltatory conduction (Fig. 4.3). As a result, RGCs are thought to be the most 

mitochondria-rich neurons in the entire CNS (Osborne and del Olmo-Aguado, 2013). 

While glaucoma subtypes vary in terms of several parameters, degeneration of RGCs is a 

feature common to all glaucoma cases. Glaucoma is clinically recognised by thinning of 

the neuroretinal rim and excavation of the optic disc, as RGC axons degenerate, and 

deformation of the lamina cribrosa (a structurally supportive mesh of collagen and elastin 

fibres filling the scleral opening that RGC axons pass through) (Casson et al., 2012, Tan et 

al., 2018). While RGC density is estimated to decline by approximately 0.4% per year 

normally, the rate of RGC loss is increased by 10 fold in glaucoma patients (Cordeiro et al., 

2011). RGC death in glaucoma is thought, for the most part, to be mediated by apoptosis 

(Davis et al., 2016), though the initial axonal degeneration appears caspase-independent 

and to occur via Wallerian degeneration (Inman and Harun-Or-Rashid, 2017).  
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Fig 4.3. Mitochondrial distribution in RGCs. 

Mitochondria are enriched in unmyelinated axonal regions (in the retinal globe and ONH). 

Along the myelinated optic nerve, mitochondria are sparsely distributed - apart from in 

the nodes of Ranvier (small gaps between myelin sheaths important for propagation of 

action potentials). The length of unmyelinated axon varies depending on a ganglion cell’s 

position relative to the ONH. Hence, the number of mitochondria per RGC likely varies 

across the retina. Figure reproduced from Osborne and del Olmo-Aguado, 2013.  



226 
 

Although it is widely accepted that glaucomatous neurodegeneration is initiated by injury 

to the optic nerve head, the nature of this primary injury has yet to conclusively resolved. 

The ‘mechanical theory’ posits that elevated IOP causes nerve fibre bundles to be 

compressed at the lamina cribrosa, the ‘weak spot’ of the corneoscleral layer (Downs and 

Girkin, 2017), resulting in blockage of axoplasmic transport. The subsequent reduced 

supply of neurotrophic factors would lead to RGC degeneration. However, this model 

alone does not satisfactorily account for the occurrence of normal-tension glaucoma 

(Davis et al. 2016). 

 It is also hypothesised that intracranial pressure (ICP) plays a part in glaucomatous 

progression, as cerebrospinal fluid fills the subarachnoid space of the optic nerve sheath 

and the pressure profile there is thought to be similar to ICP. An increased translaminar 

pressure gradient (the difference between anterior-directed IOP and posterior-directed 

ICP) would exert mechanical stress on the LC and ONH. Low ICP has been noted in NTG 

than HTG patients and, conversely, was higher in non-glaucomatous OHT individuals than 

POAG patients. A surgical intervention that decreases ICP has also been found to 

significantly increase risk of NTG development (Baneke et al., 2020). It may therefore be 

the case that a combination of low ICP and normal IOP has a deleterious effect similar to 

normal ICP and elevated IOP, and that a higher ICP could be protective against raised IOP 

by maintaining a pressure gradient homeostasis. 

The ‘ischemic theory’ proposes that altered blood flow dynamics cause damage to the 

ONH, either alone or as a result of mechanical stress caused by elevated IOP or an altered 

IOP/ICP balance. Altered haemodynamics is recognised as a major risk factor for 

glaucoma; systemic hypertension or hypotension, reduced ocular blood flow and ocular 

perfusion pressure have all been associated with POAG progression (Grzybowski et al., 

2020, Davis et al., 2016, Kim and Choi, 2019). Linking this concept to mitochondrial 

dysfunction, Osborne et al. hypothesise that prolonged or repetitive ischemia (and, 

therefore, hypoxia and nutrient deprivation) impairs ATP production and induces a state 

of oxidative stress. This would weaken RGCs, making them more susceptible to other 

relatively minor insults – effectively driving them to a prematurely aged state (Osborne et 

al., 2016). In this model (Fig. 4.4), glial cells of the ONH are activated by ischemia and 

release trophic factors, such as glutamate, tumour necrosis factor α (TNFα) and nitric 
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oxide, in an attempt to prevent further damage. However, prolonged, unregulated 

release of these factors may cause RGC death via excitotoxicity (Osborne et al., 2016).  

 

 

Fig. 4.4. Flow chart illustrating a model of glaucomatous progression after ischemic injury. 

TNFα = tumor necrosis factor α; NO = nitric oxide;  PG =prostaglandins; TGFβ = transforming 

growth factor β. Figure reproduced from Osborne et al. 2016. 

 

4.2.3 The DBA/2J mouse - a model of secondary angle-closure glaucoma 

Many experimental models for glaucoma have been described, the DBA/2J mouse model 

being by far the most commonly used and well-characterised. “Dilute-brown non-agouti” 

(DBA) mice are the oldest inbred lab strain (established in 1929-30), with different 

colonies bred at a variety of institutions over the years. A recessive tyrosinase related 

protein 1 allele with two missense mutations (Tyrp1R326H;C110Y or ‘Typr1b’) causes iris 

stromal atrophy (Scholz et al., 2008), while an additional nonsense mutation in the 

glycoprotein NMB gene (Gpnmb) arose spontaneously in the 1980s and leads to iris 

pigment dispersion (IPD) (Anderson et al., 2002, Libby et al., 2005a, John et al., 1998, 

Schlamp et al., 2006). Tyrp1 and Gpnmb proteins are associated with melanosomes, 
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which are responsible for incapacitating the cytotoxic by-products of melanin production. 

Hence, it is thought that mutation of these genes leads to iris cell death by impairing 

melanosomal sequestration of toxic intermediates (John, 2005). Both GpnmbR150X and 

Typr1b mutant alleles are necessary for initiation of a glaucomatous phenotype; DBA/2J 

with wild-type Gpnmb (DBA/2J-Gpnmb+) manifest a mild iris disease that does not 

progress to increased IOP or RGC degeneration (Howell et al., 2007b). C57BL/6J (C57) 

mice, which lack ‘Typr1b’ and GpnmbR150X mutations, have traditionally been used as 

controls for comparison to DBA/2J mice, though they disparate strains. However, DBA/2J-

Gpnmb+ mice may now function as an ideal experimental control strain in experiments, if 

logistically feasible. 

Iris atrophy and pigment dispersion is evident at 5-6 months of age in DBA/2J mice. This 

leads to a build-up of pigment-filled macrophages in the iridocorneal angle and formation 

of anterior synechiae (regions where the iris adheres to the TM and possibly also the 

cornea), with corneal endothelial cells growing along the synechiae and reaching the iris 

(John et al., 1998). These factors lead to closure of the iridocorneal angle and blockage of 

aqueous drainage, which results in IOP elevation by 8-9 months of age. Evidence of 

ischemia has been noted in this model from 4 months of age (Chandra et al., 2016, 

Schuettauf et al., 2004), while reactive gliosis of astrocyte and Müller glia is obvious at ~8 

months old (Cwerman-Thibault et al., 2017). Substantial deficits in anterograde and 

retrograde axonal transport are observed from 9-10 and 13 months, respectively 

(Dengler-Crish et al., 2014). At 11 months old, thinning of the RNFL and optic cup 

excavation is noted and most DBA/2J mice exhibit a severe reduction in optic nerve axon 

number (Libby et al., 2005a). RGC somata show a peak in TUNEL reactivity in the same 

time-frame (Libby et al., 2005b) and are reported to be significantly reduced in number 

from 9-18 months (Buckingham et al., 2008, Dengler-Crish et al., 2014, Cwerman-Thibault 

et al., 2017). Interestingly, the speed of RGC loss can apparently vary between colonies 

housed at different institutions, possibly due to environmental influences and/or genetic 

drift (Libby et al., 2005b). 

The secondary angle-closure glaucoma that develops in DBA/2J mice shares similarities 

with human secondary glaucomas arising from pigmentary dispersion and iridocorneal 

endothelial syndromes (John et al., 1998). The natural, age-dependent IOP elevation and 
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progressive RGC degeneration exhibited by this strain makes it an invaluable model for 

studying the mechanisms underlying glaucomatous neurodegeneration.  

Analyses of DBA/2J mice have supported the idea that mitochondrial dysfunction plays a 

central part in the pathogenesis of glaucoma. Mitochondria in RGC axons and dendrites of 

aged (~9 months+) DBA/2J mice have been described as smaller and more numerous, 

suggesting a skew towards fission, and possess disrupted/reduced cristae, indicating 

reduced oxidative capacity (Ju et al., 2008, Coughlin et al., 2015, Kim et al., 2015, Williams 

et al., 2017). Elevated hydrostatic pressure has been shown to induce similar effects 

(mitochondrial fission, cristae depletion and ATP level reduction) in cultured cells (Ju et 

al., 2007)33. Of note, overexpression of OPA1, a mitochondrial fusion protein, or inhibition 

of DRP1, a fission-promoting protein, significantly increased RGC survival in the DBA/2J 

and/or laser-induced glaucoma mouse models (Ju et al., 2010, Kim et al., 2015, Hu et al., 

2018). Williams et al. conducted RNA-seq analysis on RGCs isolated from 9 month old 

highly-glaucomatous DBA/2J mice (assessed by axon loss) and found significant 

enrichment of differentially expressed genes in mitochondrial dysfunction and oxidative 

phosphorylation pathways (relative to pre-glaucomatous DBA/2J and age-matched 

DBA/2J-Gpnmb+ controls). Mitochondrial fission genes were notably among those 

differentially expressed (Williams et al., 2017).  

Autophagy is upregulated in aged DBA/2J mice. However, in spite of this, dysfunctional 

mitochondria do not appear to be recycled efficiently (Coughlin et al., 2015). This is 

possibly a compensatory reaction to a decline in the level of PGC-1α, a key mitochondrial 

biosynthetic protein (Inman and Harun-Or-Rashid, 2017). Low-functioning mitochondria 

therefore accumulate, which would be expected to impede ATP production and increase 

generation of ROS (Inman and Harun-Or-Rashid, 2017). 

There are indeed clear signs of oxidative stress in DBA/2J retinas; elevated levels of lipid 

peroxidation have been observed from 3 months of age, while genes involved in 

antioxidant response were upregulated from 7 months (Inman et al., 2013, Kim et al., 

2015). Treatment with a dietary antioxidant, α -lipoic acid, was effective in decreasing 

oxidative stress and protected against RGC loss (Inman et al., 2013). 

 
33 Note: this study was performed on a transformed rat RGC line (‘RGC-5’), which was later revealed to be, 
in actuality, a mouse photoreceptor cell line (611W) (Krishnamoorthy et al., 2013). 
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Bioenergetic deficits have also been noted in the DBA/2J model preceding the onset of 

RGC degeneration. Optic nerves of 6 and 10 month old DBA/2J mice displayed a striking 

reduction in compound action potential amplitude, the extent of this deficit being 

inversely proportional to IOP level (Baltan et al., 2010). ATP levels were significantly lower 

in optic nerves of 6 month old mice with high IOP and by 10 months of age all DBA/2J 

mice showed a similar deficit, regardless of IOP measurement (Baltan et al., 2010). 

Cwerman-Thibault et al. (2017) noted electron transport chain defects in ageing DBA/2J 

mice relative to pre-glaucomatous controls. Optic nerve Complex I, III and IV activity was 

significantly reduced from 5 months, while combined Complex II+III activity was similarly 

impaired from 8 months of age. A deficit in Complex I activity was also apparent in whole 

retinal samples from 5 months of age. Retinal Complex II+III, III and IV activity, though not 

assessed at 5 months, was significantly decreased at 10 months (Cwerman-Thibault et al., 

2017). These deficits could be rescued by overexpression of neuroglobin, a mitochondrial 

protein with neuroprotective properties found to be decreased in aged DBA/2J mice 

(Cwerman-Thibault et al., 2017). 

A disadvantage of assaying retinal and optic nerve samples for mitochondrial function is 

that it is difficult to ascertain how much RGCs contribute to the readout. RGCs comprise  

<1% of retinal cells but, as discussed earlier, their axonal regions in the RNFL are 

unusually mitochondria-rich and heavily dependent on OXPHOS. In contrast, while 

photoreceptors comprise ~81% of the murine retina (Jeon et al., 1998), possess 

mitochondria-rich inner segments and boast the highest oxygen consumption rate of any 

human cell type (Eells, 2019), they are thought to rely primarily on aerobic glycolysis for 

ATP production (Kanow et al., 2017). In the optic nerve, although myelinated RGC axons 

take up the majority of space (~57%) they have a relatively low mitochondrial density and 

so ~72% of optic nerve mitochondrial content is attributed to astrocytes (Perge et al., 

2009). 

This issue can be circumvented somewhat by treating optic nerve samples with a glial-

specific TCA cycle inhibitor (fluorocitrate). In the absence of glial inhibition, ATP 

production and maximal respiration decreased with age in optic nerves of both DBA/2J 

and control (DBA/2J-Gpnmb+) mice. Interestingly, the oxygen consumption rate of 

DBA/2J samples was not significantly altered upon inhibition of ATPase, indicating that 

the optic nerve population was more reliant on glycolysis.  
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However, when astrocyte and oligodendrocyte OXPHOS was inhibited, axonal 

mitochondria of 10 month old DBA/2J mice had a lower maximal respiration rate but 

generated significantly more ATP than controls. Increased ATP production was 

unexpected, given the previously discussed morphological abnormalities observed in 

DBA/2J axonal mitochondria. To explain this result, Jassim et al. propose that highly 

efficient mitochondria may be selected for in the stressed DBA/2J optic nerve and 

possibly compensate for the accumulation of dysfunctional organelles (Jassim et al., 

2019). This would seem to fit with the RNA-seq data of Williams et al., where OXPHOS 

genes related to all ETC complexes were upregulated in the RGCs of 9 month old DBA/2J 

mice.  

A further metabolic abnormality was apparent upon ATPase inhibition: the ability of aged 

DBA/2J axons to switch to glycolysis was significantly impaired. The authors therefore 

concluded that DBA/2J RGC axons are overly reliant on oxidative phosphorylation and 

that their upregulation of OXPHOS activity ultimately cannot compensate for an inability 

to switch to glycolysis when necessary (i.e. hypoxia).  

Jassim et al. interpret their results as a consequence of both ETC defects and reduced 

substrate availability. In axons and glia of the optic nerve, uptake of circulating glucose is 

mediated by glucose transporter proteins (GLUT1 in glia and GLUT3 in axons). Glia are 

thought to primarily rely on glycolysis, while RGC axons are dependent on 

mitochondrially-produced ATP. Glial cells provide further metabolic support to axons by 

supplying them with additional substrates to fuel OXPHOS; lactate, pyruvate and ketone 

bodies are transferred via monocarboxylate transporters (MCTs) (Inman and Harun-Or-

Rashid, 2017).  

At 6 months of age, increased levels of the low cellular ATP sensor pAMPK indicate an 

energetic crisis in DBA/2J optic nerves. Activated AMPK attempts to restore energy 

homeostasis in a multitude of ways that discourage ATP consumption and promote ATP 

production. However, this intervention appears ultimately unsuccessful, as evidenced by 

sustained AMPK activation, low lactate levels and decreased creatine kinase activity 

(Harun-Or-Rashid et al., 2018). GLUT1 and MCT2 are notably downregulated in aged 

DBA/2J mice (see Fig. 4.5). In the case of MCT2, this is likely in response to the low levels 

of lactate available for transport (Harun-Or-Rashid et al., 2018). Jassim et al. propose that 

downregulation of glucose and monocarboxylate transporters in the DBA/2J optic nerve 
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may underly the reduction in maximal respiration rate, which is highly dependent on 

substrate availability, while the impaired upregulation of glycolysis possibly stems from 

an insufficient glucose supply (Harun-Or-Rashid et al., 2018). Interestingly, treatment of 

DBA/2J mice with a ketogenic diet, which forces RGC axons and astrocytes to completely 

rely on mitochondrially-produced ATP, provided significant protection to RGC axons and 

somata. An increased level of ketone bodies led to an upregulation of MCTs, increased 

mitochondrial biogenesis and ETC activity (Harun-Or-Rashid et al., 2018).  

Altered NAD levels provide yet more evidence of mitochondrial dysfunction in this model. 

Total NAD level declined with age in both DBA/2J and control mice (Williams et al., 2017), 

while the NAD+/NADH ratio was significantly lower in 10 month old DBA/2J relative to 

age-matched Gpnmb+ mice (Harun-Or-Rashid et al., 2018). Remarkably, treatment with 

dietary vitamin B3, an NAD+ precursor, could prevent axon degeneration in up to 93% of 

DBA/2J eyes (Williams et al., 2017). Importantly, POAG patients were recently found to be 

deficient in plasma NAD relative to controls, further supporting the therapeutic promise 

of vitamin B3 supplementation (Kouassi Nzoughet et al., 2019).  

Clearly, much remains to be elucidated with regard to the pathogenesis of glaucoma. 

However, there is now an overwhelming amount of evidence to suggest that 

mitochondrial dysfunction is a prominent feature in the progression of this disease – 

much of it gained from utilisation of the DBA/2J model. It is possible that metabolic 

vulnerability stems from a combination of ETC defects and reduced substrate availability. 

This damage may be initiated by elevated IOP and/or oxygen and nutrient deprivation 

due to ischemia. Individuals with an accumulation of mitochondrial mutations or lower-

than-average mitochondrial efficiency are likely especially susceptible to such stressors. 
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Figure 4.5. Substrate transport in the optic nerve from glial cells to RGC axons. 

Glucose enters astrocytes and oligodendrocytes from circulation via GLUT1 and 3 channels. 

Lactate and ketone bodies are transported from glial cells to axons via MCT proteins. In a 

glaucomatous optic nerve, glucose is less abundant and GLUT1 and MCT proteins are 

downregulated. Mitochondria are smaller and less numerous in glaucomatous axons. Figure 

reproduced from Inman and Harun-Or-Rashid, 2017.  
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4.2.4 Ndi1 – a single-unit alternative NADH-ubiquinone reductase 

As outlined earlier, Complex I is a huge multimeric protein complex, with 38% of the 

mitochondrial genome dedicated to production of CI subunits alone. Unsurprisingly, 

Isolated Complex I deficiency is the most commonly observed cause of mitochondrial 

disorders (such as LHON and Leigh’s syndrome) (Sharma et al., 2009). Complex I defects 

have also been linked to the pathology of multifactorial diseases such as Parkinson’s 

disease (Chen et al., 2019a, Holper et al., 2019), Alzheimer’s disease (Adav et al., 2019, 

Holper et al., 2019), and glaucoma (Lee et al., 2012, Van Bergen et al., 2015, Banerjee et 

al., 2013, Sundaresan et al., 2015). Restoration or boosting of Complex I activity may 

therefore by beneficial in both inherited mitochondriopathies and age-related 

neurodegenerative disease contexts. The size of the NADH:ubiquinone oxidoreductase 

complex, however, means it is not feasible to employ a straightforward AAV-mediated 

gene replacement strategy for this purpose. 

Fortunately, this issue can be circumvented by taking inspiration from some of our (very) 

distant eukaryotic cousins. Plant and fungal cells possess two proteins capable of NADH 

oxidation (without proton pumping): Nde1 in the mitochondrial intermembrane space 

(external NADH dehydrogenase), and Ndi1, in the mitochondrial matrix (inner NADH 

dehydrogenase) (Iwata et al., 2012). Saccharomyces cerevisiae Ndi1 is a nuclear encoded 

513 amino acid protein that acts as a dimer and contains an endogenous mitochondrial 

localisation signal. Unlike Complex I, Ndi1 is insensitive to rotenone inhibition (Seo et al., 

1998, Cui et al., 2012, Iwata et al., 2012). Excitingly, this single unit Complex I substitute 

protein could be incorporated into the respiratory chain of bacterial and mammalian cells 

(Kitajima-Ihara and Yagi, 1998, Seo et al., 1998) (see Fig. 4.6) and proved capable of 

compensating for genetic or rotenone-induced Complex I dysfunction in vitro (Seo et al., 

2000, Bai et al., 2001). Using Ndi1 to bypass defective Complex I additionally reduced ROS 

production and vulnerability to ROS-mediated apoptosis in a cell line model of LHON 

(Park et al., 2007). It is important to note that Complex I NADH oxidation also functions to 

replenish NAD+ levels required for running of the TCA cycle, which produces metabolites 

important in biosynthetic and signalling pathways (Martínez-Reyes and Chandel, 2020). 

Ndi1 thus has multiple modes of potential benefit: (i) restoring electron transfer from 

NADH to ubiquinone and thus increasing ATP synthesis, (ii) minimising ROS production 
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from malfunctioning Complex I, (iii) desensitising cells to further ROS-mediated damage 

to Complex I and (iv) increasing TCA cycle activity. 

AAV-mediated Ndi1 expression in the substantia niagra or superior colliculus (where RGC 

axons terminate) can protect neurons in chemically-induced rodent models of Parkinson’s 

disease and LHON, respectively (Seo et al., 2006, Marella et al., 2010). However, in the 

case of optic neuropathies, intravitreal injections are obviously preferable to invasive 

brain surgery. With this in mind, the Farrar lab has demonstrated that intravitreal 

injection of AAV2/2-CMV-Ndi1 can significantly preserve RGC and visual function in a 

rotenone-induced mouse model of LHON (Chadderton et al., 2013). A similar approach 

(intravitreal injection of scAAV-CAG-Ndi1) protected visual function in an experimental 

autoimmune encephalomyelitis (EAE) animal model of multiple sclerosis (Talla et al., 

2013, Talla et al., 2020). 

 

Figure 4.6. Schematic of Ndi1 incorporation into a mammalian ETC chain with Complex I 

dysfunction. Figure reproduced from McElroy et al. 2020.  

 

4.2.5 Objectives of chapter 4 

The aims of the research described in this chapter were to: 

I. Characterise a DBA/2J mouse colony, verifying the presence of glaucomatous 

phenotypes documented by other research groups – particularly in terms of ETC 

Complex I activity and general health of RGCs. 

II. Evaluate the therapeutic potential of AAV-mediated Ndi1 expression in DBA/2J 

retinal ganglion cells.  
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4.3 Results 

4.3.1 Pigment dispersion and IOP elevation in aged DBA/2J mice 

Inbred colonies of lab mice can be subject to genetic drift and deviate phenotypically 

from a source population over time. With the DBA/2J strain specifically, populations with 

the same genetic background but bred at different facilities have shown considerable 

phenotypic variation, suggesting that environmental factors may influence disease 

progression (Libby et al., 2005a, Turner et al., 2017). It was therefore important to 

characterise our DBA/2J colony before attempting to rescue phenotypes with potential 

therapeutics. As part of this endeavour, mice were first tested for the major hallmarks of 

this model of glaucoma: iris pigment dispersal and elevated intraocular pressure. 

As expected, aged DBA/2J mice displayed striking pigment abnormalities when compared 

to age-matched C57BL/6J  (C57) control mice (Fig. 4.7). The pigment of the iris was 

drastically redistributed, with some areas displaying large aggregates of debris and other 

completely pigment-free. A similar pattern was evident in the retinal pigment epithelium 

of these mice.  

 

Fig 4.7. Pigment abnormalities in DBA/2J eyes.  

Fixed eyes were dissected and imaged under a stereomicroscope. Dispersal of pigment in the iris and 

RPE of 13 month old DBA/2J mice was evident when compared to age-matched C57 control mice. 

Scale bar = 1mm. 
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Intraocular pressure was recorded in DBA/2J mice at three timepoints (Fig. 4.8). Median 

IOP rose significantly from 2 months of age (11.71 ± 1.29 mmHg ) to 10-11 months (16.33 

± 2.95 mmHg) (p < 0.0001). This was followed by a relatively abrupt drop to 7.25 ±  0.33 

mmHg at 13 months of age. IOP decrease in later life is thought to be a consequence of 

severe ciliary body atrophy (Libby et al., 2005a). For comparison, Cwerman-Thibault et al. 

(2017) reported mean IOP values of ~13 mmHg and ~19-22 mmHg in 9-11 month old C57 

and DBA/2J mice, respectively, while the mean IOP of 10-11 month old mice in the TCD 

DBA/2J colony was 18.62 ± 4.826. 

  

Fig 4.8. DBA/2J IOP measurements over time. 

Non-invasive IOP measurements were performed on DBA/2J mice of 2, 10-11 and 13 months 

of age (n = 23, 18 and 6 eyes, respectively). Readings are represented in millimetres of 

mercury (mm Hg). Medians and interquartile ranges are shown. The median value for 10-11 

month old mice (16.33 ± 2.95  mmHg) was found to be significantly different from both 2 

month old (11.71 ± 1.29  mmHg) and 13 month old mice (7.25 ±  0.33 mmHg). For statistical 

analysis, the Kruskal-Wallis test was performed and followed by Dunn’s multiple 

comparisons post hoc test. 

**** p < 0.0001 
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4.3.2 Neurodegeneration in aged DBA/2J optic nerves and retinae 

Aged DBA/2J mice were examined for signs of axonal degeneration by performing 

immunohistochemical analysis on optic nerve cross-sections. Neurofilament 200 (NF200), 

also known as neurofilament heavy polypeptide (NEFH), is an essential cytoskeletal 

component in neurons and a commonly used axonal marker. Quantification of NF200-

positive regions in optic nerve sections can therefore be used to estimate axon numbers 

(Cwerman-Thibault et al., 2017). This method of quantitation is not as accurate as 

paraphenylenediamine (PPD) staining of myelin sheaths in thin resin-embedded tissue 

sections, which enables counting of individual axons (Anderson et al., 2005). 

Nevertheless, NF200-staining allows relative comparisons of axonal abundance to be 

made. A limited number of samples were available for this test (ranging from one to four 

optic nerves per group) relative to the large cohorts normally used in studies with DBA/2J 

mice. However, 13 month old DBA/2J mice displayed a notable decrease in axon number 

compared to their age and gender-matched C57 controls. This was particularly evident in 

the female cohort, where NF200-positive regions were 0.32 fold fewer in aged DBA/2J 

mice (aged C57 females: 1.00 ± 0.16, aged DBA/2J females: 0.32 ± 0.28; p = 0.0155; n = 4) 

(Fig. 4.9.B). 

Glial fibrillary acidic protein (GFAP), a type-III intermediate filament protein, is an 

established marker of gliosis and has been used to detect activation of astrocytes and 

Müller glia after optic nerve injury (Chen and Weber, 2002) and in aged DBA/2J mice 

(Cwerman-Thibault et al., 2017). Elevated expression of GFAP is commonly used as a 

proxy for neuronal damage. In parallel to the decrease in NF200 expression observed, 

GFAP expression significantly increased in optic nerves of 13 month old DBA/2J mice 

compared to age- and gender-matched C57 controls; fold changes were 3.40 for female 

DBA/2J mice (aged C57: 1.00 ± 0.67, aged DBA/2J: 3.40 ±  0.48; p = 0.017, n = 2-3) and 

2.03 for males (aged C57: 1.91 ± 0.54, aged DBA/2J: 3.88 ± 0.39; p = 0.001, n = 4) (Fig. 

4.9.C). 

Similar analyses were applied to optic nerve head sections and no significant differences 

in overall NF200 or GFAP expression levels were observed in this region (Fig. 4.10.B and 

C). However, examination of the rest of the retina (non-ONH regions), revealed a striking 

upregulation of GFAP expression in female 13 month old DBA/2J mice (9.64 ± 3.44 fold; p 

= 0.0246; n = 4; Fig. 4.10.D). GFAP-positive regions in these retinas extended from the 
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ganglion cell layer outward, often as far as the ONL. Müller glia were therefore clearly 

activated in DBA/2J retinas. 

Retinal ganglion cell soma degeneration was evaluated by determining RGC density in 

retinal wholemount samples. RGC loss does not occur evenly throughout the retina in 

DBA/2J mice. Instead, a ‘fan-shaped’ pattern of degeneration is often observed with 

wedges of RGC loss, narrow at the optic disc and widening toward the periphery (Jakobs 

et al., 2005) (Schlamp et al., 2006). Such a shape makes sense when one considers that 

RGC axons converge into axon bundles, which are damaged as they pass through the 

lamina cribrosa. This pattern is noted to be reminiscent of arcuate scotomas in human 

glaucoma cases (Howell et al., 2007a). In light of the sectorial nature of degeneration, it 

was decided that analysis of retinal wholemounts would enable more accurate 

quantification of RGC numbers than retinal section counts. 

As approximately 59% of the murine GCL is thought to be made up of displaced amacrine 

cells (Jeon et al., 1998), simply staining nuclei (e.g. with DAPI) is not an accurate method 

for estimating RGC numbers. Using RBPMS (RNA blinding protein with multiple splicing) 

as a marker allows specific labelling of the entire RGC population (Rodriguez et al., 2014). 

However, automated cell counting of RBPMS-labelled RGCs is not ideal as cell bodies are 

often in direct contact with each other, making separation of the detected objects 

difficult or impossible (Dr Arpad Palfi, personal communication). It was therefore decided 

to use BRN3A, a POU-domain transcription factor present in approximately 92-96% of 

rodent RGC somas (Nadal-Nicolás et al., 2012) and widely used for the purpose of RGC 

labelling (Fig. 4.11.A).  

A dramatic decrease in RGC soma density was evident from 7 to 12-13 month of age in 

DBA/2J mice (3067.16 ± 266.15 to 889.85 ± 835.79 RGCs/mm2). In contrast, C57 RGC 

numbers declined relatively modestly with age (3033.33 ± 146.76 RGCs/mm2 at 2-3 

months old vs  2637.68 ± 367.82 RGCs/mm2 at 12-13 months of age) (Fig. 4.11.B). When 

DBA/2J data was separated by sex, it was apparent that female mice experienced a faster 

rate of RGC degeneration than males (Fig. 4.11.C). At 12-13 months of age, mean RGC 

density was 462.43  ± 332.42 RGCs/mm2 in females compare to 1507.01 ± 860.81 

RGCs/mm2 in males (n = 7). 
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To assess statistical significance, a three-way ANOVA was performed on data from 2-3 

and 12-13 month old mice of both strains and both sexes. 12-13 month old female 

DBA/2J mice (462.43  ± 332.42 RGCs/mm2) had significantly fewer RGCs than sex- and 

age-matched C57 (2697.16 ± 437.79 RGCs/mm2) and young DBA/2J controls (3041.23  ± 

395.24 RGCs/mm2), with respective fold changes of 0.17 and 0.15 (p < 0.0001; n = 3-7) 

(Fig.4.11.D). Mean RGC density in aged DBA/2J females (462.43 ± 332.42 RGCs/mm2) was 

also significantly lower than that of their male DBA/2J counterparts (1507.01 ± 860.81 

RGCs/mm2) (p = 0.0124; n = 7). RGC densities of 12-13 month old male DBA/2Js were 

significantly reduced in comparison to their 2 month old pre-glaucomatous strain controls 

(3166.20 ± 250.66 RGCs/mm2) (p = 0.0001; n = 5-7) but not from aged C57 males (2610.28 

± 275.08) (p = 0.067). However, it should be noted that the sample group sizes used in 

this test were suboptimal considering the noted high level of variance documented in this 

model (Libby et al., 2005a). 

Considering these results, it was decided that the efficacy of a therapeutic intervention 

would be best tested at approximately 12 months of age in DBA/2J females, at which 

point an estimated 15 ± 11% of RGCs would remain in untreated mice (based on 

measurements of n = 7). Due to the slower rate of disease progression in males, 48 ± 27% 

RGCs were predicted to persist at this timepoint (n = 7). It was therefore planned to 

assess treated males at a later age (15-16 months old) when baseline RGC loss might be 

more severe.   
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  Fig 4.9. Altered NF200 and GFAP expression in aged DBA/2J optic nerve sections. 

(A) Representative IHC images of optic nerve sections from DBA/2J and C57 mice of 3 and 13 

months of age. Sections were stained for NF200 (green) and GFAP (red) and DAPI (blue) was used 

to label nuclei. Scale bar = 50μm. 

(B) Axon numbers were estimated by quantifying the numbers of NF200 positive areas per 

section using the ‘Count and Measure’ module in cellSens software. Values were normalised 

against section area. 13 month old DBA/2J females were found to have significantly fewer axons 

than their age and gender-matched C57 controls (p = 0.0155, n = 4 per group). 

(C) GFAP levels were quantified using the Fiji ‘Threshold’ and ‘Measure’ tools. GFAP integrated 

density values were normalised against section area. DBA/2J mice had significantly higher levels 

of GFAP than their age and gender-matched C57 controls in cohorts of both males (p = 0.017, n = 

2-3) and females (p = 0.001, n = 4). 

Values shown in (B) and (C) are means ± SD. For statistical analysis, a two-way ANOVA was 

performed to compare DBA/2J 13 month old and C57 13 month old mice in terms of strain and 

gender. (Insufficient numbers of 3 month old samples were available to analyse the effect of age 

in a three way ANOVA.) 
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Fig 4.10. NF200 and GFAP expression in retinal and optic nerve head sections. 

(A) Retinal sections that included the optic nerve head were selected and stained for NF200 (green) and 

GFAP (red). Nuclei were counterstained with DAPI (blue). The images shown are from 13 month old 

DBA/2J and C57 samples. Scale bar = 50μm.  

Relative NF200 (B) and GFAP (C) proteins levels were estimated in ONH regions by determining the 

mean gray values of pixels in the regions of interest using Fiji. n = 2-5 retinas (1 section per retina). 

(D) Non-ONH regions of the retina were also stained for GFAP (red). Scale bar = 50μm. 

(E) GFAP levels across whole retinal section images (acquired via stitching) were quantified using 

integrated density values and normalised to the corresponding DAPI area. For this analysis, sections 

that did not include the ONH were chosen. Values shown are means ± SD. p = 0.0246 (two-way ANOVA 

and Tukey’s multiple comparisons post-hoc test). 
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Fig 4.11. Reduced RGC density in aged DBA/2J retinal wholemounts. 
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Fig 4.11. Fig 4.11. Reduced RGC density in aged DBA/2J retinal wholemounts (continued). 

(A) Retinal wholemounts from C57 and DBA/2J of 2 and 13 months old were stained for BRN3A-

positive ganglion cell soma (red). Images shown were acquired in multiple frames (16) that were 

stitched together using cellSens. Scale bar = 500μm. Fan-shaped areas of RGC loss are evident in 

the representative wholemount from a 13 month old male DBA/2J mouse. BRN3A labelling was 

very sparse in the female DBA/2J 13 month old sample shown, signifying more severe RGC 

degeneration. 

(B) The densities of BRN3A-positive ‘objects’ (cells) in stained wholemounts were calculated using 

the Count and Measure module in cellSens software and expressed as the number of RGCs  per 

mm2 . RGC density in DBA/2J mice decreased substantially from 10 months of age. In contrast, 

C57 RGC number was reduced only slightly over time. Sample groups sizes were as follows: 

DBA/2J 2 months old (mo) (8 retinas), 7-8 mo (5), 10 mo (4), 12-13 mo (14), 16 mo (5); 

C57 2 mo (8), 7-8 mo (1), 12-13 mo (12). 

(C) DBA/2J RGC data from (B) was segregated by sex, revealing that female mice experienced a 

faster, more severe disease progression than males. Sample group sizes: 

Female 2 mo (3 retinas), 7-8 mo (3), 10 mo (4), 12-13 mo (7), 16 mo (2); 

Male 2 mo (5), 7-8 mo (2), 12-13 mo (7), 16 mo (3). 
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4.3.3 Upregulation of oxidative stress markers in glaucomatous DBA/2J mice 

Markers of oxidative stress have previously been demonstrated to be upregulated in the 

DBA/2J model. These include expression of  genes linked to oxidative stress response, 

such as ceruloplasmin (Cp), Heme oxygenase-1 (Ho-1) and an inducible form of nitric 

oxide synthase (Nos 2) (Inman et al., 2013).  

Ceruloplasmin, a ferroxidase that coverts ferrous (Fe2+) to ferric iron (Fe3+), is suggested 

to function as an antioxidant by limiting the amount of free radical-producing ferrous iron 

(Chen et al., 2003). Heme oxygenase-1 is an oxidative stress-induced enzyme that 

facilitates cleavage of heme, leading to the production of bilirubin, a potent antioxidant. 

Induction of Ho-1 expression has been demonstrated to have a protective effect in 

neurons subjected to oxidative stress (Le et al., 1999, Chen et al., 2000). Nos 2 is highly 

expressed by glial cells during reactive gliosis, which itself can be initiated by oxidative 

stress, and the subsequent increase in nitrous oxide free radicals (•NO) production can 

induce nitrosative stress in the surrounding neurons (Moreno et al., 2009, Hass and 

Barnstable, 2016). 

Inman et al. (2013) profiled retinal expression of these genes in DBA/2J and C57 mice 

from 3 to 10 months of age. For the purposes of this study, it was decided to characterise 

12 month old mice in terms of these oxidative stress markers, when significant RGC loss is 

evident.  

RT-qPCR analysis was performed on whole retinal samples from 12-13 month old DBA/2J 

and C57 mice. Expression of all three oxidative stress markers tested was increased in 

aged DBA/2J retinas (Fig. 4.12.A). In the case of Cp and Nos2, these elevations were 

significant (fold changes of 1.53 and 3.28, respectively; p < 0.05). Nos2 is upregulated as 

Fig 4.11. Reduced RGC density in aged DBA/2J retinal wholemounts (continued). 

(D) RGC count data from 2-3 and 12-13 month old DBA/2J and C57 mice were collated, 

segregated by sex and compared. 12-13 month old DBA/2J mice had significantly fewer RGCs 

relative to gender-matched 2-3 month old DBA/2J controls (p < 0.0001 for females; p = 0.0001 for 

males). Aged DBA/2J female RGC numbers were additionally significantly lower than both aged 

C57 mice (p < 0.0001) and DBA/2J males of the same age (p = 0.0124). For statistical analysis, a 

three way ANOVA was performed, followed with Tukey’s multiple comparisons test. 

Values shown in (B - D) are means ± SD. 
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an inflammatory response during reactive gliosis and its expression pattern would thus be 

expected to mirror that of GFAP. The increased Nos2 expression observed at 12-13 

months in this experiment coincides with GFAP upregulation (Fig. 4.10.D and E). 

Considering these data, it is evident that mechanisms both contributing to and in 

response to oxidative stress were active in the retinas of 12-13 month old DBA/2J mice. 

Oxidative stress status was also evaluated in dissociated retinal cells of 11-12 month old 

mice using a flow cytometry based assay that utilises 2′-7′-dichlorodihydrofluorescein 

diacetate (DCFDA), a dye that fluoresces upon oxidation by ROS. DCFDA intensity was not 

increased in aged DBA/2J retinas relative to pre-glaucomatous DBA/2J and age-matched 

C57 samples (Fig. 4.12.B). ROS is highly reactive with a short half-life and so is difficult to 

measure directly (Griendling et al., 2016). It may be that the window for ROS detection 

had passed by the point of DCFDA analysis – the damage having already been done, as 

evidenced by a significant decline in RGC soma numbers. To my knowledge, this DCFDA 

assay has not been performed on DBA/2J retinal samples before. 
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Fig 4.12. Assessment of oxidative stress markers in DBA/2J retinas. 

(A) RT-qPCR was performed on 12-13 month old C57 and DBA/2J retinal samples. Expression of 

oxidative stress markers Cp, Ho-1 and Nos2 were increased in DBA/2J retinas. Cp and Nos2 

elevations reached statistical significance (p = 0.0329 and p = 0.0222, respectively; unpaired 

Student t test). Target gene expression levels were normalised against β-actin expression. 

Relative expression levels (C57 vs DBA/2J):  

Cp: 1.00 ± 0.31 vs 1.52 ± 0.66 

Ho-1: 1.00 ± 0.80 vs 1.81 ± 0.83 

Nos2: 1.00 ± 0.94 vs 3.28 ± 0.88 

(B) DCFDA intensity (expressed as arbitrary units (AU)), used as a proxy for ROS level, did not 

differ significantly between DBA/2J 3 month old, DBA/2J 11-12 month old and C57 11 month old 

mice.  
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Unlike the histology data presented in the previous section, whole retinal samples were 

not segregated by sex during data analyses for these experiments. Ganglion cells are 

vastly outnumbered in the retina and GCL neurons make up approximately 1.3% of the 

retinal neuron population in mice (calculated from data presented by Jeon et al., 1998). 

As approximately 50% of neurons in this layer are assumed to be actual retinal ganglion 

cells (Schlamp et al., 2013), the proportion of the retina comprised of RGCs is likely to be 

closer to 0.65%. Sample groups were therefore made as large as possible when analysing 

marker levels in whole retinal samples, to enable detection of potentially subtle 

differences arising from GCL perturbation. Male and female cohorts were thus analysed 

together. 

4.3.4 Complex I activity in DBA/2J and C57 mice 

Deficiencies in multiple complexes of the mitochondrial electron transport chain have 

been noted in aged DBA/2J mice relative to young, pre-glaucomatous controls (Cwerman-

Thibault et al., 2017). Cwerman-Thibault et al. recorded a drop of approximately 50% in 

retinal Complex I activity from 2 to 10 month old mice. In optic nerves, the deficit reached 

60% by 10-12 months of age. Notably, this study did not profile Complex I function in 

aging C57 or DBA/2J-Gpnmb+ controls. As discussed in Section 1.7.4, mitochondrial 

function is established to naturally decline with age. It therefore seems prudent to 

include age-matched controls in such experiments. 

In order to assess Complex I activity in our DBA/2J colony, NADH oxidation was measured 

in retinas of DBA/2J and C57 mice from 3 to 10-11 months of age (Fig. 4.13.A), and in 

optic nerves from 2-3 to 12-13 months (Fig. 4.13.B and C). The DBA/2J retinal NADH 

oxidation rate did not decrease over time – indeed, there was a non-significant increase 

from 3 to 10-11 months (p = 0.8402; n = 6-9). However, activity in C57 samples was 

consistently higher than that of age-matched DBA/2Js. At 10-11 months old (the 

timepoint with the largest available sample sizes), the DBA/2J NADH oxidation rate (22.19 

± 7.43 nmol NADH/min/mg) was 0.66 fold lower than the C57 rate (33.62 ± 19.24 nmol 

NADH/min/mg) (n = 9-11). The fact that such a trend is evident in whole retinal samples, 

of which retinal ganglion cells comprise a tiny minority, may indicate that other retinal 

cells may suffer from a bioenergetic deficit in DBA/2J mice from an early age. 

In DBA/2J optic nerves, the NADH oxidation rate decreased by 41% from 2 month (28.94 ± 

16.17 nmol NADH/min/mg) to 12-13 months of age (17.04 ± 5.95 nmol NADH/min/mg). 
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This reduction was not significant, however, and a similar trend was evident in C57 optic 

nerves over time, falling from 23.26 ± 7.59 to 16.97 ± 4.03 nmol NADH/min/mg. The 

mean oxidation rate of 12-13 month optic nerves was essentially identical in both strains. 

The data suggest that the declining trend observed in DBA/2J optic nerve Complex I 

activity is most likely a natural consequence of aging. 

It should be noted that the protocol used to assay samples in this study differed to that of 

Cwerman-Thibault et al. (2017) in some respects. Firstly, Cwerman-Thibault et al. were 

able to obtain sufficient material from a single optic nerve to run the assay in triplicate. In 

contrast, in my hands, it was necessary to pool four nerves together to elicit an adequate 

signal. In addition, I decided to omit BSA from the published homogenisation buffer 

recipe as its inclusion would have impeded accurate quantitation of sample protein 

content for normalisation. 
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Fig 4.13. Evaluation of Complex I function in DBA/2J retinal and optic nerve samples  

(A) To assess Complex I activity, the rate of NADH oxidation was measured in retinal samples from C57 

and DBA/2J mice at various ages. Complex I activity in DBA/2J retinas was consistently lower than that 

of C57 samples. Oxidation rates are expressed as nmol NADH oxidised per minute per mg of total 

protein analysed. Values shown are means ± SD. Number of retinas per group were as follows: 

C57 3 months old (mo) (4), 5 mo (7), 10-11 mo (11); 

DBA/2J 3 mo (6), 5 mo (7), 10-11 mo (9). 

(B) NADH oxidation rate was also examined in optic nerve samples. Due to the relatively small amount 

of assayable material present in a single nerve, four optic nerves were pooled together per reaction. 

Each point shown on the graph thus represents a pooled sample of four nerves. Although average 

Complex I activity in DBA/2J mice appeared to decrease over time, the differences observed were not 

significant and a similar trend was evident across age-matched C57 mice. Values shown are means ± 

SD. Number of optic nerve pools per group were as follows: 

C57 2-3 months old (mo) (5), 4-6 mo (5), 9-10 mo (5), 12-13 mo (4); 

DBA/2J 2-3 mo (9), 4-6 mo (7), 9-10 mo (14), 12-13 mo (5). 
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4.3.5 Altered retinal function in DBA/2J mice 

Retinal cells elicit electrical responses when stimulated by light. These reactions can be 

quantified by recording the difference in electrical potential between an electrode placed 

on the cornea and reference electrodes. Electrical responses differ depending on the type 

of cell they originate from. Photoreceptor hyperpolarisation produces negative ‘a-waves’, 

while inner bipolar and Müller cells generate positive ‘b-waves.’ In well-lit conditions, 

retinal ganglion cells emit a negative potential after the b-wave, termed a photopic 

negative response (PhNR). 

In the standard electroretinography protocol used, mice are dark adapted overnight, after 

which a dim white flash is used to measure the scotopic rod-driven response of ON-

bipolar cells. Next, a bright white light is used to obtain a mixed (but rod-dominated) rod 

and cone-driven response from both photoreceptors and bipolar cells – referred to as a 

maximal response. Mice are then light-adapted, after which a single-flash cone response 

(SFC) is obtained. In this readout, the a-wave represents cone photoreceptor and cone 

OFF-bipolar cell activity, while the b-wave arises from ON- and OFF-bipolar cells. A 10Hz 

flicker response (10 stimuli per second; too fast for rods to respond) is used to further 

assess macular cone-driven activity. A single bright flash is again used to generate PhNRs. 

However, in this case a narrow-band stimuli is recommended to enhance signal (rather 

than a broadband flash of white light) (Frishman et al., 2018). An orange filter is therefore 

used to filter the white light of the single flash stimulus used in this test.  

PhNRs in aged (11-12 month old) DBA/2J mice were compared to that of C57 controls 

(Fig. 4.14.A). PhNR amplitude in aged male DBA/2J mice (4.81 ± 2.38 µV) were essentially 

the same as that of C57 controls (4.75 ± 2.54 µV) (n = 7-8 eyes). (Note: only female age-

appropriate C57s were available at the time of this test.) The response again did not 

decrease in 11-12 month female DBA/2J mice but, in fact, notably increased compared to 

age-matched C57 mice (10.26 ± 6.44 µV vs 4.75 ± 2.54 µV) (p = 0.0602; n = 6-8). The mean 

PhNR amplitude of DBA/2J females was also significantly larger than that of males (p = 

0.0494; n  = 5-7) – a counterintuitive finding, given that 12-13 month old females have 

significantly fewer RGCs than their male counterparts. 
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Given the nature of the disease under study, evaluation of retinal ganglion cell function 

was the main concern of this test. However, it was decided to additionally assess 

electrical responses from the more outer retinal neurons in this model. Of note, severe 

pigment dispersal was evident in the RPE of this colony (Fig. 4.7), which could lead to 

photoreceptor dysfunction. 

The time taken for maximal response a-wave negative potentials to occur (a-wave 

latency) was notably longer in 9-11 month old DBA/2J mice relative to C57s – particularly 

for females (Fig. 4.14.B). This suggests a possible defect in rod photoreceptor function as 

these mice age. DBA/2J a-wave latencies tended to be longer than those of C57 mice in 

SFC and flicker responses. SFC a-wave amplitudes were also consistently lower in DBA/2J 

mice (Fig. 4.14.D). Whether this trend suggests early-onset cone dysfunction in DBA/2J 

mice or is simply an innocuous strain difference in electrophysiology is debatable. 

Afterall, significant ERG response differences have been noted even between wild-type 

mouse strains and even between substrains (Reynolds et al., 2008a, Reynolds et al., 

2008b). Additionally, it is important to note that none of the a-wave differences outlined 

above reached significance. 

Rod b-wave latencies were significantly longer in DBA/2J aged females compared to both 

aged C57 and young DBA/2J controls (Fig. 4.14.C). In the maximal, SFC and flicker 

responses, a trend emerged where DBA/2J mice (young and old) had notably, often 

significantly, longer latencies than their aged-matched C57 controls. B-wave latencies 

were significantly longer in DBA/2J females than in males under all ERG conditions. In a 

non-significant trend, SFC and flicker b-wave amplitudes were smaller in aged DBA/2J 

females relative to controls (Fig. 4.14.E). 

Based on these results, it would seem that RGCs are not the only type of retinal cell 

affected in this model of disease. Rod-driven bipolar cells are certainly experiencing some 

level of dysfunction in aged DBA/2J females, as evidenced by significant increases in 

scotopic b-wave latency relative to both age-matched C57 and young DBA/2J controls. 

Cone-driven bipolar cells are also very likely perturbed. Photopic b-wave latencies were 

consistently, and often significantly, increased in DBA/2J mice relative to their age-

matched controls. The b-wave latency of aged DBA/2J females was also significantly 

longer than that of their male counterparts under all conditions. These aged females 
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would possibly also have been significantly different to their young DBA/2J controls, had 

the sample size of the latter group not been so small (n = 2 eyes). It therefore seems likely 

that both rod and cone-driven bipolar cell function is perturbed in 9-11 month old DBA/2J 

females. 
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Fig 4.14. ERG deficits in DBA/2J mice. 
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Fig 4.14. ERG deficits in DBA/2J and C57 mice (continued). 

(A) PhNR amplitudes were compared in 11-12 month old C57 and DBA/2J mice. DBA/2J 

responses were not depleted in comparison to C57 females – in fact in DBA/2J females the mean 

PhNR was higher than that of C57s. A DBA/2J gender divide was again observed, the female 

response being significantly higher than the male (p = 0.0443; unpaired t test). The number of 

eyes tested per group were as follows: C57 female (7), DBA/2J female (6), DBA/2J male (8). 

(B) Latencies of a-waves from maximal (‘max’), SFC and flicker responses are shown. Aged  (9-11 

month old) DBA/2J mice had notably longer max a-wave latencies than controls, but these 

differences were non-significant. DBA/2J females also appeared to have prolonged SFC and 

flicker a-wave latencies compared to their C57 counterparts, though these increases were not 

significant.  

(C) Latencies of b-waves from rod, max, SFC and flicker responses are shown. Rod b-wave 

latencies were significantly longer in DBA/2J aged females compared to both aged C57 and 

young DBA/2J controls. In the maximal, SFC and flicker responses, DBA/2J mice had longer 

latencies than aged-matched C57 controls. b-wave latencies were significantly longer in DBA/2J 

females than in males under all ERG conditions. 

(D) a-wave amplitudes generated under max, SFC and flicker ERG conditions are shown. SFC a-

wave amplitudes were notably, but non-significantly, lower in DBA/2J mice compared to their 

C57 counterparts across all ages and genders. 

(E) b-wave amplitudes from all ERG conditions are shown. A non-significant trend emerged, 

where aged female DBA/2J b-wave amplitudes were lower than aged C57 and young DBA/2J 

controls in SFC and flicker conditions. Although young female DBA/2J amplitudes were notably 

high in the rod and max responses, this difference did not reach significance and the sample size 

for this group was particularly small (n = 2 eyes). 

Values shown in in all figures are means ± SD. Three-way ANOVAs were carried out on data 

shown in (B-E), followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. 

The sample group sizes in (B-E) were as follows: 

C57 female 2 months old (mo) (6), 9-11 mo (21); C57 male 2 mo (6), 9-11 mo (14); 

DBA/2J female 2 mo (2), 9-11 mo (7); DBA/2J male 2 mo (4), 9-11 mo (8). 
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4.3.6 Assessment of AAV-Ndi1 potency  

To deliver Ndi1 cDNA to retinal ganglion cells, an AAV2/2 vector was generated in which 

the Ndi1 transgene expression was driven by the constitutively active CMV promoter (Fig. 

4.15.A). This strategy has previously been employed by the Farrar lab to rescue a 

rotenone-induced model of LHON (Chadderton et al., 2013). Since then, the Ndi1 cDNA 

sequence has been codon optimised for expression in human cells - termed humanised or 

‘huNdi1’. The huNdi1 construct was shown to express much more highly than the original 

yeast sequence in HEK 293 cultures (Carrigan, 2014)34. It has also been demonstrated to 

protect human neuroblastoma cells from the effects of phenformin, a Complex I inhibitor 

(Geoghegan et al., 2017). 

Vector potency can vary between rAAVs as a consequence of normal batch-to-batch 

variability. In order to choose an optimal dose of AAV2/2 Ndi1 to use in this study, newly-

made preparations of huNdi1 were tested against a benchmark AAV, ‘huNdi1- P1.’ The P1 

batch of vector had successfully been used in the aforementioned LHON model - 

generating a beneficial level of long term transgene expression in RGCs (Dr Naomi 

Chadderton, manuscript in preparation). 

To assess potency, AAVs were intravitreally injected in wild-type C57 mice at equivalent 

doses (~1.6E8 vg/eye). Retinal Ndi1 expression was then quantified via RT-qPCR two 

weeks post-injection (Fig. 4.15.B). The newer huNdi1 preps both expressed at a higher 

level than the original P1 batch – an average increase of 125%. It was decided to use 

huNdi1- P2.1 in the further studies planned, as its expression level more closely matched 

that of P1 and was less variable than P2.2. Although P1 was injected neat for the two 

week AAV potency test, it had been used at a 1:2 dilution in the previously mentioned 

long term study. As P2.1 appeared to express approximately twice as highly as P1 in this 

test, it was decided to perform future tests with a 1:4 dilution of P2.1. 

To assess the therapeutic potential of Ndi1 in the DBA/2J model, pre-glaucomatous mice 

were intravitreally injected at 2 months of age and evaluated after 10 months of 

treatment. There were two different treatment groups: 

(i) AAV2/2-CMV-huNdi1 in one eye and PBS in the contralateral control eye. 

 
34PhD thesis; http://hdl.handle.net/2262/79515 
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(ii) A 1:1 mix of AAV2/2-CMV-huNdi1 and AAV2/2-CAG-EGFP in one eye, with AAV2/2-

CAG-EGFP only in the control eye.  

EGFP virus was included in the latter group to enable assessment of transduction 

efficiency, as a reliable antibody for Ndi1 protein is not yet available (despite the team 

engaging a contract research organisation to generate an antibody). 

Each vector was injected at a dose of 4.1E7 vg per eye. Ideally, the EGFP vector used 

would have included a CMV promoter to match the Ndi1 vector. However, a CAG-EGFP 

virus was chosen because its long term potency had been previously characterised. In our 

lab’s experience, CMV and CAG promoter activity do not differ substantially in RGCs 

(personal communication, Dr Naomi Chadderton) - though another group has found AAV-

CMV vectors to provide higher levels of expression in this context (Cao et al., 2019). 

Evaluation of transgene expression was undertaken mid-way through the study. Five 

months after injection of 4.1E7 vg, the mean retinal Ndi1 RNA level was approximately 

1.54 fold higher (non-significant) than it had been after two weeks using four times the 

dose of vector (Fig. 4.15.C). Detection of native EGFP fluorescence was additionally used 

to verify effective transduction in retinal wholemounts and optic nerve sections 

(Fig.4.15.D and E). 
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Fig 4.15. AAV preparation potency and intravitreal-injection efficacy.  

(A) A schematic of the AAV-CMV-huNdi1 expression cassette is shown.  
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4.3.7 Increased NADH oxidation in Ndi1-treated retinas and optic nerves 

NADH oxidation was examined in treated tissues in order to confirm functionality of AAV-

delivered Ndi1 protein. The overall rate of NADH oxidation was significantly increased in 

both Ndi1-treated retinal (35.51 ± 5.64 nmol NADH/min/mg) and optic nerve (39.62 ± 

16.50 nmol NADH/min/mg) samples relative to PBS-injected controls (retina: 28.11 ± 

5.50; ON: 14.81 ± 5.13 nmol NADH/min/mg) (p < 0.05; n = 8-9 retinas or n = 4 pooled ON 

samples) (Fig. 4.16.A and B). 

The NADH oxidation rate obtained by this method can be separated so that oxidation 

arising from endogenous Complex I can be compared to that of the Ndi1 protein. This is 

achieved by utilising inhibitors specific to each protein (see Section 4.6.13 for protocol 

details). As shown in Fig. 4.16.C and D, some degree of background ‘Ndi1’ activity was 

evident in all untreated samples. In both retinal and optic nerve contexts, the level of 

Ndi1 activity in AAV-Ndi1 treated tissues was significantly above background oxidation in 

control samples (p < 0.05). Clearly, AAV-delivered Ndi1 was functioning as planned – 

increasing the NADH oxidation capacity of targeted cells. 

NADH oxidation was increased substantially in Ndi1-treated tissues compared not only to 

contralateral control eyes, but also to wild-type and pre-glaucomatous controls. Overall 

Fig 4.9. AAV preparation potency and intravitreal-injection efficacy.  

(B) RT-qPCR was used to compare various preparations of AAV-CMV-Ndi1 in terms of in vivo expression 

potency. Retinal Ndi1 mRNA levels in wild-type mice were assessed two weeks after intravitreal injection. 

Values shown are means ± SD, n = 3-4 retinas. 

(C) DBA/2J mice were intravitreally injected with AAV2/2-CMV-huNdi1 P2.1 (4.1E7 vg) at two months of 

age. Ndi1 mRNA levels were assessed five months post-injection (PI) via RT-qPCR. These data were 

compared to the Ndi1 expression level obtained with the same viral prep in (B), when it had been 

injected at a dose of 1.6E8 vg/eye for two weeks. PBS-injected DBA/2J retinas were used as negative 

controls. Values shown are means ± SD, n = 3-4 retinas. 

(D) To further assess injection and dosage efficacy, some DBA/2J mice received a 1:1 mix of AAV2/2-

CMV-huNdi1 and AAV2/2-CAG-EGFP. Native EGFP fluorescence was evident in retinal wholemounts five 

months post-injection. Samples were immunostained for BRN3A. Scale bar = 500μm. 

(E) Optic nerves of injected eyes were also successfully transduced and transgene expression detected at 

five months post administration of virus  (n = 4). The representative sections shown were counterstained 

for axon and astrocyte markers (NF200 and GFAP, respectively). Scale bar = 50μm. 



260 
 

retinal and ON NADH oxidation rates were 1.35 and 2.15 fold higher than endogenous 

levels in pre-glaucomatous DBA/2J mice, respectively. This elevation was significant in 

retinal samples (p<0.01) and possibly also would have been in optic nerves had sample 

sizes not been so limited (Fig. 4.16.A and B). 

It is difficult to accurately quantify increased activity in transduced RGCs. As already 

discussed, although RGCs possess unusually mitochondria-rich axons, they comprise a 

minority (<1%) of the total retinal cell population assessed. In contrast, the majority of 

optic nerve tissue examined appeared to be transduced (n = 4) (Fig. 4.15.E). It is however 

worth re-emphasising that, despite taking up ~57% of the optic nerve space, RGC axons 

comprise less than 28% of its mitochondrial content (Perge et al., 2009). Hence, while 

NADH oxidation increases were measured as approximately 35% and 115% in Ndi1-

treated retinal and ON samples, respectively, relative to pre-glaucomatous controls, the 

actual degree of increased activity in RGC cells is likely much higher.  
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Fig 4.16. Increased NADH oxidation in AAV-Ndi1-treated DBA/2J retinal and optic nerve 

samples. 

NADH oxidation was assessed in retinas of 12 month old DBA/2J mice that had been 

intravitreally injected with AAV2/2-CMV-huNdi1 10 months previously. For each mouse, a 

contralateral PBS-injected eye provided a negative control. Uninjected C57 and DBA/2J 

mice of 2 and 12 months of age were also included in this test for comparison. 

(A) Ndi1-treated retinas had a significantly higher rate of NADH oxidation than 

contralateral PBS-injected, aged C57 and young DBA/2J control retinas (p = 0.0372, 

0.0474 and 0.0035, respectively). 

(B) NADH oxidation was further assessed in pooled optic nerve samples (4 nerves per 

pool) and found to reduce modestly with age in both strain of mice, replicating the trend 

in Fig. 4.13.B. Ndi1 treatment significantly increased this activity in 12 month old DBA/2J 

optic nerves compared to PBS-only control retinas (p = 0.0289).  

For (A) and (B), a one-way ANOVA was used, followed by Tukey’s multiple comparisons 

test. 
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4.3.8 Rescue of RGC soma loss in AAV-Ndi1 treated DBA/2J eyes 

EGFP native fluorescence was assessed in Ndi1/EGFP-treated and contralateral EGFP-only 

retinas 9-10 months post-injection (at 11-12 months of age). EGFP positive RGC somata 

and axons were evident in retinal wholemounts immunostained for BRN3A (Fig. 4.17.A). 

The average proportion of GCL area transduced was 31.8 ± 8%. However, retinas from 

eyes co-injected with AAV-Ndi1 displayed a significantly higher uptake of EGFP (43.22 ± 

14.37% vs 20.36 ± 15.4%; p = 0.0036; n = 8) (Fig. 4.17.B). One might expect a lower level 

of EGFP expression in cells where its vector is in competition with another. The fact that 

more EGFP was detected in co-transduced eyes may suggest that Ndi1 expression was 

beneficial. It is possible that Ndi1-treated cells were healthier and so expressed more of 

the marker protein. Indeed, retinas that received both Ndi1 and EGFP had higher median 

RGC densities than their EGFP-only contralateral controls (Fig. 4.17.D).  

The area of GCL transduced by AAV was calculated by quantifying the proportion of EGFP-

positive area in wholemounts, using the Fiji ‘Threshold’ and ‘Measure’ features. This is 

not a perfect method for quantification of transduced area. For example, amplifying the 

EGFP signal with immunocytochemistry would likely have yielded a higher efficiency 

result. Additionally, area determination is sensitive to the image thresholding parameters 

selected, which in this case were chosen conservatively to minimise the contribution of 

background fluorescence. Nonetheless, this analysis gives a useful, but likely 

underestimated, approximation of the proportion of retina transduced. These data will be 

reanalysed in the near future to generate a more accurate RGC transduction efficiency 

estimate; individual cells will be counted and those positive for both EGFP and BRN3A will 

be expressed as a proportion of the total BRN3A-positive cell population.  

Fig 4.16. Increased NADH oxidation in AAV-Ndi1-treated DBA/2J retinal and optic nerve 

samples (continued). 

(C and D) Overall NADH oxidation data was separated into activity attributed to 

endogenous Complex I and transgenic Ndi1 for DBA/2J retinal (C) and ON (D) samples. 

Ndi1 activity in AAV-Ndi1-injected tissue was significantly above background levels when 

compared to PBS-injected and uninjected controls. In (C), p = 0.0424 (vs PBS) and p < 

0.0001 (vs 2 month old DBA/2J). In (D), p = 0.0181 and p = 0.0273. For statistical analysis, 

one-way ANOVA and Dunnett’s multiple comparisons test were used.  

Values shown are means ± SD.  
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RGC numbers were determined by counting BRN3A-positive somata. As DBA/2J mice 

display a high degree of phenotypic variability, sample sizes are recommended to include 

ideally 40-60 eyes per experimental group (Libby et al., 2005a). The various different 

treatment cohorts (male and female, GFP and PBS-based vehicles) were therefore 

combined for analysis, in order to maximise the statistical power of the study. The 

resulting Ndi1-treated and control groups consisted of 37 paired eyes. The median RGC 

density in treated retinas was 3.19 fold higher than contralateral GFP/PBS eyes (1942.21 ± 

805.41 vs 609.70 ± 451.65 RGCs/mm2; p = 0.0490, n = 37 pairs of eyes, Wilcoxon 

matched-pairs signed rank test). Relative to median RGC density in 12-13 month old C57 

mice (2618.88 ± 187.85 RGCs/mm2; n = 12), RGC survival in untreated aged DBA/2J mice 

was 23.28% in this experiment. With AAV-Ndi1 treatment, 74.16% of RGC somata were 

preserved35 in DBA/2J retinas.  

The RGC density data was additionally broken down into sub-cohort comparisons so that 

potential effects of gender and/or EGFP expression on treatment response could be 

examined (Fig. 4.17.D and E). Median RGC density increases were evident in all Ndi1-

treated groups relative to controls – though these increases were not significant. When 

paired eyes were matched, 59% of Ndi1-treated retinas had higher RGC numbers than 

their contralateral control. Male retinas had notably higher densities of RGCs than 

females (as expected) and these densities were higher still when treated with Ndi1. It is 

notable that the median RGC density of female EGFP-only control eyes was not lower 

than that of PBS-only retinas. This may indicate that long-term expression of the EGFP 

transgene was not retinotoxic. However, this cannot yet be definitively concluded 

because of the small number of female PBS-only control eyes available to analyse (n = 5) 

and inherently large variance of this model. 

As mentioned previously, considering the slower progression of RGC loss evident in males 

(Fig. 4.11.C), it had been proposed to analyse treated male DBA/2J mice at a later 

timepoint – approximately 15-16 months of age. Unfortunately, due to work restrictions 

enforced to combat the COVID-19 pandemic, it was necessary to sacrifice the majority of 

 
35 While C57BL/6 is distinct from the DBA/2J strain and therefore not an ideal control, aged DBA/2J-Gpnmb+ 
mice (isogenic DBA/2J controls) have been shown to exhibit very similar RGC densities to their C57 
counterparts when assessed by retrograde labelling (Dengler-Crish et al., 2014). We can therefore compare 
Ndi1-treated DBA/2J retinas with C57 mice to make an informed estimate as to the level of RGC 
preservation in the former. 
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males earlier than anticipated. While the overall median RGC density was increased in 

Ndi1-injected males, benefit was much more pronounced in the limited number of 15 

month old mice available (Fig. 4.17.F). 
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  Fig 4.17. AAV-Ndi1 successfully transduced the GCL and increased RGC density in treated 

DBA/2J mice. 
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Fig 4.17. AAV-Ndi1 successfully transduced the GCL and increased RGC density in treated 

DBA/2J mice (continued). 

(A) Retinal wholemounts of mice intravitreally injected with AAV-Ndi1 and AAV-EGFP are shown. 

Samples were stained for BRN3A (red). EGFP-positive RGC somata and axons are visible. Images 

shown were acquired in multiple frames (16) and stitched using cellSens. Scale bar = 500μm.  

(B) Transduction efficiency was estimated by calculating the percentage of EGFP-positive 

wholemount area, using the ‘threshold’ and ‘measure’ functions of Fiji. Eyes that were co-

injected with AAV-Ndi1 displayed a significantly larger area of transduction (p = 0.0036, n = 8; 

paired t test). Values shown are means ± SD.  
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4.3.9 A trend of improved photopic negative response in Ndi1-treated mice 

To evaluate the potential benefit of Ndi1 on retinal ganglion cell function, the photopic 

negative response was analysed in 10-11 month old injected DBA/2J mice of both sexes. 

Overall, median PhNR amplitude in Ndi1-treated eyes was 1.9 fold higher than in 

contralateral control eyes (p = 0.1120, n = 25; 3.96 ± 2.16 μV vs 2.08 ± 1.932 μV) (Fig. 

4.18.A).  

Again, control and Ndi1-treated groups were broken down into subgroups (based on 

gender and the nature of the control treatment (PBS/GFP)) to explore if a more 

pronounced effect could be observed in subcohorts (Fig. 4.18.B and C). Median PhNR 

amplitude in female eyes injected with Ndi1 and GFP was significantly increased by 1.9 

fold relative to GFP-only contralateral eyes (p = 0.0059, n = 10; 4.35 ± 1.36 μV vs 2.3 ± 1.5 

μV). Ndi1-treated male eyes demonstrated a nonsignificant rise of 1.5 fold compared to 

Fig 4.17. AAV-Ndi1 successfully transduced the GCL and increased RGC density in treated 

DBA/2J mice. 

(C) BRN3A-positive ganglion cells were quantified in stitched images of retinal wholemounts 

using the ‘Count and Measure’ module in cellSens. In this graph, the results of both cohorts were 

combined so that ‘control’ refers to mice injected with PBS or AAV-EGFP and ‘Ndi1’ refers to mice 

that received AAV-Ndi1, either alone or in combination with AAV-EGFP. The median density of 

RGCs was significantly higher in Ndi1-treated retinas (p = 0.0490, n = 37; Wilcoxon matched-pairs 

signed rank test). Medians and interquartile ranges are shown. 

(D) The RGC count data was broken down into sub-cohort comparisons so that the effects of 

gender and inclusion of GFP could be examined. Non-significant increases in median RGC density 

were apparent across all cohorts: female GFP/Ndi1, p = 0.4639, n = 16; female PBS/Ndi1: p = 

0.1875, n = 5; male PBS/Ndi1: p = 0.1928, n = 16. Male retinas displayed higher densities of RGCs 

than females but still exhibited a further increase when treated with Ndi1. Medians and 

interquartile ranges are shown. 

(E) Data points from control and treated eyes in (D) are joined to enable visualisation of matching 

pairs. Medians and interquartile ranges are shown. 

(F) RGC count data was replotted against the age of mice at the time of tissue harvesting. Retinas 

of Ndi1-treated mice displayed increased median RGC density at 12 months of age in females, 

and at 12 and 15 months of age in males. Female group sizes: 11 months old (mo) (8-9), 12 mo 

(13). Male group sizes: 11 mo (1), 12 mo (9), 14 mo (3), 15 mo (3). Values shown are medians 

with interquartile ranges. 
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controls (p > 0.9999, n = 11; 1.63 ± 1.63 μV vs 2.44 ± 2.44 μV). In contrast, in the limited 

number of PBS/Ndi1-injected females, median PhNR in Ndi1-treated eyes was 0.75 fold 

lower than controls (p = 0.6250, n = 4; 3.73 ± 1.985 μV vs 2.805 ± 1.21 μV).   

As previously demonstrated in Fig. 4.14.A, female PhNRs were again generally higher (in 

both PBS and EGFP injected groups) than male responses. The difference was less 

pronounced on this occasion (Fig. 4.18B), however, and did not reach significance. This is 

possibly due to the fact that the mice analysed in Fig.4.14.A were slightly older (11-12 

months old). ERG amplitudes in general were also notably lower in the later experiment 

(non-PhNR data not shown) than those recorded in Fig. 4.14.B. It is possible that the ERG 

electrodes had corroded somewhat in the 8 months between the two tests, leading to 

generally lower amplitudes in the later experiment.  

It is worth noting that varying degrees of corneal abnormalities have been reported in 

DBA/2J mice from as early as 6 weeks of age, sometimes in combination with 

neovascularisation (Libby et al., 2005a, John et al., 1998, Turner et al., 2017). Some 

researchers have also reported that tropicamide was not effective in inducing pupil 

dilation in these mice from 18 weeks of age (Turner et al., 2017). Such factors may 

impede stimulation of the retina by light during ERG recording.  

In the TCD colony, early corneal clouding and vascularisation were noted to develop 

during the 12th month of age (assessed by Dr Paul Kenna; data not shown). In the time-

frame of ERG analysis (10-11 months of age), obvious pupil dilation defects were not 

observed. Additionally, PhNR readings were only used if an initial cone-driven response  

was present in the reading. In the experiment described, data from pre-glaucomatous 

control mice were unavailable for comparison. However, in future tests, we may 

implement a policy similar to Cwerman-Thibault et al. (2017), whereby 

electrophysiological readings in 12 month old mice were discarded if they fell under 25% 

of the pre-glaucomatous average and severe corneal abnormalities were present. 

Intravitreally injected AAV 2/2 virus would not be expected to efficiently transduce outer 

retinal cells (Cao et al., 2019). Nonetheless, for completeness, all outer retina-derived ERG 

components outlined in Fig. 4.14.C-F were analysed in Ndi1-treated and control mice. As 

anticipated, intravitreal delivery of AAV2/2-CMV-Ndi1 did not appear to affect 

photoreceptor or bipolar cells (data not shown).   
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Fig 4.18. Photopic negative response readings in treated 10-11 month old DBA/2J mice. 

(A) PhNR was assessed in AAV-Ndi1-treated and control eyes 8-9 months post-intravitreal 

injection. Ndi1-treated eyes displayed a higher median PhNR amplitude than contralateral 

control eyes (p = 0.1120; n = 25 paired eyes). A Wilcoxon matched-pairs signed rank test was 

used to test for significance. 

(B) PhNR data presented in (A) was reformatted and separated into subcohorts for further 

inspection. GFP-injected females displayed a significant increase in Ndi1-treated eyes (p = 0.0059, 

n = 10). The difference between control and Ndi1-injected eyes was not significant in males (p > 

0.9999 , n = 11) or in the limited amount of PBS/Ndi1-injected females (p = 0.6250, n = 4). The 

female PBS/Ndi1 group was the only cohort not to show some level of increase in Ndi1-injected 

eyes. Medians and interquartile ranges are shown in (A) and (B). **p < 0.01. 

(C) A paired plot of the data presented in (B). Matched points illustrate the relationship between 

samples originating from the same mouse. 
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4.4 Discussion 

4.4.1 Characterisation of a DBA/2J colony 

4.4.1.1 Iris disease and IOP elevation 

The phenotypic profile of the DBA/2J colony examined as part of the work presented in 

this chapter generally fit with that previously reported in the literature. Mice clearly 

developed a serious iris disease with age and, although IOP had only been measured at 

three timepoints at the time of writing, the IOP profile was similar to those reported 

previously (Libby et al., 2005a, Cwerman-Thibault et al., 2017) – with a significant peak at 

10-11 months of age. In the future, IOP will be more thoroughly characterised in this 

colony, with monthly measurements taken and compared between sexes. Stratification of 

mice in accordance with the severity of their IOP profile (i.e. high, medium and low) could 

aid in the interpretation of other phenotypic readouts and potentially mitigate some of 

the inherently large variation associated with this model. 

4.4.1.2 Neurodegeneration 

At 13 months of age, DBA/2J mice displayed signs of neurodegeneration in retinal and 

optic nerve samples. Optic nerves were clearly gliotic, as evidenced by upregulation of 

GFAP by astrocytes. GFAP upregulation (indicating Müller glia and astrocyte activation) 

was also significantly increased in the retinas of female but not male DBA/2J mice. To my 

knowledge, the extent of gliosis had not been compared between sexes prior to this 

study. Though the sample size was small for this test (n = 2-4 ONs), the results indicate a 

possible gender-dependent phenotypic variation that will be important to consider in 

future experiments. 

RGC axon and soma degeneration was also apparent at 13 months. Optic nerve 

neurofilament content and retinal RGC soma density was significantly reduced in 13 

month old DBA/2J females compared to age-matched C57 controls. Reductions were also 

seen in male samples, which would likely have been significant with a larger sample size 

(n = 2-4 ONs and 3-7 retinas currently). 

It should be noted that reports of the onset of RGC cell body degeneration vary a lot in 

the literature (outlined in Table 4.1). This is likely dependent on the method of detection 

used and perhaps, to a lesser extent, the type of control strain and specific colonies 

analysed.  
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RGC loss is reported much earlier by studies using BRN3A immunostaining and retrograde 

labelling than when staining for NeuN, a neuronal DNA-binding protein. Hence, 

reductions in RGC number observed from 9-13 months using Fluorogold labelling reflect 

impaired axonal retrograde transport (Buckingham et al., 2008, Dengler-Crish et al., 

2014). Additionally, expression of RGC-specific genes (Brn3b, Nfl, Hsp90, Sncg) has been 

shown to decrease with age in DBA/2J mice (Soto et al., 2008, Buckingham et al., 2008). 

Reduction in BRN3A and RBPMS positivity is therefore likely due to a general 

downregulation of RGC-specific genes, representing severe RGC dysfunction rather than 

actual absence of cells. 
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Table 4.1. Onset of significant RGC soma loss reported in the literature. mo = months old. 

 

It is interesting to note that loss of BRN3A-positive RGCs was significantly more 

pronounced in female DBA/2J mice than males in this study (Fig 4.11). Other researchers 

have noted more rapidly progressing axon degeneration in female optic nerves (Libby et 

al., 2005a). It is therefore not surprising that RGC density follows this trend, though it is 

still important to document and define this gender divide. Zhong et al. also observed 

reduced RGC densities in females compared to males at 4 and 10 months of age using 

retrograde labelling, though these differences were not significant (Zhong et al., 2007). 

A gender bias is apparent from the very start of DBA/2J disease progression; iris 

abnormalities and IOP elevation are also noted earlier in female mice (John et al., 1998, 

Libby et al., 2005a). As mentioned previously (Section 4.2.1.4.3), women are more likely 

to develop angle-closure glaucoma due to reduced axial length and anterior chamber 

depth (ACD) relative to males. To my knowledge, it has yet to be confirmed if anterior 

chamber depth differs between young male and female DBA/2J mice. In females, IOP 

Study Method Onset of RGC soma loss 

(month) 

Controls 

Zhong et al. 2007 Retrograde labelling 

using Fluorogold; retinal 

wholemounts 

12 Age-matched C57  

Buckingham et al. 

2008 

NeuN staining; retinal 

wholemounts 

18 2-4 mo DBA/2J 

Buckingham et al. 

2008 

Retrograde labelling 

using Fluorogold; retinal 

wholemounts 

13 3 mo DBA/2J 

Dengler-Crish et al. 

2014 

Retrograde labelling 

using Fluorogold; retinal 

wholemounts 

9-10 3 mo DBA/2J and 9-12 

mo DBA/2J-Gpnmb+ 

Cwerman-Thibault 

et al. 2017 

BRN3A staining; retinal 

sections 

10 2 mo DBA/2J 

Jassim et al. 2020 RBPMS staining; retinal 

wholemounts 

6 Age-matched DBA/2J-

Gpnmb+ 

This study BRN3A staining; retinal 

wholemounts 

12-13 (earlier time-points 

not sufficiently studied) 

Age-matched C57 and 3 

mo DBA/2J 
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begins to rise earlier than males and remains at an above-average level for longer (Libby 

et al., 2005a). It is therefore possible that a smaller ACD and, consequently, a more severe 

IOP profile gives rise to the more rapid progression of RGC degeneration in female DBA/2J 

mice. 

4.4.1.3 Electrophysiology 

The photonegative response of aged DBA/2J mice was examined in order to assess RGC 

function. PhNR amplitude was not reduced in 11-12 month old DBA/2J mice relative to 

age-matched C57 controls. It would be informative to repeat this test with greater sample 

sizes and, in light of the fact that ERG responses can vary between strains, including pre-

glaucomatous DBA/2J controls. Aged DBA/2J females had a significantly higher amplitude 

than males in the initial characterisation experiment (Section 4.4.5). When the data from 

PBS-injected 10-11 month DBA/2J mice in Section 4.3.9 is added, however, the difference 

between PhNRs of male and female DBA/2J mice is still evident but not significant (p = 

0.10). Grillo et al. reported no significant PhNR reduction in aged DBA/2J mice compared 

to young controls, though they did not examine male and female response separately 

(Grillo et al., 2018). The apparent relative increase in female PhNR amplitude was 

surprising, given the established more rapid progression of RGC degeneration in females. 

Interestingly, Smith et al. also observed an unexpected rise in PhNR amplitude in an ON 

transection model of RGC death relative to controls (Smith et al., 2014). In this case, PhNR 

amplitude increase was proposed to be due to a more rapidly decaying b-wave.  

There have been conflicting reports as to whether outer retinal functional deficits are 

present in the DBA/2J model. Saleh et al. reported negligible changes in light-adapted 

flash ERG response (Saleh et al., 2007). However, subsequent studies observed clear 

abnormalities in outer retinal function, which is in agreement with the ERG data 

presented in this chapter (Table 4.2)



 

 

  

Study Cohort Rod a wave Rod b wave Mixed a 

wave 

Mixed b wave Cone a wave Cone b wave Flicker response  

Harazny et 
al. 2009 

2-10 mo D2 
and C57. 

  Lower 
amplitude 
and longer 
latency from 
6 mo D2 vs 
C57. 

Lower 
amplitude and 
longer latency 
from 6 mo 
DBA vs C57. 

N/A N/A Lower amplitudes 
from 6 mo D2 vs C57 
at 12 Hz or 2-3 mo at 
30 Hz. 

Heiduschka 
et al. 2010 

24 ´mo D2 
and C57. 

Lower 
amplitude.  

Lower 
amplitude. 
 

Lower 
amplitude.  

Lower 
amplitude. 
 

N/A N/A N/A 

Grilla et al. 
2018. 

11 mo D2 vs 
4 mo. 

Lower 
amplitude. 

Longer 
latency, 
lower 
amplitude.  

Longer 
latency, 
lower 
amplitude.  

 Longer 
latency,  
lower 
amplitude. 

Longer 
latency. 

Longer latency (30 Hz). 

This study 2-11 mo D2 
and C57. 

 Longer 
latencies in 
9-11 mo 
female D2 
than males, 
age-matched 
C57 and 
young D2. 

Longer 
latency (ns) in 
9-11 mo D2, 
esp. females. 
Amplitude 
lower in D2 
mice at all 
ages (ns). 

Longer latency 
in 9-11 mo D2 
females than 
males. 

Trend of 
lower 
amplitudes 
and longer 
latencies in 
D2 (vs C57) 
across all 
ages. 

Trend of 
longer 
latencies in D2 
(vs C57) across 
all ages. 

Trend of longer 
latencies in D2 vs C57 
across all ages. 
Amplitude reduced in 
9-11 mo female D2 
compared to C57 and 
young D2 (ns) and 9-
11 mo D2 males. (10 
Hz flicker) 

Table 4.2. Comparison of ERG results with data from the literature.  

Abbreviations: D2 = DBA/2J; mo = months old; ns = non-significant. Note: Harazny et al. averaged scotopic responses over light intensities ranging 

from 0.0003 to 3 cd.s/m2. 



It is clear that RGCs are not the only type of retinal cell affected in DBA/2J mice. Rod and 

cone photoreceptors and bipolar cells also appear to be experiencing some level of 

dysfunction. In support of this, photoreceptor loss, OPL thinning, loss of horizontal and 

bipolar cell processes and abnormal rod ribbon synapses have been noted in DBA/2J mice 

from 2-3 months of age (Fernández-Sánchez et al., 2014, Fuchs et al., 2012). To my 

knowledge, the work carried out in this chapter is the first time that male and female 

outer retinal dysfunction has been compared in the DBA/2J model. The data suggests that 

photoreceptor and bipolar dysfunction follow the general trend of a more rapidly 

progressing disease in females. 

The early onset of ONL/OPL morphological changes indicates that outer retinal defects 

are at least partially IOP-independent. A somewhat overlooked aspect of the DBA/2J 

phenotype is depigmentation of the RPE (shown in Fig. 4.1) - likely an additional effect of 

mutations in Tyrp1 and/or Gpnmb, which are known to be expressed in the developing 

RPE (Loftus et al., 2009). Gpnmb, specifically, is hypothesised to be involved in disposal of 

photoreceptor outer segment debris in the RPE (Li et al., 2010). Melanin is proposed to 

protect the RPE and choroid from light-induced damage by filtering light and scavenging 

free radicals (Gresh et al., 2003). The pigmented iris also protects the retina from 

excessive light exposure and so its progressive destruction in DBA/2J mice may lead to 

elevated levels of metabolic stress in photoreceptors over time (Fuchs et al., 2012). It is 

quite striking that ocular pigmentation has been shown to positively correlate with rod 

cell number (Donatien and Jeffery, 2002), with albino Balb/c mice exhibiting substantial 

photoreceptor loss and ERG deficits (Gresh et al., 2003). Given that outer retinal 

dysfunction appears IOP-independent, it is interesting that female DBA/2J mice appear 

more severely affected than males. John et al. (1998) noted that iris defects occurred 

earlier in females than in males and so it would be interesting to verify whether this is the 

case with RPE pigment abnormalities also. 

It is, of course, important to thoroughly characterise all aspects of retinal function in the 

DBA/2J model and to clearly define glaucomatous from non-glaucomatous phenotypes. 

Doing so will help to protect against confounding factors in future experiments seeking to 

elucidate and treat the pathogenesis of glaucoma. 
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4.4.1.4 Oxidative stress and mitochondrial dysfunction 

Three markers of oxidative stress (Cp, Nos2 and Ho-1) were evaluated during this study 

and found to be more highly expressed in 11-12 month old DBA/2J retinas relative to age-

matched C57 controls (Fig. 4.12). This is in keeping with the data presented by Inman et 

al. (2013), who noted significantly increased lipid peroxidation from 3 months of age and 

upregulation of Cp, Nos-2 and Ho-1 from 7-10 months. 

When ETC Complex I function was assessed, there was a trend towards reduced activity in 

DBA/2J retinal samples compared to age-matched controls. However, activity did not 

decline over time in DBA/2J or C57 retinas (Fig 4.13). This suggests a possible inherent 

Complex I defect in DBA/2J retinal cells. As discussed in Section 4.2.3, it is difficult to 

estimate how much of such a deficit could be attributed to RGC mitochondrial function 

specifically. Considering the ERG results, it is possible that the CI assay data reflect some 

degree of photoreceptor and bipolar cell mitochondrial dysfunction also. The retinal data 

shown here contradict results presented by Cwerman-Thibault et al. (2017), who found 

that Complex I activity was significantly reduced in DBA/2J retinas from 5 months of age 

relative to 2 month old pre-glaucomatous mice. This is possibly a result of the differing 

protocols used (outlined in Section 4.4.4) and the smaller DBA/2J sample groups available 

in the current study (n = 6-9 retinas in this study compared to n = 10-26 used by 

Cwerman-Thibault et al.). 

In contrast to the retinal results, the rate of NADH oxidation in optic nerve samples 

declined similarly with age in DBA/2J and C57 mice, though the modest differences 

observed were nonsignificant. This may be indicative of a natural, slight deterioration in 

the function of optic nerve mitochondria over time.  

As discussed in Section 4.2.3, ATP production has previously been examined in DBA/2J 

optic nerves. Baltan et al. (2010), using a luciferase-based ATP synthesis assay, noted that 

mice with high IOP displayed significantly lower ON ATP production than low-IOP mice at 

6 months of age. By 10 months, both high and low IOP mice exhibited low ATP synthesis. 

However, the level of ATP was not compared to wild-type or pre-glaucomatous controls. 

Using Seahorse analysis of respiration, Jassim et al. (2019) also found that ATP production 

declined over time in DBA/2J optic nerves but was lowest, and only significantly lower 

than DBA/2J-Gpnmb+ controls, at 6 months of age. DBA/2J RGC axons in isolation actually 

appeared to produce more ATP but were less capable of switching to glycolysis than age-
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matched controls. Given this increased (though still insufficient) level of OXPHOS, it would 

follow that ETC activity is also increased in DBA/2J RGC axons. In support of this, ETC 

genes were shown to be upregulated in glaucomatous DBA/2J mice (Williams et al., 

2017). Any net decrease in whole optic nerve OXPHOS would therefore presumably be 

due to reduced activity in glial cell mitochondria. However, given the variability associated 

with both the DBA/2J model and Seahorse analysis, the results of the Jassim et al. study 

should be replicated before speculating on this matter too much further. 

As part of this project, preliminary tests comparing ATP synthesis36 in 2 and 12 month old 

C57 and DBA/2J optic nerves were carried out and no significant differences were 

detected (not shown). It would be useful to repeat this test at 10 months, as ATP diffusion 

in the optic nerve is proposed to be affected by IOP (Band et al., 2009). IOP is reported to 

fall back to normal levels after a peak at 10-11 months, due to atrophy of the ciliary body 

(Libby et al., 2005a, Cwerman-Thibault et al., 2017). Although IOP was not measured at 12 

month old mice in our DBA/2J colony,  it was no longer elevated at 13 months of age - in 

keeping with the trend reported by others (Libby et al., 2005a, Cwerman-Thibault et al., 

2017). It would therefore be valuable to more thoroughly characterise the IOP profile of 

mice in our colony and to quantify ATP levels at various timepoints. Our team also 

recently gained access to a Seahorse Analyser and so may attempt to replicate the 

protocol utilised by Jassim et al. 

4.4.2 Assessment of the therapeutic potential of Ndi1 in a glaucomatous context 

The characterisation of the DBA/2J phenotype in the colony in Trinity was an important 

prerequisite to the exploration of a candidate gene therapy in this mouse model of 

glaucoma, highlighting the optimal timeframe and outcome measures for the 

investigation. As part of the study in this thesis, the utility of Ndi1, in essence a single 

gene substitute for mammalian Complex I function, was explored in DBA/2J mice. Of 

note, intravitreal injection of AAV2/2-CMV-Ndi1 led to a substantial, long-term increase 

of NADH oxidation in aged DBA/2J retinas and optic nerves (Fig 4.16). It would be 

interesting to examine the level of ATP production in treated tissues in the future, as the 

degree of ATP synthesis will not necessarily match the rate of NADH oxidation – 

 
36 Optic nerve samples were snap frozen and ATP was extracted using the method described by Yang et al. 
2002. ATP levels were quantified using the (luciferase-based) ATP Determination Kit (ThermoFisher 
Scientific, A22066) and values were normalised against total protein content (quantified via Bradford 
assay). 
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particularly because the Ndi1 protein is non-proton pumping. Importantly, Ndi1 delivery 

has previously been shown to increase ATP production in vitro (Park et al., 2007, 

Maloney, 2020). 

In addition to the observation of increased NADH oxidation, a significant (~3 fold) 

increase in RGC survival was observed in aged DBA/2J mice – resulting in preservation of 

approximately 74% of RGC cell bodies (Fig 4.17). An overall non-significant trend of 

increased inner retinal function, as assessed by PhNR, was also apparent (Fig. 4.18). As 

the sample size for this test (n = 25) was suboptimal, it would be worth repeating with 

increased numbers. The fact that a female subcohort (Ndi1/EGFP-injected; n = 10) was 

the only one to display a significant increase in inner retinal function is an interesting 

result – especially given the general gender bias in disease presentation of DBA/2J mice. It 

would be prudent to replicate this finding with an adequately sized group of Ndi1/PBS-

injected females to confirm that the apparent benefit of Ndi1 was not simply due to 

mitigation of possible GFP-induced oxidative stress (Ansari et al., 2016). However, in this 

regard it is encouraging that (i) median RGC density in EGFP-treated retinas was not lower 

than that of PBS-injected eyes after long-term transgene expression (Fig. 4.17.D) and (ii) 

Ndi1+EGFP-injected eyes displayed increased PhNR (Fig.4.18.B) despite having a 

significantly greater level of EGFP expression than their contralateral controls (Fig.4.17.B). 

It is also possible that RGCs received a lower net dose of AAV-Ndi1 in eyes co-injected 

with AAV-Ndi1 and AAV-EGFP (at a 1:1 ratio) compared to those of PBS/Ndi1 injected 

eyes due to competition between the two vectors. This possible lower dose could have 

been more effective. Therefore, while the observation of significantly increased inner 

retinal function in Ndi1/EGFP-injected eyes relative to EGFP-injected controls seems 

promising, this experiment clearly must be repeated.   

As part of the future work, it is planned to investigate whether Ndi1 treatment was 

protective to RGC axons and interrogate whether benefit is achieved through increased 

ATP production and/or reduction of oxidative stress. Due to time constraints, there are 

currently a large number of Ndi1-treated and control retinal and optic nerve samples in 

freezer storage awaiting analysis. This will include tests already described in the chapter: 

assessment of axon counts via NF200 staining of ON sections and expression levels of 

GFAP, Nos2, Cp and Ho-1 in retinal samples via RT-qPCR. Additional assays are planned to 

further probe the levels of oxidative stress and mitochondrial function in these samples. 
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Assessment of DNA oxidation, protein nitration and lipid peroxidation can be achieved by 

histological staining for 8-OHdG, 3-NT (3-nitrotyrosine), 4-HNE (4-hydroxynonenal), 

respectively. These markers were previously demonstrated to be upregulated in 12 

month old DBA/2J retinas (Inman et al., 2013) and in optic nerve samples of a rat ON 

transection model (O'Hare Doig et al., 2014). ETC function can furthermore be assessed 

by staining for succinate dehydrogenase (SDH; Complex II) and cytochrome c oxidase 

(COX; Complex IV) activity in ON sections (Harun-Or-Rashid et al., 2020). 

It is encouraging that the long-term, considerable increase in NADH oxidation activity 

achieved by this AAV-delivered transkingdom gene therapy was not overtly toxic to 

retinas (as assessed by RGC density). Tolerance of this treatment will be examined more 

closely in future by analysing markers of gliosis and immune response in transduced 

tissues (GFAP, IBA1, IgG). 

The data presented in this chapter suggest that intravitreal delivery of AAV-Ndi1 to pre-

glaucomatous DBA/2J mice has a protective effect on RGCs. However, a successful 

therapeutic for use in humans would need to be effective when delivered after the 

detection of elevated IOP. It will therefore be important to establish in future 

experiments whether the Ndi1 vector can elicit similar benefit when administered to 

DBA/2J mice after elevation of IOP but before the onset of neurodegeneration – perhaps 

around the 8 month timeframe, when raised IOP is reported in both males and females 

(Libby et al., 2005a). 

In the tests described, an equal amount of GFP tracker AAV was co-injected in many eyes 

in order to infer and assess the transduction efficiency of intravitreally injected AAV-Ndi1. 

Now that it has been established that much of the GCL (an estimated 43%) is transduced 

with the current AAV dose, future experiments may be conducted using PBS or non-

coding AAV vectors in contralateral control eyes. Of course, it is very possible that a 

higher transduction efficiency would lead to increased benefit, and a higher-dose strategy 

could be explored. Optimising target cell transduction will be an ongoing objective of this 

project. Of note, a more recent iteration of the optimised Ndi1 coding sequence 

incorporates an I82V amino acid substitution, ‘huI82V’. Predictive modelling of MHC 

presentation suggests this variant is likely to be less immunogenic than the original 



280 
 

(Farrar et al., 2019)37. In a rotenone-induced model of LHON, huNdi1-I82V was able to 

provide equivalent benefit at a dose one-sixth lower than the original Ndi1 (Hanlon, 

2017)38. HuNdiI82V may therefore be both a more tolerated and efficient therapeutic, 

and it would be valuable to assess its potential in a glaucomatous context. Additionally, it 

may ultimately be preferable to express Ndi1 using an RGC-specific promoter to minimise 

the possibility of off-target expression. To this end, the Farrar lab has characterised a 

small promoter element (199bp) based on the human NEFH gene, which drives 

preferential expression in RGCs and is ideal for use in AAV vectors (Millington-Ward et al., 

2020). Future work will therefore test refined AAV-Ndi1 construct iterations. 

Intriguingly, a recent paper suggests that intravitreal injection of an rAAV may result in 

transgene transfer to the contralateral untreated eye (Yu-Wai-Man et al., 2020). This has 

important implications for experimental design when assessing RGC-targeted gene 

therapies. In the current project, it will therefore be important to test for Ndi1 DNA and 

RNA in retinae and optic nerves of contralateral control eyes. 

4.4.3 Future directions 

4.4.3.1 Expansion of the assays used 

As previously mentioned, it will be important to confirm that there is a significant 

increase in ATP production in Ndi1-treated retinas and optic nerves. Hence, in future 

experiments the ATP content of Ndi1-treated and control tissues will be quantified using 

a luciferase-based ATP determination kit and potentially also using Seahorse analysis.  

There is also a possibility that Ndi1 expression may lead to increased TCA cycle activity 

and exert benefit through this mechanism. This could possibly be achieved by quantifying 

levels of TCA intermediate metabolites (Rathod et al., 2020). 

Looking toward future experiments, there are a number of additional means of assessing 

therapeutic efficacy under consideration. As axoplasmic transport is powered by ATP 

(Calkins, 2012), it would also be of value to test if the RGC anterograde transport deficit in 

DBA/2J mice could be rescued by AAV-Ndi1 treatment (Dengler-Crish et al., 2014)39. An 

 
37 Patent no: US10220102B2 
38 PhD thesis; http://hdl.handle.net/2262/82725 
39 In this assay, fluorescently-labelled cholera toxin B subunit is intravitreally injected. The compound is 
actively taken up by RGC soma and transported to the superior colliculus (SC) of the brain. RGC anterograde 
transport efficiency can be determined by assessing SC fluorescence 48 hours after injection. 
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AAV vector expressing DsRed protein with a mitochondrial localisation signal was also 

constructed as part of this project, with a view to assessing mitochondrial morphology 

and network dynamics in DBA/2J RGCs before and after treatment. Kim et al. (2015) 

observed reduced mitochondrial area in RGC dendrites and axons using this strategy. 

Electron microscopy is also an option, of course, to examine mitochondrial morphology in 

detail.  

It would also be useful to explore other means of assessing retinal function. Our group 

routinely uses a behavioural optokinetic response (OKR) test to assess visual function. 

However, a researcher in our lab previously attempted to perform this test on DBA/2J 

mice and failed to detect a response. In the literature, there are conflicting reports as to 

whether the DBA/2J mice elicit a detectable OKR (Puk et al., 2008, Barabas et al., 2011, 

Yang et al., 2018). Inner retina-dependent flash ERG components other than PhNR have 

previously been shown to be altered with age in the DBA/2J strain, including scotopic 

threshold response (STR) and oscillatory potentials (OP) (Perez de Lara et al., 2014, Perez 

de Lara et al., 2015, Grillo et al., 2018, Heiduschka et al., 2010, Wang and Dong, 2016). 

STR is argued to be a more accurate and sensitive measure of RGC function than PhNR or 

OP (Smith et al., 2014), and the negative STR has been shown to positively correlate with 

RGC loss in the DBA/2J model (Grillo et al., 2018). STR analysis will therefore be explored 

in the future. However, PhNR, STR and OP ERG elements are also influenced by non-RGC 

inner retinal cells such as amacrine cells. Pattern electroretinogram (PERG), an ERG 

response to a contrast-reversing pattern (e.g. checkerboard), is thought to be the most 

specific way of assessing RGC function in mouse models at present (Porciatti, 2015). A 

substantial deficit in PERG response has been noted in DBA/2J mice by 6 months of age 

(Howell et al., 2007a, Domenici et al., 2014). This technique also does not require pupil 

dilation in mice (Porciatti, 2015), which is a considerable bonus with regard to the DBA/2J 

strain. Unfortunately, our ERG platform is not currently set up to perform PERG analysis. 

However, this may be an avenue worth pursuing in the future. Measurement of visual 

evoked potential (VEP), an electrical signal recorded from the visual cortex in response to 

a flash stimulus, is also an option – albeit a much more invasive one. VEP responses are 

reported to be significantly reduced in DBA/2J mice from 7 months of age (Domenici et 

al., 2014).  
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4.4.3.2 Alternative experimental models 

The DBA/2J model has many advantages: it is extremely well-characterised and its age-

related, chronic disease progression recapitulates several aspects of human glaucoma. 

However, DBA/2J mice are a complex and often challenging strain to work with. As 

mentioned previously, calcification, curvature and neovascularisation of the cornea can 

lead to inaccurate IOP measurement and, combined with poor pupil dilation, may impede 

ERG recording (Turner et al., 2017). The degree of RGC degeneration also varies 

substantially between mice and even between eyes of the same mouse (Libby et al., 

2005a). Natural attrition rates of 16-22% have been reported due to non-ocular 

conditions such as pericarditic calcification and thoracic cavity malformations (Turner et 

al., 2017, Cwerman-Thibault et al., 2017). These factors mean that very large sample sizes 

are required to detect effects in long term experiments, which is not always economically 

feasible and certainly not preferable in terms of use of experimental animals. The DBA/2J 

phenotypic profile has been shown to vary considerably between colonies bred at 

different institutions (Turner et al., 2017), which can hinder inter-study comparisons and 

experimental planning. As illustrated in this results chapter, outer retinal degeneration 

presents an additional layer of complication in the DBA/2J model. 

Many other transgenic and experimentally-induced models of glaucoma have been 

developed –  each with its own advantages and disadvantages (reviewed by Fernandes et 

al., 2015, Ishikawa et al., 2015, Evangelho et al., 2019). The ocular genetics team at TCD 

currently has access to the Tg-MYOCY437H model of glaucoma, which carries a human 

pathogenic myocilin allele. Myocilin mutations are implicated in ~4% of POAG cases 

(Kwon et al., 2009). However, abnormal accumulation of myocilin is noted in 70-90% 

glaucoma patients (Stothert et al., 2016). In Tg-MYOCY437H mice, secretion of myocilin is 

inhibited and the mutant protein accumulates in the endoplasmic reticulum (ER) of TM. 

ER stress leads to TM atrophy and elevation of IOP. A significant reduction in RGC soma 

and axon density is observed from 3-5 months of age in these mice (Zode et al., 2011). To 

date (and to my knowledge), mitochondrial function in RGCs of the Tg-MYOCY437H  model 

has not been characterised. It would therefore be valuable to work toward this by 

employing some of the assays previously described in this chapter. 

Work is currently being undertaken to assess the potential of AAV-Ndi1 treatment to 

protect RGCs in Tg-MYOCY437H  mice via intravitreal injection. Experiments planned to be 
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carried out with this model will have shorter time-frames and likely require considerably 

smaller sample sizes than those with DBA/2J mice. Tg-MYOCY437H  mice should additionally 

be more amenable to electrophysiological assessment of retinal function. 

It is also planned to test the effects of intracameral injection of AAV-Ndi1 in these mice. 

As discussed in Section 4.2.2.2, there is evidence to suggest that oxidative stress in TM 

cells is a major factor in the initiation of glaucoma. With respect to myocilin-linked 

disease specifically, overexpression of the Y437H allele in HEK 293 cells led to increased 

ROS production and made cells more vulnerable to oxidative stress-induced apoptosis 

(Joe and Tomarev, 2010). Expression of another pathogenic myocilin allele in primary TM 

cultures led to decreased mitochondrial membrane potential, increased  ROS levels, 

lower ATP production and a higher degree of cell death (He et al., 2009). ER stress and 

oxidative stress are thought to be intimately linked; ROS is produced as a by-product of 

the unfolded protein response and protein folding is in turn impaired by excess ROS 

(Chong et al., 2017). Ndi1 expression may therefore be protective in this context, by 

lessening the overall ROS load. However, due to an apparent lack of second strand 

synthesis capacity in TM cells, a self-complementary AAV vector may need to be 

generated to test this hypothesis (Buie et al., 2010). 

As illustrated in this results chapter, carrying out long term experiments with age-

dependent genetic disease models is a considerable undertaking. It is therefore worth 

investigating the use of alternative, experimentally-induced glaucomatous models. 

‘Artificial’ means of inducing IOP elevation in vivo include laser-induced damage to the 

TM, injection of microbeads, hyaluronic acid or high-pressure saline into the AC, and 

subjection of episcleral (aqueous-collecting) veins to cauterisation or injection of 

hypertonic saline (Ishikawa et al., 2015, Evangelho et al., 2019). Retinal explants are also 

commonly subjected to hydrostatic pressure for ex vivo modelling of glaucoma (Vroemen 

et al., 2019). Alternatively, the optic nerve can be directly injured by transection, 

crushing, or intravitreal injection of excitotoxic compounds – though direct, acute injuries 

may not be ideal for simulating this complex, chronic disease (Kimura et al., 2020). 

We are in the process of obtaining primary glaucomatous cells from patient and control 

donors via our collaborators Prof. Colm O’Brien (Mater Hospital, Dublin) to further 

explore the therapeutic potential of modulating mitochondrial dysfunction using in vitro 

patient derived cell models. Of note, retinal organoid-grown RGCs are also beginning to 
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offer insights into the pathogenesis of glaucoma (VanderWall et al., 2020). While ROs lack 

optic nerve, this disadvantage may be overcome in the future by co-culturing of retinal 

and cerebral organoids (Capowski et al., 2019). It is possible that engineered ECM 

scaffolds (Brennan et al., 2019) could even one day be incorporated to simulate a lamina 

cribrosa. Combining organoid technology with induction of hydrostatic pressure could 

create a valuable platform for screening therapeutics in the future. 

There is considerable interest in developing combinatorial therapeutic strategies for 

glaucoma due to its complex disease etiology. Strategies that both lower IOP and directly 

protect RGCs may be appropriate for the majority of glaucoma cases. Conscious of the 

fact that current IOP-lower drugs are suboptimal - due to side-effects or 

unresponsiveness - the Humphries lab has developed a number of potential alternative 

IOP-lowering therapeutics. Supplying aqueous humour with matrix metalloproteinase 

protein (MMP3) led to remodelling of the TM ECM, which effectively reduced outflow 

resistance and lowered IOP in wild-type mice (O'Callaghan et al., 2017). Knockdown of 

tight junction components in Schlemm’s canal endothelial cells also increased aqueous 

outflow and lowered IOP in a model of steroid-induced secondary glaucoma (Cassidy et 

al., 2020). It is possible that a combination of intravitreal injection of AAV-Ndi1 with 

topical or intracameral administration of an IOP-lowering agent may act synergistically. As 

mentioned in section 4.2.3, dietary vitamin B3 supplementation appears to be a highly 

promising avenue (Williams et al., 2017) and it will be very interesting to see how this 

treatment fares in clinical trial. It is again possible that this treatment may have optimal 

effects as part of a multipronged approach. There are a plethora of potential therapeutics 

in pre-clinical and clinical development targeting different aspects of glaucoma and it 

seems likely that a combinatorial strategy using multiple drugs will ultimately prove 

successful. 

4.4.4 Conclusions 

This study characterised glaucomatous progression in a colony of DBA/2J mice, 

establishing that the female bias in disease severity extends to RGC soma density, gliosis 

and outer retinal function. Importantly, a transkingdom gene-based therapy (Ndi1) 

targeted towards modulating mitochondrial function was found to substantially boost 

RGC NADH oxidation capacity and preserve RGC density when administered to pre-

glaucomatous DBA/2J mice. There is also tentative evidence to suggest that this 
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treatment may have improved inner retinal function in aged female DBA/2J mice.This 

study is, to my knowledge, the first demonstration that direct modulation of 

mitochondrial ETC activity can improve glaucomatous phenotypes, and it strengthens the 

hypothesis that underlying mitochondrial dysfunction is a major aspect of this disease. It 

further highlights that targeting mitochondrial dysfunction represents an interesting 

therapeutic avenue for glaucoma. Further work will interrogate whether the beneficial 

effects of Ndi1 expression arise from an increase in ATP production, reduction of 

oxidative stress and/or a boost in TCA cycle activity. The efficacy of AAV-Ndi1 treatment 

when administered after onset of IOP elevation will also be investigated. This potential 

therapeutic will additionally be explored in the context of other glaucomatous models 

and in other relevant tissues vulnerable to mitochondrial dysfunction.  
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4.5 Materials and Methods 

4.5.1 Animals 

DBA/2J and C57BL/6J mice (Jackson Laboratory) were maintained under SPF conditions, 

as previously described (section 2.5.14).  

4.5.2 IOP measurement 

Non-invasive intraocular pressure measurements were performed using a rebound 

tonometry protocol optimised by Dr Jeffrey O’Callaghan (O'Callaghan, 2018)40. 

As IOP in mice has been shown to differ substantially between day and night, following a 

circadian rhythm (Sugimoto et al., 2006, Maeda et al., 2006), all measurements in this 

study were made during daylight hours. Mice were anaesthetised in an isoflurane 

chamber, then transferred to a head holder connected to the isoflurane vaporiser and 

scavenger to ensure they would remain unconscious throughout the procedure. A 

tonometer (Tonolab, Icare) was used to measure IOP in alternating eyes at one minute 

intervals from 3 to 8 minutes post-anaesthetisation. Cohorts were split so that an even 

number of mice underwent initial readings of left or right eyes. IOP readings are 

notoriously variable. Hence, the tonometer averages five separate readings for each 

recorded measurement. Three of these measurements were taken for each timepoint, 

meaning fifteen readings in total were performed during each minute. Data processing 

was performed using a MATLAB pipeline created by Dr O’Callaghan. IOP data is generally 

non-parametric, due in part to the fact that the minimum reading possible with the 

Tonolab is 6mmHg, which can lead to skewed distributions. Non-normal distribution of 

data was confirmed using a Shapiro-Wilks test. A Hampel filter was used to remove 

outliers further than 4 median absolute deviations. IOP is known to decay with time 

under general anaesthesia (Jia et al., 2000). For this reason, median IOPs were calculated 

for each timepoint and a final median value per eye was obtained for 5 minutes post-

anaesthetic by interpolation. 

4.5.3 Tissue processing 

Mice were sacrificed by cervical dislocation.  

 
40 http://hdl.handle.net/2262/84993 

http://hdl.handle.net/2262/84993
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4.5.3.1 Samples for histology 

Eyes, with approximately 4 mm of attached optic nerve, were enucleated using 

McPherson forceps and fixed in 4% formaldehyde at 4°C overnight, then washed in PBS. 

Tissue was dissected using a Vannas scissors and forceps under a stereomicroscope. Optic 

nerves were cut at the base of the eye and separated. Eyes were then cut along the 

corneal limbus for removal of the cornea and lens.  

At this point, samples intended for retinal wholemount histology were further dissected. 

Sclera and RPE were peeled away from the fixed retina using scissors and forceps. The 

isolated retinas were then washed thoroughly in PBS and stored at 4°C. 

Eye cups and optic nerves to be sectioned were washed in PBS and then cryoprotected in 

increasingly concentrated solutions of sucrose in PBS: 10% and 20% for 20 mins at RT, and 

30% sucrose overnight at 4°C. An equal volume of optimal cutting temperature 

compound (OCT) was added to samples for 15 mins at RT. Samples were transferred to 

plastic moulds filled with OCT, embedded by freezing with liquid nitrogen and stored at -

20°C. OCT sample blocks were sectioned using a Leica CM1900-1-1 cryostat. Sections 

were applied to room temperature slides, dried at room temperature for 1 hour and then 

stored at -20°C.  

4.5.3.2 Samples NADH oxidation experiments 

Eyes and attached optic nerves were enucleated and immediately placed in ice cold PBS. 

Optic nerves were separated under a stereomicroscope, rinsed in PBS and snap frozen on 

dry ice. Eyes were cut along the corneal limbus, corneas and lenses were removed and 

retinas were peeled away from the sclera and RPE. Isolated retinas were rinsed in PBS 

and snap frozen. Work was carried out quickly, on tissues from one mouse at a time, to 

ensure optimal preservation of RNA integrity and enzymatic activity. 

4.5.3.3 Samples for RNA extraction 

For eyes used in RT-qPCR experiments described in Fig. 4.15, the optic nerves were 

needed for NADH oxidation tests and so retinal samples were processed as outlined in the 

section directly above. If the optic nerves were not needed for analysis (e.g. Fig. 4.12), 

retinas were isolated in situ, as outlined in section 2.5.16. 
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4.5.4 Immunohistochemistry 

4.5.4.1 Retinal and optic nerve sections: 

Cryosections were stained as described in section 2.5.17. 

4.5.4.2 Retinal wholemounts: 

Retinas were blocked in a 96 well plate overnight at 4°C. The blocking solution was made 

up of 5% donkey serum, 0.03% Triton X-100 and 0.1% sodium azide. The next day, block 

was removed and samples were incubated in primary antibody diluted in blocking 

solution for 3 days at 4°C. Retinas were washed in PBS (3 x 30 mins) and then incubated in 

secondary antibody solution overnight at 4°C. Samples were washed again (3 x 30 mins) 

and transferred to glass slides and covered with PBS. 3-4 incisions were made under a 

stereomicroscope to allow tissue to lay flat on slides, then excess liquid was removed and 

coverslips were applied using Hydromount. 

4.5.5 Antibodies 

Primary antibodies  

Antibody Source Working dilution  

Goat anti-BRN3A Santa Cruz; sc-31984 

(discontinued) 

1:200 

Rabbit anti-BRN3A Sysy; 411 003 1:4000 

Goat anti-GFAP Abcam; ab53554 1:200 

Rabbit anti-NF200 Sigma; N4142 1:200 

 

Secondary antibodies  

Antibody Conjugate Source Working 

dilution  

Donkey anti-goat IgG Cy3 Jackson ImmunoResearch; 

705-165-147  

1:400 

Donkey anti-rabbit 

IgG 

Cy3 Jackson ImmunoResearch; 

711-165-152 

1:400 

Donkey anti-rabbit 

IgG 

Alexa Fluor-488 Jackson ImmunoResearch; 

711-545-152 

1:400 
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4.5.6 Microscopy and image analysis 

IHC samples were imaged using an Olympus IX83 inverted motorised epifluorescent 

microscope and cellSens software. Images were taken using a 10X objective lens and 

stitched together to create composites of entire sections or wholemounts. 

4.5.6.1 Measurement of fluorescence area and intensity 

The Fiji threshold tool was used to measure fluorescent signal area and intensity across 

sections. For whole retinal sections, GFAP fluorescence integrated density values (mean 

gray value multiplied by area) were normalised against DAPI area. In optic nerve sections, 

the area of the entire cross section was used for normalisation. When analysing optic 

nerve head regions, GFAP and NF200 abundance was estimated using mean gray values. 

4.5.6.2 Axon counting 

An edge detection filter (Laplace 2) was applied to images of NF200 immunoreactivity on 

optic nerve sections using Olympus cellSen software. Axon numbers were then estimated 

using the thresholding, segmentation and object counting tools to count NF200-positive 

spots.  

4.5.6.3 RGC counting 

2D deconvolution was applied to stitched images of retinal wholemounts stained for 

BRN3A. The cellSens thresholding, segmentation and object counting tool were then used 

to count BRN3A-positive regions (RGC somata). 
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4.5.7 RT-qPCR 

RNA was extracted as described in section 2.5.4. 

One-step RT-qPCR reactions were set up using QuantiTect SYBR Green RT-PCR Kit 

(Qiagen) and run on an Applied Biosystem StepOnePlus machine. For Ndi1 expression 

tests, the standard curve method for relative quantification was applied, using 5X 

dilutions of retinal RNA known to contain a relatively high amount of transgenic Ndi1 

transcript. Samples to be quantified were run at a 1/50 dilution in triplicate. In 

experiments assessing oxidative stress markers, samples were run in duplicate at a 1/10 

dilution and expression was quantified using the ΔCT method. 

Target gene expression levels were normalised against β-actin expression. 

4.5.8 DCFDA flow cytometry assay 

Retinas were isolated from mouse eyes as described in section 4.5.3.1. Once dissected 

free, retinas were placed in ice cold HBSS (14175, Thermo Fisher Scientific). Samples were 

trypsinised a 1mg/ml trypsin in HBSS solution for 5 minutes at 37°C. DNase I (10μl of 

10mg/ml stock; Sigma, D5025) was then added, samples were mixed by gentle pipetting 

and retinas were incubated at 37°C for a further 15 minutes. Trypsin inhibitor solution 

was added to a final concentration of 2 mg/ml and samples were gently inverted. Samples 

were centrifuged at 600 x g for 5 minutes and supernatant was removed without 

disturbance of the pellet. Cells were resuspended in HBSS supplemented with DNase I 

(1ml HBSS and 10μl DNase I per sample). Trypsin inhibitor solution was added to a final 

concentration of 2 mg/ml and samples were gently inverted. Cell suspensions were 

incubated with 2μl CellROX Green Reagent (C10444, Thermo Fisher Scientific) (DCFDA) for 

2.5 hours at 37°C and were gently inverted at regular intervals during this period. Cells 

were strained through 0.5 μM filters (CellTrics). 1μl DRAQ5 (BD Biosciences, 564902) was 

added to suspensions to stain live cells and samples were analysed using a BD Accuri C6 

flow cytometer (BD Biosciences). Cells were gated for high DRAQ5 fluorescence and 

20,000 events were counted in this gate. 

4.5.9 Construct sequence information 

AAV-CAG-EGFP construct details are given in section 2.5.8. AAV-CMV-huNdi1 sequences 

are included in Appendix 4.  
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4.5.10 AAV production 

Endotoxin-free mega preps of pAAV-CMV-NDI1, pAAV2/2 and pHelper plasmids were 

produced, and AAV preparations were generated by Naomi Chadderton as described in 

section 2.5.9.  

4.5.11 AAV titering 

Viral genome (vg) titers were determined by qPCR. The standard curve method was used 

for absolute quantitation of AAV samples (see section 2.5.10). AAV2/2-CMV-NDI1 and 

AAV2/2-CAG-EGFP were titered using CMV enhancer primers at 1.3E10 vg/ml and 4.1E10 

vg/ml, respectively. Using primers targeting the central transgene (NDI1 or EGFP), these 

titers of 5.39E10 and 2.22E11 vg/ml were obtained. As discussed in section 2.5.10, the 

CMV primers tend to underestimate titers and so it was decided to proceed with the 

Ndi1/EGFP titers for dosing experiments. 

4.5.12 qPCR primers 

 Primers were synthesised by Sigma Aldrich and used as 10 µM solutions. 

Cp, Nos-2 and Ho-1 primer sequences are those used by Inman et al. (2013). 

4.5.13 NADH oxidation assay 

A spectrophotometry assay was used to measure NADH oxidation rates in retinal and 

optic nerve samples, based on two previously described protocols (Spinazzi et al., 2012, 

Cwerman-Thibault et al., 2017). This assay had been expanded by Dr Daniel Manraj 

Maloney to facilitate measurement of Ndi1-specific NADH oxidation activity, and 

validated in cell culture samples (Maloney, 2020)41. 

 
41 http://hdl.handle.net/2262/91379 

Target Forward (5’ to 3’) Reverse (5’ to 3’) 

Ndi1 CACCAGTTGGGACAGTAGAC CCTCATAGTAGGTAACGTTC 

Cp TTCAACGGGCTGATGACAAAGTGC GGCTTGGCCATGAAAGAAAGCTGA 

Nos-2 TCATTGTACTCTGAGGGCTGACACA GCCTTCAACACCAAGGTTGTCTGCA 

Ho-1 GGTCCTGAAGAAGATTGCACA CTTGCACCAGGCTAGCAG 

β-actin AGAGCAAGAGAGGCATCC TCATTGTAGAAGGTGTGGTGC 

CMV 

enhancer 

TTACGGTAAACTGCCCACTTG CGTGAGTCAAACCGCTATCC 

http://hdl.handle.net/2262/91379
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The principle of the assay is as follows: 

Reduced NAD (NADH), unlike oxidised NAD, can absorb light at 340 nM. The rate of NADH 

oxidation can therefore by quantified by measuring reduction in absorbance at this 

wavelength over time. NADH and ubiquinone are added to solutions containing lysed 

mitochondria. NADH oxidation is stimulated by mitochondrial Complex I or transgenic 

Ndi1 protein and the rate at which NADH absorbance decreases is recorded. The 

proportion of overall NADH oxidation activity contributed by Ndi1 protein can be 

determined by adding a Complex I inhibitor, rotenone, to the reaction. The level of 

background non-specific oxidation is then established by adding flavone to inhibit Ndi1 

activity. Throughout the reaction, potassium cyanide inhibits Complex IV function to 

prevent oxidation of ubiquinone. Note: in initial characterisation experiments that did not 

include Ndi1-treated samples, flavone was not added to reactions; background NADH 

oxidation was determined using the signal generated with rotenone inhibition. 

To prepare tissue samples for the assay, snap frozen retinas and optic nerves were 

homogenised in 200 µl ice cold sucrose tissue homogenisation buffer (20mM Tris, 250 

mM sucrose, 40mM KCl, 2 mM EGTA, pH 7.5), using a chilled glass 0.1ml homogeniser. 

One retina was sufficient per assay reaction. However, due to the low amount of material 

in optic nerves (and low mitochondrial density in the myelinated nerve), it was necessary 

to pool four optic nerves per sample. After approx. 20 pestle grinding rotations, solutions 

were transferred to chilled Eppendorf tubes using 1ml syringes and 18G needles. Samples 

were span at 1000 x g for 8 mins to pellet debris. Supernatants were then transferred to 

new tubes, snap frozen in liquid nitrogen and stored at -80 °C until analysis. 

On the day of the assay, samples were subjected to three liquid nitrogen freeze thaws for 

mitochondrial lysis. Initially, for experiments shown in Fig. 4.12, samples were run in 

duplicate (using 50-70 µl per reaction). However, it was later decided to use 130 µl 

sample per reaction, without technical replicates, to generate maximal, more robust 

signals. This also enabled all samples for comparison to be run in a single session, using 

the same reagent solutions and hence minimising variability. Reactions were set up in 1ml 

Kartell cuvettes as follows: 

- 664 µl dH20 

- 130 µl sample 

-100 µl potassium phosphate buffer (0.5M; pH 7.5 freshly made) 

- 60 µl BSA (50mg/ml, fatty acid-free) 
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- 30 µl KCN (10 mM, freshly made) 

- 10 µl NADH (10 mM, freshly made) 

Baseline absorbance of the solution was measured at 340 nM for 30 seconds. 6 µl of 

ubiquinone (10 mM) was then added to start the oxidation reaction and the decrease in 

absorbance was measured for 120 seconds. 10 µl (1 mM) of rotenone was added and the 

trace was recorded for a further 120 seconds. This step was then repeated with 10 µl 

flavone (5 mM). The solution was mixed well by inversion between each addition and 

measurement. 

Throughout the assay, all samples were kept on ice except for dH20, potassium phosphate 

and BSA. Absorbance was measured at RT using a Shimadzu UV-mini 1240 

spectrophotometer. 

Measurements were recorded and analysed using UVProbe software. Rates of 

absorbance change (ΔAbs) were determined by measuring the slope of linear trace 

sections for each reaction condition. 

CI + Ndi1 activity: ΔAbs of trace after ubiquinone was added. 

Ndi1 activity: ΔAbs of trace after addition of rotenone. 

Background activity: ΔAbs of trace after flavone inhibition. 

Background activity was subtracted from the ‘CI + Ndi1’ and ‘Ndi1’ rates. ‘CI’ activity was 

calculated by subtracting ‘Ndi1’ from ‘CI + Ndi1’ ΔAbs. 

For each sample, NADH oxidation rates were normalised against total protein content. 

Protein concentrations were determined using the Pierce Coomassie (Bradford) Protein 

Assay Kit (Thermo Scientific). 

Final activity values were expressed as nmol NADH oxidised per minute, per mg of total 

protein. This was calculated using the equation: 

(nmol min − 1 mg − 1) = (Δ Absorbance/min × 1,000)/[(extinction coefficient × volume of 

sample used in ml) × (sample protein concentration in mg/ml), 

where the extinction coefficient of NADH is 6.2 mM/cm. 

4.5.14 Intravitreal injection 

Intravitreal injections of AAV in mice were performed by Dr Paul Kenna using a protocol 

previously described (Chadderton et al., 2013). 
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4.5.15 Electroretinography 

Electroretinograms were performed by Dr Sophia Millington-Ward, using a protocol 

previously described by Chadderton et al. (2009) and based on guidelines outlined by the 

ISCEV (McCulloch et al., 2015, Frishman et al., 2018).  

Dark-adapted rod-only response: 

Stimulus: a dim white flash of 0.01 cd.s/m2 (candelas per meter squared per second; 

constant luminance).  

Dark-adapted combined rod–cone response: 

Stimulus: a bright white 3.0 cd.s/m2 flash. 

At this point the mouse was light adapted for 10 mins (with background illumination of 30 

candelas/m2). 

4.5.15.1 Light-adapted single-flash cone response: 

Stimulus: 3.0 cd.s/m2 flash. 

4.5.15.2 Light-adapted 10 Hz flicker response: 

Stimulus: flickering white light with a luminance of 3.0 cd.s/m2, presented at a rate of 10 

flashes per second.  

4.5.15.3 Light-adapted photopic negative response (PhNR) 

A 3.0 cd.s/m2 flash passed through an orange filter was used as stimulus. The PhNR, first 

negative wave following the b-wave, was calculated as the amplitude between the trough 

of the PhNR wave and baseline. In the case of there being no initial cone-driven response, 

readings were disregarded. If there was no negative PhNR potential, then the PhNR was 

called as 0 µv. If both eyes failed to show a successful PhNR deflection, the results of that 

mouse were omitted. 

Note: PhNR readings were sometimes measured without carrying out other ERG tests. In 

these instances, mice did not need to be dark-adapted beforehand. 

4.5.16 Statistics 

GraphPad Prism 8 was used to perform statistical tests and for graphing results. For each 

statistical test the significance threshold was set at 0.05. Normality of data distribution 

was assessed using the Shapiro-Wilk test, which determined whether parametric or non-
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parametric tests of significance were used subsequently. Tests used in this chapter are 

summarised in the table below. 

 Independent samples (unrelated eyes) Paired samples (contralateral 

eyes) 

 Parametric Non-parametric Parametric Non-

parametric 

2 groups Unpaired Student’s 

t-test 

 Paired Student’s t-

test 

Wilcoxon 

matched-

pairs 

signed 

rank test 

3 or more groups  Kruskal-Wallis test   

3 or more groups, 

considering the 

effects of strain and 

gender 

Two-way ANOVA    

3 or more groups, 

considering the 

effects of strain, 

gender and age 

Three-way ANOVA    

 

Following ANOVA, post hoc analysis was performed using Tukey’s test to compare the 

means of all groups to the mean of every other group. Alternatively, Dunnett’s test was 

used to compare the means of all groups against the mean of one control group. 

When using the Kruskal-Wallis test, Dunn’s multiple comparison test was subsequently 

used to compare the mean rank of each group with the mean rank of every other group. 

Spearman’s rank-order correlation test was used to investigate possible correlations 

between variables in non-parametric data. 

In the main text, parametric data is described in the format of mean ± SD, whereas 

median ± median absolute deviation (MAD) is used to summarise nonparametric data. 
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5 Concluding remarks 

5.1 Key findings of this thesis and their implications 

The purpose of the research presented in this thesis was to explore the potential of three 

different gene therapy strategies for the treatment of retinal degenerations – two gene-

specific approaches targeted toward monogenic inherited diseases and one gene-

independent treatment in the context of a multifactorial age-related disease.  

The first of these approaches was a gene replacement strategy for X-linked retinitis 

pigmentosa caused by mutations in RP2 (chapter 2). Due to differences in disease 

presentation between patients and murine knockout models, and inconsistencies among 

the published mouse models themselves, it was decided to explore the use of human-

derived cell models. RP2 patient-derived primary fibroblasts displayed reduced mRNA and 

a lack of detectable protein expression, supporting the pathogenicity of both a well-

known nonsense mutation (p.Arg120X) and a novel frameshift variant (p.Asn142fs). After 

testing multiple AAV serotypes and dosages, it was determined that use of an AAV2/2 

vector at a dose of 1E5 vg/cell would be optimal for transduction of primary fibroblast cell 

models. We designed a gene replacement construct in which the human RP2 CDS is 

expressed by the CAG promoter. Transduction of patient fibroblasts with AAV2/2-CAG-

RP2 restored RP2 mRNA and protein expression, confirming the functionality of this 

construct. Patient-derived and gene-edited retinal organoid models of RP2 XLRP, 

developed by Mike Cheetham and Alison Hardcastle’s groups in UCL, enabled the effects 

of RP2 loss to be studied in a human retinal context. RP2 null ROs exhibited increased rod 

death during a period of photoreceptor maturation - signified by a rise in ONL apoptosis 

that was followed by a decrease in ONL thickness and rhodopsin expression relative to 

control organoids. This early-onset rod degeneration phenotype was not previously 

observed in animal models, which had presented with relatively mild, cone-dominated 

phenotypic profiles. Treatment of RP2 null ROs with an AAV2/5-CAG-RP2 gene 

replacement vector effectively rescued rod degeneration, as evidenced by preservation of 

ONL thickness and increased rhodopsin expression. To my knowledge, this was the first 

study to provide evidence of in situ rescue of photoreceptor loss in a retinal organoid 

model. Moreover, it demonstrated an unprecedented level of RO photoreceptor 

transduction efficiency (90%). The work described in chapter 2 thus illustrates the power 

of retinal organoid technology to model IRDs and assess the efficacy of AAV-based gene 
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therapies. Importantly, it strengthens the case for development of a gene replacement 

therapeutic for treatment of RP2-associated XLRP. An important part of such 

development will be assessment of vector tolerance and dosage optimisation in RP2 null 

animal models as well as NHPs. An AAV2/8 RP2 vector was confirmed to be more potent 

than 2/2 or 2/5 vectors over a two week period following subretinal injection. Preliminary 

results obtained as part of this project suggested a potential immune response toward 

subretinally injected AAV2/8-CAG-RP2 in wild-type mice when there was significant over 

expression of the therapeutic transgene. Future work will investigate tolerance of AAV-

RP2 vectors more thoroughly in wild-type and Rp2h knockout mice to determine an 

optimal vector design and dosage - albeit such studies ultimately would require GLP grade 

vector and evaluation in NHPs. 

While gene replacement holds great promise for the treatment of recessive diseases, 

such a strategy may be inappropriate in cases of dominant negative or, particularly, toxic 

gain-of-function mutations. The Farrar lab has pioneered the development of suppression 

and replacement strategies for dominantly inherited diseases, having particular success in 

the context of RHO-associated ADRP. In chapter 3, I attempted to build upon this progress 

by exploring gene editing-based suppression and replacement of the rhodopsin gene. The 

ultimate goal of this project is to insert a RHO mini-gene into the genomic RHO 5’UTR 

using a ‘homology-independent targeted integration’ approach.  

To assess the feasibility of this strategy, I first screened several RHO 5’UTR gRNA target 

sites for Cas9 cleavage efficiency in vitro and selected two sites for in vivo testing. I then 

constructed a dual AAV platform that would, in principle, mediate cleavage at a genomic 

gRNA target site and insertion of an EGFP reporter mini-gene into this double-stranded 

break. Preliminary results using the humanised RHO P347S murine mouse model indicate 

that relatively high efficiencies of successful integration into the RHO 5’UTR can be 

achieved using this method; mean editing efficiencies of between 16% to 43% were 

obtained. However, as discussed in chapter 3, this test requires replication and further 

validation, due in part to anomalous results from one of the negative control groups. 

Much remains to be done with regard to this project. The editing efficiency estimations 

should be confirmed using a more accurate FACS-based method, and the precision and 

specificity of editing examined by sequencing on- and off-target sites. The potential for 

knockout of the pathogenic RHO P347S allele alone (via EGFP integration) to provide 
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benefit will also be evaluated in longer term experiments. Of course, the ultimate goal of 

this research project is to test RHO suppression and replacement. A new HITI vector, 

containing a RHO mini-gene rather than reporter gene sequences, will therefore be 

generated and its capacity to rescue photoreceptor degeneration in the RHO P347 model 

will be assessed. 

Although this project is very much at an early stage, the results obtained so far are 

encouraging and, if they withstand replication, will add strong support to the feasibility of 

HITI-based gene editing in neuronal cells. Importantly, while we are now exploring this 

mutation-independent strategy in the context of RHO-associated ADRP, it would in 

principle be applicable to any non-haploinsufficient forms of dominant disease affecting 

post-mitotic cells. If successful, such a strategy might even be desirable in relation to 

some recessive or haploinsufficient forms of IRD in which genes require a precise level of 

transgene expression and/or are too large to be delivered in a single AAV vector. As 

discussed previously, the latter scenario could be addressed by adapting the HITI strategy 

for integration of partial mini-genes into intronic sites.  

Due to the heterogeneity of IRDs and the prevalence of multifactorial forms of blindness, 

it is important to investigate shared pathogenic aspects of retinal disease and methods to 

modulate common disease mechanisms. Altered bioenergetics is steadily emerging as an 

underlying factor in many forms of retinal disease. In particular, there is a wealth of 

evidence linking mitochondrial dysfunction to the pathogenesis of glaucoma. The study 

presented in chapter 4 explored whether boosting the activity of a key electron transport 

chain complex using a transkingdom gene therapy could protect retinal ganglion cells in a 

murine model of glaucoma. AAV-mediated delivery of a codon optimised yeast NADH 

dehydrogenase sequence (huNdi1) substantially increased NADH oxidation in retinas and 

optic nerves, and significantly increased survival of RGC somata in DBA/2J glaucomatous 

mice. An inner retina-derived electrophysiological response was also significantly 

increased in female eyes that received AAV-Ndi1 in one eye and an AAV-EGFP reporter 

vector in both eyes. Further work will be conducted to replicate these findings (in the 

absence of a reporter vector), to confirm whether RGC axons are preserved in addition to 

their somata and to explore potentially more robust means of measuring RGC function. 

The mechanism of Ndi1-derived benefit also requires elucidation; it may be due to one or 
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a combination of factors, including increased mitochondrial ATP production, alleviation of 

oxidative stress and increased TCA cycle activity. 

The data presented in chapter 4 support the idea of underlying mitochondrial dysfunction 

in glaucoma and the therapeutic potential of neuroprotective strategies that can boost 

mitochondrial function. This study also highlights the promise of transkingdom gene 

therapies employing parsimonious coding sequences. As discussed earlier, mitochondrial 

defects have been observed in AMD and diabetic retinopathy (section 1.7.5). 

Mitochondrial dysfunction also appears widely implicated in neurodegenerative disease, 

including Parkinson’s disease (Chen et al., 2019a, Holper et al., 2019), Alzheimer’s disease 

(Adav et al., 2019, Holper et al., 2019) and amyotrophic lateral sclerosis (Newman et al., 

2020). Strategies that can increase ETC activity may thus have quite a broad utility. 

5.2 Future directions for the field 

This thesis has explored potential gene-specific therapeutics for monogenic IRDs and a 

gene-independent approach for treatment of a multifactorial optic neuropathy. It is 

worth noting again that gene-independent therapeutics targeting common degenerative 

pathways have the potential to benefit inherited retinal disease, in addition to complex 

cases lacking an obvious genetic target. Identifying a neuroprotective agent applicable to 

multiple different types of IRD would aid substantially in meeting the challenge presented 

by this extremely heterogeneous group of conditions. However, broad applicability may 

come at the expense of potency; it remains to be seen whether an IRD treatment could 

be sufficiently effective without addressing the causal genetic defect - though the use of 

RdCVF to preserve cones in RP has yielded quite promising pre-clinical results and is 

moving to clinical trial (Byrne et al., 2015)42. It is plausible that combinatorial strategies 

will ultimately emerge as optimal and that use of a neuroprotective agent in combination 

with a gene-specific therapeutic would significantly enhance treatment efficacy for some 

forms of IRD. Indeed, while LuxturnaTM can significantly improve visual function, it has 

been questioned whether such a treatment is alone sufficient to halt degeneration 

(Cideciyan et al., 2013). It could take an estimated 5-10 years to answer this question, due 

to the slow, natural rate of visual deterioration (Pierce and Bennett, 2015). It is therefore 

 
42 https://sparingvision.com/en/spvn06 [accessed 20/11/20] 

https://sparingvision.com/en/spvn06
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imperative to continue to investigate both gene-specific and gene-independent 

therapeutic approaches for IRDs.  

In parallel, it is important to explore ways in which gene editing technology could aid in 

addressing the unmet clinical need presented by retinal degenerations. An efficient and 

specific method of gene editing in post-mitotic cells must be established in order to 

realise the immense therapeutic potential of this technology. As discussed in section 1.5, 

base editing and prime editing strategies hold great promise as mutation-specific 

therapeutics – particularly in the case of genes too large for AAV-mediated replacement. 

However, most of these tools do not fit within a single AAV vector at present. RNA base 

editors are particularly attractive as their effects would, in principle, be reversible if 

expression of editing components was regulated by an inducible promoter (Fry et al., 

2020). It will be very interesting to examine the efficiency and specificity of such a system 

in a retinal context. However, mutation-independent therapeutics would ultimately be 

preferable. It is therefore important to continue to investigate means of improving 

methods of large-scale DNA editing in vivo, such as HITI. As discussed in previous 

chapters, minimisation of deleterious off/on-target effects and immune response toward 

bacterial Cas proteins will also be important points of focus for the field as gene editing 

therapies progress toward the clinic. It is also interesting to note that precise editing of 

mtDNA, which was heretofore not possible due to difficulty importing nucleic acids into 

mitochondria and the propensity of mtDNA to degrade when cut, now appears feasible. 

Excitingly, a ‘CRISPR-free’ mitochondrial base editor that does not require cutting of the 

DNA template and employs protein-based guides was recently developed (Mok et al., 

2020).  

Our understanding of the pathogenic mechanisms involved in retinal degenerations is 

rapidly increasing thanks to advances in genetics (via whole genome and exome 

sequencing (Carss et al., 2017, Ratnapriya et al., 2020) and GWAS (Han et al., 2020, 

Fritsche et al., 2016, Youngblood et al., 2019)), transcriptomics (Kim et al., 2018, Lukowski 

et al., 2019a, Voigt et al., 2019), proteomics (Velez et al., 2018, Meyer et al., 2019, Mirzaei 

et al., 2020)) and metabolomics (Leruez et al., 2018, Hou et al., 2020, Acar et al., 2020). 

Such progress will inevitably increase the number of therapeutic targets for both 

monogenic IRDs and multifactorial ocular disorders. Understanding wild type and 

pathogenic epigenetic profiles in retinal disease (Farinelli et al., 2014, Zheng et al., 2018, 
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Corso-Díaz et al., 2018, Porter et al., 2019) will also likely offer opportunities for targeted 

and subtle therapeutic manipulation of epigenetic states using CRISPR-Cas9 epigenome 

editing tools (i.e. dead Cas9 linked to transcriptional activators/repressors).  

The inspirational success of LuxturnaTM, an AAV gene replacement therapy for retinal 

degeneration due to biallelic RPE65 mutations, has cleared a path for other retinal-

targeted gene therapies to follow. Indeed, promising results from clinical trials targeting 

other IRDs are beginning to emerge. For example, the latest results43 of the 

MeiraGTx/Janssen phase 1/2 XLRP trial (NCT03252847), testing an AAV2/5-RPGR gene 

replacement vector, describe significant improvements in visual function one year after 

treatment. 

However, there is unlikely to be a simple, general model for retinal gene therapy 

development, given the considerable heterogeneity of retinal degenerations, and much 

work remains to be done. 

With regard to IRDs, the natural history of each genetic subtype requires detailed 

characterisation. Degenerations that exhibit high preservation of retinal structure relative 

to function, such as RPE65-LCA, are considered to have potential for improvement in 

visual function by treatment with subretinal gene therapy. For those that do not display 

this dissociation between structure and function, halting of visual deterioration is a more 

appropriate objective and requires a longer trial duration for outcome assessment 

(Garafalo et al., 2020). Clinical outcome measures must also be carefully chosen for each 

retinal disease. For example, in the case of RPE65-LCA gene therapy trials, traditional 

visual acuity tests, which measure cone function, were not suitable due to the rod-

dominated nature of this disease. The full-field stimulus threshold test (Roman et al., 

2007), which measures light sensitivity, and the multi-luminance mobility test (Chung et 

al., 2018), which assesses an individual’s navigational capacity over a range of light 

intensities, were therefore developed in order to assess rod function.  

In parallel to developing gene therapies, it is vitally important to increase the accessibility 

of genetic screening and to molecularly characterise as many IRD cases as possible. 

Providing genetic diagnoses can empower patients by potentially allowing better 

 
43 https://www.modernretina.com/view/aao-2020-gene-therapy-for-x-linked-retinitis-pigmentosa-
achieves-significant-visual-gains-at-1-year [accessed: 20/11/20] 

https://www.modernretina.com/view/aao-2020-gene-therapy-for-x-linked-retinitis-pigmentosa-achieves-significant-visual-gains-at-1-year
https://www.modernretina.com/view/aao-2020-gene-therapy-for-x-linked-retinitis-pigmentosa-achieves-significant-visual-gains-at-1-year
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prediction of their disease’s progression (as more natural history studies are carried out) 

and enabling eligibility for participation in clinical trials. The genetic basis of ~28-50% of 

IRD cases remain unknown and much of the unresolved cases may be caused by 

mutations in regulatory or intronic regions, copy number variations or structural variants. 

Increasing adoption of whole exome and whole genome sequencing strategies (to 

supplement or replace target capture panel approaches) will likely increase the rate of 

pathogenic variant detection substantially (Farrar et al., 2017). 

It is also worth mentioning that, while retinal gene therapies are envisioned as once-off 

treatments, this expectation still requires confirmation. So far, the positive effects 

LuxturnaTM in patients have been stable for at least four years (Maguire et al., 2019) and  

RPE65-/- dogs treated with an AAV-RPE65 vector notably displayed preservation of 

photoreceptors for up to 11 years (Cideciyan et al., 2013). It is encouraging that, should a 

second treatment be necessary, readministration of LuxturnaTM appears well-tolerated in 

NHPs (Weed et al., 2019). 

However, while AAV2/2-RPE65 vectors have displayed generally excellent safety profiles 

in clinical trial with no deleterious immune responses reported (Pierce and Bennett, 2015, 

Russell et al., 2017), intraocular inflammation has been observed in some cases (using 

relatively high doses) (Bainbridge et al., 2015) and a perioperative course of oral 

corticosteroids is routinely prescribed. In a recent trial of an AAV2/2-REP1 replacement 

trial for choroideremia, one patient tragically obtained permanent vision loss as a result 

of inflammation, despite the use of steroids (Dimopoulos et al., 2018). It is therefore 

necessary to investigate and counteract the origins of AAV immunogenicity in order to 

increase the safety and efficacy of gene therapies. Further work is required to clarify 

whether immune response(s) are initiated by the AAV capsid, genome, formation of 

dsRNA and/or expression of the therapeutic transgene, and which retinal cells initiate this 

response – in relation to both subretinally and intravitreally delivered vectors. Strategies 

to evade immune surveillance are currently of high interest in the field. Casey et al. (2020) 

are working on development of a vector designed to block TLR-9 response to the AAV 

genome (details undisclosed). In the case of treatments targeted toward photoreceptors, 

as previously discussed, vectors employing photoreceptor-specific promoters may be 

inherently less immunogenic than those with ubiquitously active elements (Xiong et al., 

2019). Another issue lies in the fact that pre-existing neutralising antibodies (NAbs) 
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targeting AAV capsids can also limit the efficacy of gene therapy – particularly in the case 

of intravitreally administered vectors. Generation of NAb-resistant vectors by creation of 

capsid chimeras (via shuffling of different serotype capsid proteins) and/or directed 

evolution may circumvent this problem (reviewed by Bucher et al. 2020). As mentioned 

earlier in this thesis, thorough analysis of the safety profile of each AAV gene therapy 

vector is warranted in animal models of disease as well as NHPs, using GLP-grade vector. 

Subretinal injection also represents an area for improvement – being a highly specialised 

and relatively invasive procedure with (as previously discussed) potential to cause 

structural damage to the retina. There is considerable interest in establishing efficient, 

alternative routes of vector administration to the outer retina. Indeed, Garafalo et al. 

(2020) predict that subretinal injection will become ‘a relic of this early period of human 

gene therapy trials.’ Directed evolution of vectors capable of transducing photoreceptors 

from an intravitreal starting point (Dalkara et al., 2013), and adoption of sub-ILM (Boye et 

al., 2016) or transcleral (Yiu et al., 2020) injection techniques are promising avenues 

under investigation.  

As of yet, no gene therapies for glaucoma have reached a clinical trial stage. However, 

several RGC-targeted AAV therapeutics are currently under assessment in patients. One 

such strategy is intravitreal injection of AAV vectors expressing channelrhodopsins 

(microbial light-gated ion channels) to confer light-sensitivity to RGCs in late-stage RP 

(NCT02556736, NCT03326336, NCT04278131; all Phase 1/2). Trials have also been 

conducted to test AAV2/2-mediated gene replacement of ND4 (an mtDNA gene encoding 

a complex I subunit) directed towards RGCs in LHON patients. There is thus precedent for 

both transkingdom and mitochondrial gene therapies targeting retinal ganglion cells. So 

far, the AAV-ND4 vector has been well-tolerated in patients; intraocular inflammation 

was generally mild and was responsive to treatment (Vignal et al., 2018, Bouquet et al., 

2019, Yu-Wai-Man et al., 2020). Viral DNA was also not detectable systemically weeks 

after intravitreal delivery (Yu-Wai-Man et al., 2020). Recent results from a Phase 3 ND4 

trial included an intriguing finding. Remarkably, almost 80% of the patient cohort 

displayed visual improvement in both AAV-ND4-treated and contralateral ‘sham’ treated 

control eyes (Yu-Wai-Man et al., 2020). While spontaneous recovery of vision can occur 

with LHON, the prevalence of this phenomenon in patients with the mutation in question 

is estimated to be only ~11% (Newman et al., 2020). Follow-up experiments with NHPs 
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revealed that rAAV-ND4 genomes were present in retinal and optic nerve tissue of 

untreated contralateral eyes (Yu-Wai-Man et al., 2020). This apparent transfer of viral 

DNA from treated to untreated eyes will need to be replicated and the mechanism 

elucidated. This finding, of course, has important implications for clinical trial design, and 

raises doubts as to whether contralateral eyes are appropriate negative controls for 

assessment of intravitreally-delivered gene therapies. 

Utilisation of cell-specific promoters may be particularly important for intravitreally-

delivered gene therapies, as this route of administration leads to a much higher degree of 

bio-dissemination that subretinal injection. Intravitreally injected AAV particles can enter 

the aqueous humour, transduce anterior segment tissues and reach systemic circulation 

through AH outflow pathways (Bucher et al., 2020). Establishing efficient and AAV-

amenable RGC-specific promoters, such as the recently characterised NEFH element 

(Millington-Ward et al., 2020), will therefore be important in the development of safe and 

effective gene therapies for glaucoma. As discussed in chapter 4, a combinatorial strategy 

will likely ultimately prove optimal for treatment of this highly complex optic neuropathy, 

with RGC protectants used in addition to IOP-lowering agents (with the exception of NTG 

cases).   

To conclude, while a great deal remains to be done, the rate of progress in the field is 

ever-increasing and the future of retinal gene therapy, for both inherited and acquired 

diseases, appears bright. The data presented in this thesis represent a relatively small but 

important contribution to the field and support a sense of optimism. 
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7 Appendices 

7.1 Appendix 1 – Publication associated with Chapter 2 
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7.2 Appendix 2 - RP2 mutation survey 

RP2 variants that were likely or possibly pathogenic were compiled by searching PubMed 

for relevant literature and cross-checking with the HGMD and ClinVar databases. 

 

                          

Table 7.2. Summary of RP2 XLRP 

mutation locations. The percentage of 

total RP2 mutations located in different 

regions of the gene are listed alongside 

the proportion of total probands 

affected. Note: deletions that span 

multiple exons are listed separately 

under ‘gross deletions.’ 

Table 7.1 Summary of RP2 XLRP mutations. 

Presumed pathogenic mutations and the number of 

times they have been reported in the literature are 

listed. 

Table 7.3. Summary of RP2 

XLRP mutation classes. The 

proportion of total RP2 variants 

belonging to different mutation 

classes are listed, alongside the 

percentage of reported 

probands affected.  

Table 7.4. Most frequently reported RP2 XLRP mutations in the literature.  
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  The following table describes, to my knowledge, all RP2 XLRP mutations reported in the literature (as of August 2020).
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7.3 Appendix 3 – Sequence analysis of the RHO 5’UTR region 

 

 

The human rhodopsin 5’UTR and flanking regions were Sanger sequenced in RHO P347 mice and 

HEK 293 cells. The resulting sequences were aligned and compared to the RHO reference gene 

(RefSeq: NG_009115.1). The 5’UTR is highlighted by an overlying purple line. No deviations from 

the RHO reference sequence were evident in this region. Alignments were carried out using 

MAFFT44. 

  

 
44 https://mafft.cbrc.jp/alignment/server/ 
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7.4 Appendix 4 – HuNdi1 construct sequence 

Features included in the AAV-CMV-huNdi1 construct and their sequences are given (ITRs 

not shown). 

Features 

CMV promoter (sequence highlighted in yellow) 

HuNdi1 coding sequence (blue) 

Minimal polyadenylation signal (red) 

Sequence 

GCGGCCCGGATCCTAGTGGATGCGGCCAAACTTAAAAACGCGTGGAGCTAGTTATTAATAGTAAT
CAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATG
GCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATA
GTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTT
GGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGC
CCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTAT
TAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTT
GACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAAT
CAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGT
ACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCAT
CCACGCTGTTTTGACCTCCATAGAAGACACCGGGACCGATCCAGCCTCCGCGGATTCAAACGGGC
CCTCTAGAGGTGTCAGTTTCATCACATCATCGAATTACACGTTTACCCAAGAGAAGAAACTAAAAA
CCACTATGCTGAGCAAGAACCTGTACAGCAACAAGCGGCTGCTGACCAGCACCAACACCCTCGTG
CGCTTCGCCAGCACCAGATCCACCGGCGTCGAAAACAGCGGGGCTGGCCCCACCAGCTTCAAGA
CCATGAAGGTCATCGACCCCCAGCACAGCGACAAGCCCAACGTGCTGATCCTGGGCTCTGGCTGG
GGCGCCATCAGCTTTCTGAAGCACATCGACACCAAGAAGTACAACGTCAGCATCATCAGCCCCAG
AAGCTACTTCCTGTTCACCCCCCTGCTGCCCAGCGCCCCTGTGGGAACCGTGGACGAGAAGTCCA
TCATCGAGCCCATCGTGAACTTCGCCCTGAAGAAAAAGGGCAACGTCACCTACTACGAGGCCGA
GGCCACCAGCATCAACCCCGACCGGAACACCGTGACCATCAAGAGCCTGAGCGCCGTGTCCCAG
CTGTACCAGCCCGAGAACCACCTGGGCCTGCACCAGGCCGAGCCCGCCGAGATTAAGTACGACT
ACCTGATCAGCGCCGTGGGCGCCGAGCCCAACACCTTTGGAATCCCCGGCGTGACCGACTACGG
CCACTTCCTGAAAGAGATCCCCAACAGCCTGGAAATCCGGCGGACCTTCGCCGCCAACCTGGAAA
AGGCCAACCTGCTGCCTAAGGGCGACCCCGAGCGGAGAAGGCTGCTGAGCATCGTGGTCGTGG
GCGGAGGCCCCACAGGCGTGGAAGCTGCTGGCGAGCTGCAGGACTACGTGCACCAGGACCTGC
GGAAGTTCCTGCCCGCCCTGGCCGAGGAAGTGCAGATTCACCTGGTGGAAGCCCTGCCCATCGT
GCTGAACATGTTCGAGAAGAAGCTGAGCAGCTACGCCCAGAGCCACCTGGAAAACACCTCCATC
AAGGTGCACCTGAGAACCGCCGTGGCCAAGGTGGAAGAGAAGCAGCTGCTGGCCAAGACCAAG
CACGAGGACGGCAAGATTACCGAGGAAACCATCCCCTACGGCACCCTGATTTGGGCCACCGGCA
ACAAGGCCAGACCCGTGATCACCGACCTGTTCAAGAAGATCCCCGAGCAGAACAGCAGCAAGCG
GGGCCTGGCCGTGAACGACTTCCTGCAGGTCAAAGGCAGCAACAACATCTTCGCCATCGGCGAC
AACGCCTTTGCCGGCCTGCCTCCTACAGCCCAGGTGGCCCACCAGGAAGCCGAGTACCTGGCCAA
GAACTTCGACAAGATGGCCCAGATCCCCAATTTCCAGAAGAACCTGTCCTCCCGGAAGGATAAGA
TCGACCTGCTGTTCGAGGAAAACAACTTCAAGCCCTTCAAGTACAACGACCTGGGCGCCCTGGCC
TACCTGGGCAGCGAAAGAGCCATTGCCACCATCAGAAGCGGCAAGCGGACCTTCTACACCGGCG
GAGGCCTGATGACCTTCTACCTGTGGCGGATCCTGTACCTGAGCATGATCCTGAGCGCCCGCAGC
AGACTGAAGGTGTTCTTCGACTGGATCAAGCTGGCCTTCTTCAAGAGGGACTTCTTCAAGGGCCT
GTGAATGAAATTAACATGCCCTTTTCTGGAAAAAGGAAAAAAGGTGGTAGGCACCGTTTTTTCCT
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GAGTTTGCATCCTTTTTTTTCTAAAACCCTCTAAACAAAACCTAACACACACACACACGCACAAAAA
AATGCACATGATGTTTTATTATTTATATATTCCCACTTTTTTCGAAATGATGCTTGACTAATGCACA
AGCAAAAAACCCCGACAAGATTGGTTGATCACTGCGGCCGCAATAAAGGAAATTTATTTTCATTG
CAATAGTGTGTTGGTTTTTTGTGTGGATATCCAGGGCCCGTTTGG 
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