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Abstract 
 
 
  X-linked retinitis pigmentosa (XLRP) is the most severe form of retinitis 

pigmentosa, a neurodegenerative, blinding disorder of the retina. 70% of XLRP cases are due 

to mutations in the retina-specific isoform of the gene encoding retinitis pigmentosa GTPase 

regulator (RPGRORF15). Because of the relatively large prevalence and severe clinical 

phenotype, the responsible gene locus, RPGRORF15, is ideally suited for a tailored gene 

therapeutic approach. The overall objective of this work therefore was to develop an 

optimised gene replacement therapy for human XLRP disease. 

The human RPGRORF15 coding sequence (cds) was codon optimised and both wildtype 

(wt) and codon optimised (co) sequences were spliced into a specific vector backbone 

designed for production of adeno-associated virus (AAV). In vitro studies in HEK293T, 

SHSY-5Y and 661W cell lines showed that the co construct features greater sequence 

stability and expression levels when compared to the wt construct.  

After packaging the superior co construct into AAV8 capsids, subretinal injections 

were performed in a pilot study on relevant animal models with targeted disruption (Rpgr-/y) 

or natural mutation (C57BL/6JRd9/Boc) in the murine homologue Rpgr. Transgene expression 

and correct localisation to the physiological subcellular compartment could be demonstrated. 

A masked, randomised and controlled study in C57BL6/J wild type mice was able to show 

lack of toxic effects while application in Rpgr-/y and C57BL/6JRd9/Boc mice led to significant 

rescue as determined by electroretinography. 

Overall the work in this thesis provides the basis for a clinical trial development to 

treat patients with XLRP due to RPGR mutations. A patent application to protect the 

intellectual property of this work has been filed on behalf of the University of Oxford. 
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1.1 The healthy retina 

 

 

1.1.1 Architecture 

 

 The human retina was first described as inner lining of the eye by Democritus 

around 450 BC and its microscopic 

architecture detailed by Ramon y 

Cajal around AD 1900 (Fig. 1.1) 

[1]. A more schematic presentation 

is given in Figure 1.2. The human 

retina is bordered by the retinal 

pigment epithelium (Fig. 1.1A and 

Fig. 1.2a), a cuboidal epithelial 

monolayer with many critical 

functions supporting the retina on 

the distal side towards Bruch’s 

membrane and the choroid. Towards 

the pupil, the retina adjoins the 

posterior hyaloid membrane towards 

the vitreous body, which fills the 

eye towards the lens (downward in 

Fig. 1.1 and Fig. 1.2). With its total area measuring 1cm2 it contains more than 100 

Fig. 1.1 Early drawing from Ramon y Cajal ca. 1901 on the 
neuronal population of the retina and its laminar architecture. 
A) Retinal pigment epithelium; B) Soma of Müller glia cell; 1) 
Rod photoreceptor outer and inner segments; 2) outer limiting 
membrane; 3) outer nuclear layer; 4) outer plexiform layer; 5) 
inner nuclear layer; 6) inner nuclear layer; 7) ganglion cell 
layer; 8) nerve fiber layer; 9) inner limiting membrane. Picture 
is within the public domain and was reproduced from: 
https://commons.wikimedia.org/wiki/File:Cajal_Retina.jpg 
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million photoreceptors converging onto 1 million ganglion cells connecting it to the 

cortex via the lateral geniculate nucleus of the thalamus [2].  

 The retina is – as the name suggests – a finely woven net of interconnected 

neuronal and glia cells organised into layers, which reflect their contribution to the 

complex process of light capture and image formation. One puzzling characteristic 

about the human retina is that photons have to traverse the ca. 250µm translucent 

neuronal tissue before being captured by light sensitive opsin molecules stacked in the 

outer segments of the photoreceptors (Fig. 1.1a and Fig. 1.2b-c). Rod photoreceptors 

(Fig. 1.1a, c and Fig. 1.2b) are sensitive enough to detect a single photon while cone 

photoreceptors (Fig. 1.1b, d and Fig. 1.2c) relay daylight and colour vision due to 

their different (spectral) sensitivities [3]. Photoreceptor outer and inner segments 

reach through the outer limiting membrane (OLM, Fig. 1.2d, a complex network of 

tight junctions provided by Müller glia cells (Fig. 1.1B), while the photoreceptor 

somata (Fig. 1.1c, d and Fig. 1.2e) form a densely packed outer nuclear layer (ONL). 

First synapses are formed in the outer plexiform layer (OPL) between photoreceptors 

and horizontal cells (Fig. 1.1e and Fig. 1.2h), or different types of cone (Fig. 1f and 

Fig. 1.2i), or rod bipolar cells (Fig. 1.1g). These second order neurons group their 

somata in the inner nuclear layer (INL) together with amacrine cells, which likewise 

extend axons to the inner plexiform layer (IPL, Fig. 1.2k). The bipolar and amacrine 

cells synapse in the IPL with different ganglion cell classes (Fig. 1.2l), which project 

along the optical nerve and chiasm mainly to the lateral geniculate nucleus (LGN) of 

the thalamus before the signal finally reaches the primary visual cortex (area V1) 

located in and around the calcarine fissure in the occipital lobe.  
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This pattern of stratification is shared among all mammalian species including 

Mus musculus, an important model system for vision research [4]. However, 

important differences exist between the rodent and primate visual system in general 

and retinal architecture specifically. Rodents as nocturnal animals largely rely on the 

Fig. 1.2 Schematic drawing of the neuroretinal cell population. a) Retinal pigment epithelium (RPE); b) rod 
photoreceptor; c) cone photoreceptors (green, blue and red cone); d) outer limiting membrane (OLM); e) 
outer nuclear layer (ONL); f) rod-spherule to bipolar cell synapse in outer plexiform layer (OPL); g) cone-
pedicle to bipolar cell synapse; h) horizontal cell i) bipolar cell and j) amacrine cell somata in inner nuclear 
layer (INL); k) inner plexiform layer with synapses to l) ganglion cells in ganglion cell layer (GCL).  
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highly sensitive rod system and cone photoreceptors only account for ca. 2% of all 

photoreceptors found in the mouse retina (vs. 6% in primates) [5]. These cone 

photoreceptors are distributed across the full retinal field with no clearly specialised 

region for high resolution, or “area centralis” in mice. This is in stark contrast to the 

primate retina, which is built around the central fovea, an avascular zone densely 

packed exclusively with cone photoreceptors for high spatial, temporal and spectral 

resolution [6]. While cone photoreceptors dominate the very centre, rod 

photoreceptors dominate the (mid) periphery and add to the lower end of the primate 

light sensitivity spectrum (night vision) [7]. This differential distribution of rod and 

cone photoreceptors has important implications for retinal function, disease 

mechanisms, clinical presentation and treatment strategies as discussed in the 

following chapters. 
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1.1.2 Function 

 

The retina perceives light over more than eight orders of magnitude, processes 

light-induced action potentials with powerful parallel processing circuits and relays 

that information to the visual cortex for perception and cognitive processing [3]. This 

process may be initiated by single photons isomerising light-sensitive 11-cis retinal 

(an isomer of retinal with one cis double bond between C11 and C12) in the visual 

pigment of a photoreceptor [8], triggering the phototransduction cascade, which 

amplifies the signal and results in the hyperpolarisation of the membrane potential by 

opening of cyclic-GMP gated ion channels [9]. Anterograde propagation of the action 

potential towards the OPL causes reduction of glutamate release at the synaptic 

ending (cone pedicle or rod spherule) and consecutive changes in membrane 

potentials of bipolar and horizontal cells [10, 11]. A complex interplay between 

different types of bipolar cells (4-22 depending on species) and various types of 

horizontal cells allow for parallel processing of visual components such as movement, 

directionality, colour or contours [12]. This pre-processed information is then fed into 

the circuitry of the inner plexiform layer to ganglion cells with additional horizontal 

processing by different types of amacrine cells before the signal is relayed to the LGN 

[13]. The parallel-processing power of the mouse retina is exemplified by the fact that 

each single cone pedicle synapses with ca. 500 dendrites [12]. On the other hand, such 

a design features a relatively large receptive field size and consequently low spatial 

resolution. This is confirmed by psychophysical experiments, which indicate a 

maximal spatial resolution in mice of circa 0.55 cycles per degree [14]. Due to the 

high density of cones (circa 2.5µm apart) and a one-to-one connectivity of cone to 
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bipolar to ganglion cell in the human fovea, the human eye can resolve up to 60 cycles 

per degree [15].  

One way to objectively measure retinal function in vivo is electroretinography 

(ERG). In Ganzfeld-ERG defined light stimuli are presented in a way to stimulate the 

full retina. The resulting sum potential of retinal electrical activity is recorded at the 

corneal surface (with a strategically placed reference and ground electrode). More 

than one hundred years of research using ERG [16] has provided valuable insight into 

the individual contributions of cell classes to this sum potential and protocols have 

been established to dissect functionality of the rod vs. cone system or outer vs. inner 

retinal neurons [17]. Moreover, these protocols have been widely used to assess 

mouse models of retinal dysfunction, a hallmark feature of hereditary retinal 

disorders. 
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1.2 Hereditary retinal degeneration 

 

Ophthalmology has played a pioneering role in terms of understanding 

hereditary conditions ever since the early days of medical genetics for two important 

reasons. Genetic defects leading to visual dysfunction cause considerable disability, 

which is readily detected and reported by patients and easily linked to the affected 

organ by the physician even at times of relatively limited diagnostic resources and 

before detailed knowledge of genetic mechanisms was available. Secondly, the eye 

with all its affected structures could be investigated in great detail early on. Since the 

development of the ophthalmoscope by Hermann von Helmholtz in 1850, Frans 

Cornelis Donders (1818-1889) in Utrecht, Albrecht von Graefe (1828-1870) in Berlin, 

Robert Walter Doyne (1857-1916) in Oxford and other early champions of 

ophthalmology have used the unique advantage of directly observing neuroretinal 

tissue in vivo in microscopic detail to describe pathologic changes in relation to 

inheritance patterns. As such, the first description of the clinical hallmark features of 

hereditary retinal degenerations (HRD) was given by Donders in Graefe’s Archives as 

early as 1857 [18]. 

Different forms of HRD constitute a heterogeneous group of blinding diseases 

with a considerable burden of visual disability and tremendous socioeconomic impact, 

yet no cure is currently available. HRD are associated with impaired light sensing 

and/or signal transmission within the neuroretina, which causes loss of visual acuity, 

elevation of detection thresholds, defects of the visual field, and/or colour vision. The 

pathology primarily affects the photoreceptors (rods and/or cones), the retinal pigment 

epithelium and/or the processing and transmitting second or third order neurons. With 
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an estimated prevalence of 1:4000, HRD represent a clinically important group of 

diseases with autosomal recessive, dominant or X-linked inheritance patterns [19, 20]. 

Between 1980 and 2015, almost 250 retinal disease genes have been identified and 

additional loci are currently in focus (https://sph.uth.edu/retnet/home.htm; Fig. 1.3). 

The application of next generation sequencing in establishing the genetic diagnosis in 

HRD patients is likely to further increase the number of known disease-causing 

mutations over the next few years [21]. 

 

Consequently, the molecular mechanisms involved in HRD are manifold and 

depend on both the underlying mutation as well as on structural and functional 

features of the primarily affected cell population [22, 23]. Prominent targets of disease 

causing mutations include phototransduction, specific metabolic features of 

photoreceptors and biogenesis of the required components (e.g. transcription, splicing, 

translation, folding and transport of opsins) [24]. Structural elements of the 

photoreceptors may also be affected, including the connecting cilium (cc), which is 

Fig. 1.3 Total number genes associated with retinal disease mapped (blue) and identified (red) by 
2015. The abscissa shows time in years and the ordinate gives the number of genes mapped or 
identified. Graph was produced by Stephen P. Daiger, PhD at The University of Texas Health Science 
Center, Houston, Texas and is presented at the website: https://sph.uth.edu/retnet/home.htm. 
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essential for the crucial transport of proteins from the inner to the outer segment. 

Since photoreceptors are constantly regenerating their outer segments (~10% per 

diem), the rate of protein synthesis and transport of outer segment proteins through the 

cc is among the most demanding subcellular achievements for these primary sensory 

neurons [25]. Indeed, de novo protein synthesis is generally regarded as the most 

energy-demanding anabolic process in photoreceptors and studies in rabbit retinae 

showed that 0.55% total cellular protein was replaced per hour, of which the majority 

would be shuttled through the cc to help renew the outer segment [26]. Not 

surprisingly, mutations affecting this bottleneck cause photoreceptor dysfunction 

and/or degeneration. 

The multitude of disease mechanisms translates into a range of dynamic 

phenotypical presentations, which can be hard to strictly categorise in clinical terms. 

Classical categories typically describe the location or the system primarily involved. 

Thus, HRD can broadly be divided into macular dystrophies and primary rod- and 

cone-dystrophies. In macular dystrophies the disease process is generally limited to 

the macula and might involve retinal pigment epithelium (RPE) as well as both 

photoreceptor classes in this anatomic region. While this is often the case for example 

in Stargardt disease, the most prevalent macula dystrophy, extra-macular changes can 

be observed for example in X-linked juvenile retinoschisis, where retinal splitting can 

lead to total retinal detachments. A key feature of macular dystrophies is the often 

dramatic impact on visual acuity and thereby quality of life. This might be surprising 

as the human macula is a disk of only 3 mm diameter of intense pigmentation with 

1mm wider zone of less intense pigmentation and a resulting area of ca. 20 mm2 

compared to the 1094 mm2 total retinal area. Yet, this fraction of total retinal area has 



Chapter 1 - General Introduction 
 
 

       ~          ~ 27  

the highest density of cone photoreceptors (sections 1.1.1 and 1.1.2) and the human 

visual system heavily relies on the input from the macula. The largest part of the 

visual cortex is processing information exclusively derived from the macula, further 

underlining the importance of the information generated in the macula for visual 

perception in humans. 

Mutations primarily affecting cone photoreceptors also lead to an early and 

substantial reduction of visual acuity. They can be distinguished from macular 

dystrophies by Ganzfeld-ERG. Where macular dystrophies lead to dysfunction in the 

full macular photoreceptor population, which is dominated by cones, the extra-

macular area still holds the vast majority of the 6.4 million cones. Therefore, 

Ganzfeld-ERG sum potentials from the cone system reflect generalised cone 

dysfunction. Some cone dystrophies do also affect rod photoreceptors, while others 

are generally considered to be ‘pure’ cone dystrophies. The close interaction of both 

photoreceptor classes through gap junctions and the early interferential computation 

of signals from rod and cone pathways by different classes of interneurons provide a 

good basis for explanations on why any cone photoreceptor dysfunction may also 

affect the rod system at least on a functional level, even if not necessarily leading to 

secondary degeneration of the genetically healthy rod photoreceptors. 

Rod dystrophies are HRD with primary dysfunction and degeneration of rod 

photoreceptors. Hallmark features are nyctalopia (night blindness) and (mid-) 

peripheral visual field restrictions due to dysfunction/degeneration of the rod-rich 

(mid-) peripheral retina. This (mid-) peripheral degeneration leads to thinning of the 

retina due to loss of ONL and photoreceptor inner and outer segments along with 

disintegration of the outer limiting membrane, which forms a tight junction barrier 
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between Müller glia cells and photoreceptors. As a consequence, inner retinal 

circulation comes in close proximity of RPE cells, which then proliferate and migrate 

along the branches of inner retinal vasculature leading to a corrosion cast impression 

of the capillary network [27]. Morphologically this was termed ‘bone spicule’ 

pigmentation as the pattern reminded Frans Donders and colleagues of the aggregates 

of bony matrix in the skeletal system [18]. The memorable term ‘retinitis pigmentosa’ 

then was coined by Donders to reflect this pigmentation pattern and the fact that an 

inflammatory activity was assumed, supported by the clinical observation of pigment 

and/or pigmented cells in the vitreous and early development of cataract in these 

patients.  

In most cases, cone photoreceptors are affected secondarily even though they 

are not genetically dysfunctional per se. While the mechanism is not entirely 

understood, several reasons have been put forward as hypotheses. These generally 

include loss or downregulation of signals/pathways, which actively support cone 

survival such as i) the paracrine rod-derived cone viability factor [28], or ii) the 

intracellular mTOR pathway, which prevents autophagy [29]. Alternatively, iii) an 

increase of apoptotic signals and/or oxidative stress from dying rods, iv) loss of rod-

cone gap junctions, or v) microglia mobilization might induce cell death of cones as 

genetically healthy bystanders [30]. Given the heterogeneity of causes for the primary 

rod degeneration, it seems reasonable to assume that a combination of some or all of 

the above causes might contribute to the secondary cone degeneration, which makes 

the development of a ‘one for all’ treatment a challenge. In contrast, strategies like 

gene therapy offer a curative treatment at the well-understood genetic basis of HRD. It 

remains to be seen, whether such a causative approach on a genetic level, will limit 
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the relevance of the downstream mechanisms and of the at times perplexing lack of 

genotype-phenotype correlation. 

 

 

1.2.1 X-linked retinitis pigmentosa  

 

The X chromosome features ca. 1100 genes and a disproportionally high 

number of those are associated with Mendelian diseases [31]. One reason is that 

hemizygosity of males and X-chromosomal inactivation in females affect almost all 

genes on the X chromosome and expose recessive phenotypes [32]. Additionally, only 

very small proportions of the X chromosome termed pseudoautosomal regions 

(PAR1-3) align with the second sex chromosome during meiosis for potential 

recombination [33]. Consequently, the largest part of the X chromosome is devoid of 

a crucial DNA repair mechanism leading to an accumulation of potentially harmful 

mutations [31, 34]. 

More than 20 years before the X-chromosome was sequenced, Bhattacharya et 

al. mapped the locus responsible for X-linked retinitis pigmentosa type 2 (XLRP2) 

and Schwahn et al. isolated it by positional cloning [35, 36]. Methodological advances 

have quickly helped to identify a large number of other loci and the Retinal 

Information Network (https://sph.uth.edu/retnet/home.htm) currently lists 20 distinct 

entities with X-linked gene defects resulting in ocular pathology (Table 1). Of these, 

five can be classified as retinitis pigmentosa-type HRD of which XLRP3 is by far the 

most prevalent (70-90%) subtype with XLRP2 contributing ca. 10-20% while the loci 
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for XLRP6, XLRP24 and XLRP34 have no known coding sequence/protein product 

and have only been described in single cases (XLRP24 and 34) or are even only 

predicted based on linkage mapping analysis [37-39]. These or still unknown loci may 

account for the minority of XLRP patients, where mutations in XLRP2 and 3 have 

been ruled out and next generation sequencing may help to close this gap eventually.  

Other retinal diseases originating from mutations on the X chromosome 

include disorders such as congenital stationary night blindness or colour vision defects 

such as deuteranopia or tritanopia as well as retinal dystrophies originating from 

disruption of extracellular components (e.g. RS1). Some can lead to a phenotype with 

a degree of overlap to XLRP, such as X-linked cone dystrophy or choroideremia. A 

third group of rare HRDs with X-linked inheritance pattern are vitreoretinal 

dystrophies with syndromic presentation often affecting the central or peripheral 

nervous system such as the inner ear. This is interesting as XLRP3 is also regarded by 

some to lead to sub- clinical syndromic phenotypes reminiscent of ciliopathies, 

including inner ear defects [40]. This all reflects the challenge to systematically 

categorise disease entities with heterogeneous and dynamically overlapping clinical 

phenotypes. However, it remains clear that XLRP type 3 due to mutations in Retinitis 

Pigmentosa GTPase Regulator (RPGR) is by far the most common cause for X-linked 

retinal pathology [41]. 
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Table 1 Overview of X-linked ocular pathologies involving the posterior 
segment of the eye.!

 

 

1.2.2 Mutation in Retinitis Pigmentosa GTPase Regulator (RPGR) cause X-

linked retinitis pigmentosa type 3 (XLRP3) 

 

X-chromosomal inheritance is found in ca. 15-30% of all patients with HRD 

and mutations in the XLRP3 locus (RPGR) account for 70-90% of those. That makes 

Table 1 Overview of X-linked ocular pathologies involving the posterior segment of the eye. This list has been 
adapted from the Retinal Information Network (https://sph.uth.edu/retnet/home.htm). 
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RPGR mutations the single most prevalent gene defect in HRD patients [42]. RPGR 

mutations generally lead to a very severe form of retinitis pigmentosa with rapid onset 

limiting the quality of life in boys as young as 5 years of age [43]. Because of its large 

impact in terms of incidence and severity, this entity has been studied extensively both 

clinically as well genetically. 

Genetic studies have revealed differently spliced isoforms based on the 

genomic sequence of RPGR (Fig. 1.4). The gene is located on the short arm of the X 

chromosome (Xp21.1) and spans 172kb [44]. The initially identified transcript of 

RPGR contains nineteen exons (RPGRex1-19, also termed the constitutive variant) 

resulting in a 90kDa protein of unknown function (Fig. 1.4b and Fig. 1.5) [45]. Over 

the years, multiple alternatively spliced transcripts were 

Fig. 1.4 RPGR is encoded on the X chromosome and leads to alternatively spliced isoforms. a) The short arm 
of the X-chromosome harbours RPGR at Xp21.1. b) shows the constitutive variant encoded by exons 1-19, 
while omitting the ORF15 sequence. This transcript is widely expressed throughout the body, while c) the 
RPGRORF15 isoform is primarily expressed in photoreceptor cells and consists of exons 1-14 plus the ORF15 
region, which builds the unique C-terminal region. Exons 16-19 are not part of isoform RPGRORF15. 
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recognized. All isoforms include the (N)-terminal RCC1-like domain (RLD), which is 

named after the structurally similar RCC1 protein, a guanine nucleotide exchange 

factor for the small GTP-binding protein, Ran. The first eleven exons encode the 

RLD, while exons 12-19 translate into the carboxyl (C)-terminal domain [46]. The 

most relevant transcript regarding photoreceptor viability is RPGRORF15, which is 

indicated by the fact that all known disease-causing mutations of RPGR are found in 

the coding sequence of RPGRORF15 [47]. Before splicing is complete, the immature 

pre-mRNA of RPGRORF15 is 43,155bp long, while the processed mRNA of 4,786bp 

length includes a capped 196bp 5’ UTR with in frame amber stop codon (UAG) at 

position 28-30 (-141 to -139 from translational start site) and a 1131bp long 3’ UTR 

followed by a AATAAA polyA signal and a poly-A site 17 nt after that.  

RPGRORF15 contains exons 1-13 of the constitutive variant but utilizes exon 14 

and the open reading frame 15 (ORF15) as a large C-terminal exon encoding 567 

amino acids [48]. The full-length human RPGRORF15 isoform encodes an 1152-amino-

acid protein (Fig. 1.5). 
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Fig. 1.5 RPGRORF15 encodes for an 1152 amino acid protein with distinct domains. The more N-terminal 
RCC1-like domain is common to all known RPGR isoforms, while the glycine/glutamic acid rich domain 
and the carboxy-terminus are unique for RPGRORF15. Bottom: 3D view of the RCC1-like domain based on 
X-ray diffraction with 1.7 Å resolution (source data: http://www.ebi.ac.uk/pdbe/entry/pdb/4JHN) produced 
with the public domain software SwissPdbViewer DeepView v4.1 (http://www.expasy.org/spdbv/). 
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 Circa 250 different mutations have been reported in RPGR and all affect the 

RPGRORF15 isoform - including shared regions [49]. Indirectly this may indicate that 

deficiency of the constitutive RPGR isoform is not disease causing and is therefore a 

likely explanation for the absence of syndromic associations. Two thirds of disease-

causing mutations occur in a hot spot region within the open reading frame 15, which 

features a highly repetitive, purine (guanine & adenine) rich region (Fig. 1.6). These 

mutations are mostly out-of-frame deletions with premature stop codons and since 

they affect the last exon, production of truncated proteins is more likely than 

nonsense-mediated decay [50]. In line with this, the clinical phenotype in patients 

with mutations towards the 3’ end of RPGR tends to be less severe [51]. However, 

several cases and animal models suggest that some mutations may also lead to a 

dominant negative effect and consequently to even more severe forms of retinal 

b a 

Fig. 1.6 Mutation analysis in a population of 50 XLRP3 patients confirms ORF15 as mutational hotspot within 
RPGRORF15. a) shows how numbers of mutations within this cohort are distributed over the exons 1-14 and 
ORF15. b) shows the distribution by nucleotides. Since ORF15 is by far the biggest exonic sequence, the 
distribution seems wider as in a). Note the colour coding: Blue=missense, green=nonsense, pink=insertion, 
maroon=deletion, yellow=duplication. Interestingly, missense mutations are more common in exons 3-6 and 
deletions more prevalent in ORF15. Data are from Bellingrath et al. (unpublished). 
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degeneration [52-54]. Given the complex pattern and the observed variety of RPGR 

transcription and translation it is not be surprising that general assumptions on 

genotype-phenotype relationship in XLRP feature many exceptions to the rule. 

Indeed, patients with RPGR mutations present with significant phenotypic 

variability [55]. The presentation can range from atrophic changes confined to the 

cone-rich macula with preserved rod and cone responses in full field ERG [56], via 

cone-rod dystrophy to the classical rod-/ or rod-cone dystrophic phenotype mainly 

referred to by retinitis pigmentosa [43]. The majority of patients with RPGR 

mutations present with a rod-cone phenotype, where nyctalopia and peripheral visual 

field restrictions are incidental clinical findings and match elongations in implicit 

times and amplitude reductions in dark-adapted ERG [57]. The disease in these 

patients then progresses over time to involve cone driven ERG responses along 

declining psychophysical measures of cone function such as visual acuity, colour 

vision and central visual fields. In these patients, 30Hz flicker ERG recordings with 

Fourier analysis present an objective functional outcome measure of the remaining 

cone system response until late stages of the disease [58] and Bellingrath et al. 

(unpublished). 

Only a minority have a reverse phenotype with predominant cone system 

involvement leading to early loss of visual acuity, and defects in both colour vision 

and central visual field and only secondary or simultaneous rod system dysfunction. A 

presentation with strictly macular dysfunction and degeneration can be regarded as 

atypical, even though possible [59]. Mechanisms explaining such a restricted 

distribution theoretically include the principle of dizygotic twin chimerism or de novo 
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mutations during formation of retinal progenitor cells and macular development [6, 

60].  

Some of this phenotypic variability might be due to mutations in distinct 

domains of varied importance within RPGR and differences between putative null and 

gain-of-function mutations. But since significant differences can also be seen among 

patients with the same mutation (even between fraternal twins with the identical 

mutation [61]), known unknown factors (e.g. epigenetics, environment) as well as 

unknown unknowns are likely contributors to the presenting phenotype. Despite this 

uncertainty in the genotype-phenotype relationship, valuable information e.g. on the 

rate of progression and concordance of outcome measures has been gained by careful 

clinical phenotyping and combination of structural and functional diagnostic tools [57, 

59], which will be invaluable as benchmarks for and the design of future 

interventional trials. The molecular viewpoint on the structure and function of RPGR 

might help to further understand the mechanism of mutations leading to distinct 

phenotypic presentations and differences in disease progression. 
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Fig. 1.7 Schematic of rod and cone photoreceptors with detailed drawing of connecting cilium (CC) structures. Core 
components of the modified sensory cilium are the axoneme, CC and basal bodies. Associated protein complexes 
facilitate directional transport e.g. of opsins from the inner segment, where opsins are produced, to the outer 
segment, where opsins are used to catch photons for light detection. RPGRORF15 is tethered to the CC by RPGRIP1 
and itself can bind to whirlin, nucleophosmin (NPM), CEP290 (aka nephrocystin 6) and PDE6∂. The precise 
interaction of this protein complex in its role as facilitator of transport is only incompletely understood. Chapter 1.2.3 
gives an overview of what is known and reported in the current literature. 
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1.2.3 Structure and function of RPGRORF15 

 

The full length RPGRORF15 isoform encodes an 1152-amino-acid protein with 

distinct subdomains, which dictate its structure, interaction with other proteins and 

therefore function at its physiological location, the connecting cilium of 

photoreceptors (Fig. 1.7). The amino-terminal domain is homologous to the Rat 

sarcoma (Ras)-related nuclear protein guanine exchange factor (RanGEF) regulator of 

chromosome condensation 1 (RCC1), referred to in short as the RCC1-like domain, or 

RLD [62]. There is debate about the presumed GEF activity as characteristic structural 

components required for GEF activity are not found in the RLD and the presumed 

target Ran-like GTPase RAB8 already has a primary GEF in Rabin8 [49, 63]. 

However, RAB8 would be a fitting target as it shuttles rhodopsin to the base of the 

connecting cilium and inhibition of RAB8 leads to rhodopsin mislocalisation, a 

feature also seen with RPGRORF15 mutations [64]. Other interactions with the RLD are 

more evident and include RPGR interacting protein 1 (RPGRIP1), nephrocystin 6 

(NPHP6/CEP290), and nucleophosmin (NPM) [65]. Mutations in RPGRIP1 can cause 

Leber congenital amaurosis type 3 (LCA3) or type 13 cone rod dystrophy (CORD13) 

[66, 67]. RPGRIP1 tethers RPGRORF15 to the connecting cilium via its C-terminal 

coiled coil domain and lack of RPGRIP1 results in mislocalisation of RPGRORF15 [68-

70]. Mutations in CEP290 cause impeded intraflagellar transport and retinal 

degeneration in several (syndromic) ciliopathies: Bardet-Biedl-, Senior-Løken-, 

Joubert-, or Meckel-Gruber-Syndrome, LCA or nephronophtisis (hence CEP290’s 

synonym NPHP6). 
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In addition, the RLD interacts with microtubular proteins, such as IFT88, 

dynein, kinesin II and with PDEδ [65, 71]. X-ray crystal structures of N-terminal 

RPGR fragments containing the RLD support the notion that RPGR interacts with 

PDEδ via the RLD and contributes to the movement of farnesylated cargo along the 

connecting cilium to the photoreceptor outer segment [62]. 

In contrast to the constitutive variant RPGRex1-19, the RPGRORF15 isoform 

encodes a repetitive glycine-glutamic acid chain, thought to act as an extended 

"linker" connecting the globular N- and C-terminal domains. Indeed, the length of this 

linker region varies among species and an abbreviated form of RpgrORF15 (the murine 

homologue) was shown to fully reconstitute retinal function in Rpgr-/Y mice [72].  

The C-terminus of the constitutive variant features a CAAX isoprenylation 

motif and RPGRex1-19 is partly found bound to the membrane of the endoplasmic 

reticulum [73]. In contrast, the RPGRORF15 isoform ends with a highly conserved 74 

amino-acid basic domain, which interacts with NPM and Whirlin (WHRN), but does 

not feature a CAAX motif for posttranslational farnesyl group addition [74, 75].  

Structural and functional analyses of RPGRORF15 have been somewhat 

hampered due to its highly purine rich, repetitive primary sequence and resulting 

challenges for cloning, overexpression and purification. As a result, RPGRORF15 

function is not completely understood, but all available evidence points towards 

RPGRORF15 utilising its localisation at the connecting cilium to facilitate micro-tubule-

based transport to and from the basal bodies and within photoreceptor axonemes, 

likely concerned with movement of cargoes between inner and outer segments [46]. 
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1.2.4 Relevant model systems of XLRP 

 

Several principal systems are available to explore the mechanistic basis of HRD 

originating in individual mutations, and transgenic animal models (e.g. Rpgr-/y) or 

strains carrying natural mutations (e.g. C57BL/6JRd9/Boc) in target genes have been 

most helpful not only to dissect the disease mechanism, but also as means for pre-

clinical development of therapeutic approaches.  

Rpgr is the murine homologue of human RPGR and Rpgr-/y mice have been 

engineered by targeted knockout [76]. The resulting retinal phenotype includes opsin 

mislocalization (normally found only in the photoreceptor outer segment) to the inner 

segments and proximal synaptic endings, reduced amounts of rod opsin in rod outer 

segments and abnormal cone outer segment structure. Essentially, this causes 

comparably slow photoreceptor degeneration with outer nuclear layer reduction by 

two rows of nuclei and concomitant shortening of photoreceptor outer segments at six 

months of age. ERG shows ca. 25% reduction of scotopic (rod mediated) a-wave 

amplitude and ca. 30% of photopic (cone mediated) b-wave amplitude at six and a 

half months of age. By 24 months of age, Rpgr-/y mice feature gross photoreceptor 

degeneration with only few nuclei remaining [54, 72, 76]. 

Another mouse model of XLRP, termed C57BL/6JRd9/Boc features a 

spontaneous 32bp insertion in the ORF15 region introducing a premature stop codon 

in the murine RpgrORF15 gene [77]. On Western blot, constitutive variant Rpgrex1-19 

could be detected, while RpgrORF15 seemed absent. This was reflected also by 

immunohistochemical analysis, where no RpgrORF15 staining could be observed in 

affected C57BL/6JRd9/Boc mice. Photoreceptor loss as indicated by decline of ONL 
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thickness appeared only slightly faster than the natural rate during aging in wild type 

mice with significance levels only met after 12 months and only in three out of four 

measured quadrants. Functionally, the ERG responses were reduced in the affected 

mice compared to age matched wild type controls as early as 4 months of age with the 

difference reaching even more convincing levels at 16 months of age in both dark and 

light adapted ERG outcome measures [77]. 

While mouse models have benefits such as short reproductive cycles and 

relatively small costs per animal, one major drawback is the lack of an area centralis 

(chapter 1.1) corresponding to the cone rich macula in human patients. Dogs have a 

visual streak of increased photoreceptor density and their behaviour is generally 

considered more visually driven then that of nocturnal mice [78]. Zhang et al. first 

described two canine models with naturally occurring mutations in the homologous 

ORF15 region [79]. The XLPRA1 deletion results in a C-terminal truncation of 230 

residues and a slowly progressive rod-cone dystrophy [80]. ONL thickness is 

significantly thinner compared to wildtype levels at 36 weeks of age, with reduced 

rod-derived ERG responses and borderline normal cone responses. In contrast, the 

XLPRA2 deletion causes a shift of the reading frame and isoelectric point of the 

truncated protein leading to a much more rapid rod-cone dystrophy possibly as result 

of a negative dominant effect [81]. In this model, ONL thickness is already 

significantly reduced at 7 weeks of age, coinciding with reduced rod responses in 

dark-adapted ERG and borderline cone responses, which become pathological after 36 

weeks of age. Both models correspond to the disease spectrum of human XLRP3 and 

can be used to model the first decade of human XLRP, where gene therapy might be 

most usefully applied in the clinical setting [82].  
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1.3 Gene replacement therapy in retinal degeneration 

 

Gene replacement has emerged as a potential curative therapeutic strategy for a 

number of monogenetic diseases involving various organ systems including the eye. 

The concept of gene transfer arose from the Avery, MacLeod and McCarty studies in 

the 1940s, which showed that DNA carries all the necessary information needed for 

the recipient organism to perform a new function [83]. After the discovery that gene 

transfer was already an established part of nature’s repertoire and routinely performed 

by viral particles [84], Rogers and Pfuderer were among the first to promote the idea 

of virus mediated gene transfer for therapeutic purposes in the late 1960s [85]. In the 

following 50 years, the field of gene therapy survived many ups and downs with 

notable success in the preclinical development of adeno-associated viral vectors 

(AAVs) for HRDs by Jean Bennett and others [86, 87]. This culminated in landmark 

clinical trials with first-in-man ocular gene therapy applications [88-90] for mutations 

primarily affecting the retinal pigment epithelium and subsequent degeneration of 

photoreceptors. All these trials demonstrated the safety of recombinant AAVs in the 

eye. The first clinical gene therapy study targeting retinal photoreceptors directly 

(NCT01461213) was initiated in Oxford in 2011.  

 

 

1.3.1 Recombinant adeno-associated virus vectors 
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Adeno-associated viruses (AAV) belong to the genus Dependovirus of the 

Parvoviridus family [91]. Parvus is Latin for “small”, thus indicating the small size of 

Parvoviridae. AAV are ca. 20 nm in diameter with a packaging capacity of ca. 4.8kb 

single stranded DNA. They are free of envelope structures and lack immunogenicity 

[92]. The recombinant AAV (rAAV) used in this study features elements of two 

serotypes of human (AAV2) and non-human primate (AAV8) origin. The capsid 

proteins are derived from the AAV8, while the transgene is flanked by elements of the 

AAV2 single stranded DNA (ssDNA) genome. 

Capsid proteins are the first to interact with target and off-target cells and 

determine the tissue tropism and infection efficiency. AAV8 capsid proteins were 

chosen because of their high efficiency to transduce photoreceptors, the target cells for 

RPGR replacement gene therapy [93-96]. Most of our knowledge about specific 

capsid protein-host interaction is derived from experiments with rAAV2 virions, 

which gain entry into target cells by using the cellular receptor heparan sulfate 

proteoglycan. Internalization is enhanced by interactions with one or more of at least 

six known co-receptors including αvβ5 integrins, fibroblast growth factor receptor 1, 

hepatocyte growth factor receptor, αvβ1 integrin, and laminin receptor [97-99]. For 

rAAV8, a 37 kDa/67 kDa laminin receptor has been identified as receptor, but it is 

believed that further co-receptors are still to be identified [100].  

The infectious, receptor-mediated entry pathway of rAAV has been 

investigated in HeLa cells [98, 101]. Binding to a cell surface receptor initiates 

internalization (receptor mediated endocytosis) through clathrin-coated pits. Once 

internalized, the virus encounters a weakly acidic environment, which is sufficient to 

allow penetration into the cytosol. rAAV rapidly moves to the cell nucleus and 
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accumulates perinuclearly within 30 min after the onset of endocytosis. Escape of 

rAAV from the endosome and trafficking of viral particles to the nucleus are 

independent from adenoviral co-infection. The majority of the intracellular virus 

particles remain in a stable perinuclear compartment and slowly penetrate into the 

nucleus, possibly through the nuclear pore complex (NPC) [101]. Within 2h, viral 

particles can be detected within the cell nucleus, suggesting that rAAV enters the 

nucleus prior to uncoating. After entry into the host cell nucleus, wild type AAV can 

follow either one of two distinct and interchangeable pathways of its life cycle: the 

lytic or the lysogenic (Fig. 1.8). 

 

Fig. 1.8 Wild type Adeno associated virus (AAV) life cycle. AAV undergoes productive infection via the lytic 
pathway in the presence of adenovirus co-infection (left cell). This is characterized by genome replication, viral 
gene expression, and virion production. In the absence of adenovirus (AdV, right cell), AAV can establish latency 
via the lysogenic pathway by integrating into chromosome 19. The latent AAV genome can be rescued and 
replicated upon subsequent infection by adenovirus (bottom right). Both stages of AAV’s life cycle are regulated by 
complex interactions between the AAV genome and AAV, AdV, and host proteins. Note size difference between 
AAV (ca. 20nm) and AdV (ca. 100nm) particles. 



Chapter 1 - General Introduction 
 
 

       ~          ~ 46  

Productive (lytic) infection develops in cells co-infected with a helper virus 

such as adenovirus [102, 103], Human papilloma virus (HPV) [104-106], vaccinia 

virus [107] or herpes simplex virus (HSV) [108, 109] to help its replication. In 

absence of a helper virus a lysogenic state is established with a 1:1000 likelihood of 

integration of the virus genome into a region of roughly 2-kb on the long arm 

(19q13.3-qter) of human chromosome 19 [110, 111] designated AAVS1 [112, 113]. 

The other 99.9 % of AAV DNA persists mainly as monomeric and concatemeric 

chromatin structures [114, 115].  

The AAV genome is approximately 4.7 kilobases long and comprises inverted 

terminal repeats (ITRs) at both ends of the DNA strand, and two open reading frames 

(ORFs): rep and cap (Fig. 1.9). Both ORFs are composed of multiple overlapping 

genes. The first ORF encodes Rep proteins required for DNA replication: Rep78, 

Rep68, Rep52 and Rep40. The two larger Rep proteins (Rep78 and Rep68) also play a 

crucial role for the site-specific integration reaction at AAVS1 (see above) [116]. The 

second ORF contains overlapping nucleotide sequences coding for capsid proteins 

VP1, VP2 and VP3, which interact together to form a capsid of icosahedral symmetry. 

The partially palindromic wild type ITR sequence of AAV2 comprises 145 bases and 

contains all cis-acting functions required for DNA replication and packaging [117]. 

Based on these findings, the AAV2 genome was ‘gutted’ to harness its potential as 

viral vector: Removal of both ORFs left the ITRs to accept any engineered transgene 

for packaging into the icosahedral capsid for efficient delivery into target cells. At the 

same time, this renders rAAV replication-deficient even in presence of wild type 

helper virus as the genetic information from the Rep ORF and for the production of 

capsid proteins was lost. Furthermore, in absence of Rep78 and Rep68, crucial 
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elements for vector genome integration, risk of insertional mutagenesis had become 

negligible [118] [119]. This is also supported by the observation that rAAVs have 

been used for more than 20 years in ocular gene transfer studies in animal models and 

more than 10 year in human clinical trials with no sign of malignant transformation 

[120]. 

1.3.1 Gene replacement in relevant model systems of XLRP 

 

After Hong et al. created the Rpgr-/y mouse model by disruption of the 

genomic sequence including exons 4 and 5 [76], several studies have been undertaken 

to attempt replacement gene therapy with the wildtype coding sequence of Rpgr, 

alternate coding sequences mimicking Rpgr or RPGR as well as full length human 

RPGR using this mouse model [72, 121, 122]. 

Hong et al. provided histopathological, immunocytochemical, and 

Fig. 1.9 The single-stranded DNA genome of wild type AAV. The inverted terminal repeats (ITRs) flank 
the two open reading frames rep and cap. The rep gene encodes four nonstructural proteins – Rep78, 
Rep68, Rep52, and Rep40. The cap gene encodes three structural proteins – VP1, VP2, and VP3. The 
location of the promoters, p5, p19, and p40 are depicted by arrows. 
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electrophysiological evidence of a substantial, long-term structural and functional 

rescue of photoreceptors in Rpgr-/y mice expressing a shortened RpgrORF15 transgene 

[72]. The same author also showed that another truncated version of RpgrORF15 confers 

a dominant negative effect illustrating the need for cautious and thorough safety 

studies before moving into clinical trials with RPGR gene replacement therapy [54]. 

Beltran et al. applied vector constructs with a sequence derived from human 

RPGRORF15 cDNA under two different promoters packaged into recombinant AAV2/5 

(rAAV2/5.hIRBP.hRPGRORF15 and rAAV2/5.hGRK1.hRPGRORF15) in the two 

canine models of XLRP3. The evidence suggested effective preservation of 

photoreceptor structure and function with rAAV2/5.hIRBP.hRPGRORF15 being the 

best construct [123]. However, in the downstream development towards a clinical trial 

application this group found mutations in the coding sequence of the vectors, which 

alters the primary amino-acid sequence of the translated protein (personal 

communication with Dr. G. Aguirre). A consequent pre-clinical safety study was 

published using the same vector with details on the deletions, insertions and missense 

mutations in the purine rich ORF 15 region of the transgene [122]. This study showed 

no adverse reactions in a wild type mouse model treated with this vector and the 

authors argued that the evidence of efficacy in the dog model together with the safety 

data from the recent work together make a strong case for the safety and potential 

therapeutic effect of their compound even though the resulting protein is not wild type 

RPGRORF15. 

Wu et al. provide maybe the most promising pre-clinical study on vectors 

developed with the goal to reach a phase I clinical trial so far [121]. AAV pseudotypes 

8 and 9 were manufactured carrying either Rpgr or RPGR driven by the human 
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rhodopsin kinase (RK) promoter. Good safety was shown over four months for a dose 

of 1x109 vg, while application of 1x1010 vg was associated with toxic effects on 

retinal structure and function. Four dose groups (1x108, 3x109, 1x109 and 3x109 vg) 

were tested over 18 months and 1x109 vg demonstrated the best outcome in the Rpgr-/y 

mouse model. However, the purine-rich region of RPGRORF15 again proved prone to 

deletions and/or rearrangements in the cloning phase of the plasmids and mutations 

were detected in two out of five AAV vector productions. While precautions were 

taken to check integrity of AAV production prior to use (band size analysis after 

PCR), the general instability of the wild-type cds of RPGRORF15 constitutes a 

significant challenge for any clinical or even commercial AAV production according 

to good manufacturing practice guidelines. 
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1.4 Aim and outline of thesis 

 

The overall aim of his work was to develop an optimised gene replacement 

therapy for X-linked retinitis pigmentosa due to mutations in RPGR. This entity is one 

of the most common and severe forms of HRD. Most patients are affected during 

childhood and often become legally blind in their 30s. Among ca. 250 disease genes 

leading to some form of HRD, mutations in RPGR are the single most common gene 

defect (ca. 20% of all cases) and a successful RPGR gene replacement therapy would 

benefit a comparably large number of severely affected patients. 

 

To achieve the overall aim, different milestones were identified in the pursuit 

of an optimised gene replacement therapy for translation into a clinical trial setting. 

These milestones form individual chapters such as chapter three, where we discuss the 

optimisation of the expression cassette based on human cDNA sequence of RPGR. 

Chapter four describes the recombinant production of the optimised viral vector and 

the in vitro assessment of its qualities. In chapter five, we then demonstrate evidence 

from a pilot trial on the successful subretinal delivery, retinal transduction and 

transgene expression in relevant animal models of XLRP disease. Two prospective 

safety and efficacy trials (one masked with sham treatment, one open label unilateral 

treatment) involving three mouse strains (C57BL/6J, C57BL/6JRd9/Boc and Rpgr-/y) over 

a 6-month time course build chapter five. The final chapter reflects on the data 

presented and sets the work in context with the current literature and the wider field of 

retinal gene therapy. 
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CHAPTER 2  MATERIALS AND METHODS 
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2.1 Molecular biology  

 

Standard methods of molecular biological techniques have been applied in a 

controlled environment. Room temperature (RT) was kept constant at 20 °C and 

calibrated instruments used throughout. Care was taken to use separate workspace for 

plasmid DNA, genomic DNA and protein work where possible. A table of all 

plasmids used in this study is provided below. 

 

 

 
 
Table 2.1 Overview of plasmids used in this study. p = plasmid; CMV = cytomegalovirus immediate early enhancer 
and promoter; pUC57 = common used plasmid cloning vector in E. coli; CAG = cytomegalovirus early enhancer and 
chicken beta-actin hybrid promoter; RK = rhodopsin kinase promoter; wtRPGRORF15 = wild type sequence of 
RPGRORF15; coRPGRORF15 = codon optimised sequence of RPGRORF15; loxP = locus of X-over P1 [recognition site for 
Cre protein (Cre = causes recombination)]. 
 

Table 2.1 Overview of all plasmids used in the study.!
name backbone transgene source 

OriGene 

wtRPGRORF15 

pCMV-XL 

cloning vector 

wtRPGRORF15 backbone: OriGene Technologies, Rockville, 

MD, USA; transgene: this study 

GenScript 

wtRPGRORF15 

pUC57 

cloning vector 

wtRPGRORF15 backbone: GenScript, Piscataway, NJ, USA; 

transgene: this study 

GenScript 

coRPGRORF15 

pUC57 

cloning vector 

coRPGRORF15 backbone: GenScript, Piscataway, NJ, USA; 

transgene: this study 

CAG.wtRPGR AAV-CAG wtRPGRORF15 backbone: Vector BioLabs, Malvern, PA, 

USA; transgene: this study 

CAG.coRPGR AAV-CAG coRPGRORF15 backbone: Vector BioLabs, Malvern, PA, 

USA; transgene: this study 

RK.wtRPGR AAV-RK wtRPGRORF15 this study 

RK.coRPGR AAV-RK coRPGRORF15 this study 

control AAV-CAG loxP.EYFP.loxP gift of Dr. D. Hickey 
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2.1.1 Cloning 

 

XL10-Gold ultracompetent bacteria (Stratagene, Agilent Technologies) were used 

for cloning purposes due to their high efficiency of transformation. These bacteria 

exhibit the Hte phenotype, which increases the transformation efficiency of ligated 

and large DNA molecules. More importantly, they are deficient in all known 

restriction systems [∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173], deficient of 

endonuclease (endA), and recombination deficient (recA), helping to ensure insert 

stability and improving the quality of miniprep DNA. We followed the manufacturers’ 

instructions with minor modifications to improve yield: 

 

1. One 14 ml BD Falcon polypropylene round-bottom tube was pre-chilled 

on ice per sample. S.O.C. medium (Gibco) was pre-heated to 37 °C. 

2. Cells were thawed on ice, gently mixed and 75 µl of cells transferred into 

each of the pre-chilled tubes. 

3. Three µl of the β-ME mix was provided to each aliquot of cells. 

4. The mix in the tube was gently swirled before and every 2’ while 

incubating the cells on ice for 10’. 

5. 0.1-50ng of the experimental DNA (or 2 µl of a ligation mixture) was 

added to one aliquot of cells.  

6. The mix in the tube was gently swirled, and then incubated on ice for 30’. 

7. Tubes were heat-pulsed in a 42 °C water bath for 30”.  

8. Tubes were incubated on ice for 2’. 
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9. 0.9 ml of preheated (37 °C) S.O.C. medium was added and tubes 

incubated at 37 °C for 1 hour with shaking at 10 x g.  

10. 200 µl of the transformation mixture was plated on LB-ampicillin agar 

plates. 

11. Plates were incubated at 37 °C overnight.  

 

After ca. 12-15 h (end of the logarithmic growth phase) plates typically showed 

50-200 individual colonies. A subset of these were picked using autoclaved pipette 

tips and incubated in 4 ml Luria broth (LB) with 8 µl ampicillin (50 µg/ml) in a shaker 

run at 10 x g and 37 °C for ca. 15 h (end of predicted log phase) before harvesting:  

 

1. Cells were pelleted down at 12,000 x g for 1’ at RT. 

2. Pellets were subjected to one freeze/thaw cycle (30’ at -20 °C). 

 

 Lysis of cells and column purification of plasmid DNA were performed using 

the Sigma GenElute™ Plasmid Miniprep Kit according to the instructions provided by 

the manufacturer. Total DNA was eluted in 50 µl molecular grade H2O to have the 

best efficacy for downstream enzymatic interaction (sequencing, digestions, ligation 

etc.). Individual minipreparations were then tested for DNA yield and quality using 

the NanoDrop 1000 Spectrophotometer (Thermo Scientific, Northumberland, UK) 

and stored at -20 °C unless processed immediately otherwise. 

 

For larger preparations of plasmid DNA the Qiagen® EndoFree® Mega Kit was 

used according to the instructions provided by the manufacturer. Briefly, single 
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colonies were picked and incubated as described above (4 ml cultures). After 8 hours, 

1 ml aliquots of the culture were transferred to 500 ml of LB with ampicillin in 1l 

flasks for further incubation under identical conditions. Cells were pelleted down in 

500 ml Nalgene flasks in a Avanti J-26XP centrifuge (Beckmann Coulter) for 20 

minutes at 4 °C and 8,000 x g, subjected to one freeze/thaw cycle (1h at -20 °C) 

before following the Qiagen protocol to lyse cells, extract and purify plasmid DNA. 

Final elution was made with a total of 1.5 ml of elution buffer and yield quantified on 

the NanoDrop 1000 Spectrophotometer and stored at -20 °C unless processed 

immediately otherwise. 

 

 

2.1.2 Transfection 

 

Most transfections (e.g. head to head comparison between wild type and codon 

optimised RPGRORF15) were performed in 6-well tissue culture plates (Sarstedt Inc., 

Newton NC, USA) and on HEK293T cells [124](for details on the cell culture see 

chapter 2.2.1). These transfection experiments were performed using the Mirus 

TransIT®-LT1 Transfection Reagent (Geneflow Ltd., Lichfield, UK) according to the 

manufacturer’s instructions. Care was taken to have a cell density of ca. 70% 

confluence at time of transfection, and to use serum/antibiotic free medium for the 

complex formation step. Best incubation time post-transfection had been established 

in the lab (personal communication Dr. Michelle McClements). 

Approximately 18-24 h before transfection, HEK293T cells were seeded at 2–

6 × 105 cells/well and incubated overnight. Immediately before transfection, 3 µl 
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TransIT®-LT1 reagent was added to 250 µl of serum free Opti-MEM (Invitrogen, 

Carlsbad, CA) substituted with 2mM L-glutamine (Sigma-Aldrich Company Ltd., 

Dorset, UK). The solution was briefly vortexed and allowed to equilibrate to room 

temperature (RT) for 10’. Precisely 1 µg of plasmid DNA was mixed into solution to 

allow complex formation with the liposomes for 20’ at RT. The TransIT®-LT1 

Reagent-DNA complex was added to the cells in a drop-wise fashion. The culture 

vessel was gently rocked to allow even distribution of the TransIT®-LT1:DNA 

complexes before incubation at 37 °C for 48 h. Cells were then harvested and assayed 

as required. 

 

 

2.1.3 Recombinant AAV production 

 

To generate rAAVs, HEK293T cells were co-transfected with two plasmids: The 

appropriate rAAV expression plasmids containing the transgene and a helper plasmid 

pDP8.ape (PlasmidFactory, Bielefeld, Germany), which encodes Rep and Cap genes of 

AAV8 and adenoviral helper gene pF∆6. The transfection protocol in detail was as 

follows. 

 

 

1. Seeding HyperFlasks with HEK293T  

 

1.1 Four T75 flasks (Sarstedt Inc.) were each seeded with 1.7 x 107 

HEK293T cells in culture media (500 ml high glucose DMEM with 10% 
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FBS [heat-inactivated, non-USA origin, sterile-filtered, suitable for cell 

culture], 5 ml 200mM L-Glutamine solution, 5 ml Penicillin-Streptomycin 

[10,000 units penicillin, 10 mg streptomycin/ml]) and incubated at 37 °C, 

5% CO2 for 48 hours.  

1.2 Media were removed at ~80% confluency and HEK293T cells 

were washed with 5 ml PBS. After removing the wash, 2 ml PBS was added 

and cells incubated at 37 °C, 5% CO2 for 10’. 

1.3 Cells were loosened and resuspended with 8 ml cell culture media 

by gently pipetting up and down. A further 190 ml of medium was added. 

1.4 Two T75 flasks were used to seed one HyperFlask. Two 

HyperFlasks were used in each rAAV production cycle. 

1.5 Cell suspension was transferred from two T75 flasks into one 

HyperFlask. After the total 400 ml of cell suspension was in the 

HyperFlask, it was rested on its long, thin side. The cell suspension divided 

evenly between the layers of the HyperFlask. The HyperFlask was then 

topped up with media (each HyperFlask held ~560 ml). In order to remove 

any bubbles, the lid was secured, and HyperFlask first positioned upright, 

then tilted to one side while tapping slightly to dislodge trapped air. This 

was repeated on either side until no more bubbles would surface. If 

required, a final top up with media was performed before laying the 

HyperFlask down and incubating it at 37 °C, 5% CO2 for 72 hours. 

 

 

2. Transfecting HEK293Ts in HyperFlasks 
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2.1 For each HyperFlask a total of 500! µg DNA was prepared. The ratio 

was dependent on the size of the plasmids being used:  

 
Table 2.2 Calculations for double transfection experiment.!

Plasmid Size (kb) Amount per transfection (μg) 
pDP8.ape 22.00 22.00 x R 

pTransgene T T x R 
Total K 500.00 

Ratio (R) mass/kb 500/K  
 
Table 2.2 In order to achieve the optimal ratio of plasmid constructs in the double transfection experiment, genomic 
size (in kilobases, kb) of the plasmids (e.g. 22kb for pDP8.ape and T for pTransgene) have to be added to give the 
number of total genomic plasmid DNA used (K). The ratio (R) is defined as 500/K. The resulting number R is then 
multiplied with the respective genomic plasmid size to yield the amount of plasmid needed (in µg) for one transfection 
experiment. The total amount of plasmid DNA will amount to precisely 500µg of DNA. 
 

2.2 Plasmids were added to a 50 ml Falcon tube and filled up to 10 ml with 

NaCl 150mM. In a separate 50 ml Falcon 1.125 ml of 10mM Polyethylenimine 

(PEI) was added and volume made up to 10 ml with 150mM NaCl.  

2.3 DNA and PEI complexes were produced by carefully adding the 10 ml 

of PEI drop by drop into the tube containing the 10 ml DNA. Solution was 

incubated at RT for 20’. 

2.4 Transfection media was prepared (500 ml high glucose DMEM with 

2% FBS [heat-inactivated, non-USA origin, sterile-filtered, suitable for cell 

culture], 5 ml 200mM L-Glutamine, solution, 5 ml Penicillin-Streptomycin 

[10,000 units penicillin, 10 mg streptomycin/ml]) and 50 ml of this set aside in a 

Falcon tube. The DNA/PEI/NaCl complex was poured into the remaining volume 

of transfection media (~500 ml). Then 20 ml of the 50 ml transfection media 

aliquot was transferred into the now empty DNA/PEI/NaCl tube to collect any 



Chapter 2 - Materials and Methods 
 
 

       ~          ~ 59  

remaining solution before adding this into the ~500 ml of transfection media 

containing the DNA/PEI/NaCl. 

2.5  HyperFlask was slowly drained before gently adding the transfection 

media/DNA/PEI/NaCl. The flask was topped up with the remaining 30 ml aliquot 

of transfection media (if necessary). Bubbles were removed as described above 

and HyperFlask incubated at 37 °C, 5% CO2 for 72 hours. 

 

 

3. Harvesting and lysing transfected HEK293T cells 

 

3.1 200 ml of the HyperFlask media was discarded, the lid secured and the 

HyperFlask shaken vigorously to mechanically dislodge the cells. Direct viewing 

under the microscope was used to assess the success of the manoeuvre.  

3.2 The cell suspension was poured into a 500 ml flask and centrifuged for 

10’ at 1,000 x g, 20 °C. During this step 1 ml of Lysis Buffer pH 8.5 was prepared 

(1M Tris (hydroxymethyl) aminomethane [AnalaR NORMAPUR, VWR], 

150mM NaCl [Sigma-Aldrich], molecular biology grade water, DEPC-treated 

and sterile filtered [Sigma-Aldrich]) with one protease inhibitor pellet (cOmplete 

mini EDTA-free protease inhibitor cocktail tablets, Roche). This amount was 

sufficient for two HyperFlask collections. 

3.3 Media were removed from the pelleted HEK293T cells and only about 

30 ml of media left in the flask to resuspend the cells. This was transferred to a 50 

ml Falcon tube, centrifuged as above and media completely removed. 
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3.4 15 ml of Lysis Buffer was added to the cell pellet (15 ml of Lysis 

Buffer per HyperFlask) and carefully pipetted up and down to mix. 500!µl of the 

prepared protease inhibitor cocktail was added and pipetted up and down to mix. 

The tube was then labelled and place in an -80 °C freezer for 1 hour. 

3.5 Lysis sample was placed in a 37 °C water bath for 15’ to thaw, and 

shaken well half way through the incubation time. The tube was placed back in 

the -80 °C freezer and the freeze/thaw repeated twice more. At the final 

freeze/thaw, samples were placed at -80 °C and stored until ready to purify.  

 

 

4. Isolation of the rAAV particles using an Iodixanol gradient 

 

4.1 The lysate was thawed at 37 °C for 15’ before adding Benzonase 

(EMPROVE bio Benzonase, Merck Millipore) to the lysate to give a final 

concentration of 50U/ml, then incubated at 37 °C for a further 45’. Tubes were 

shaken every 15’ during this incubation before spinning them at 3,700 x g for 20’ 

at RT. 

4.2 Iodixanol gradients were prepared by layering the different 

preparations according to the table below: Iodixanol 60% (OptiPrep density 

gradient medium, Sigma-Aldrich), Phenol Red (Phenol red solution, 0.5% liquid, 

sterile-filtered, BioReagent, suitable for cell culture, Sigma-Aldrich), 5X PBS-

MK (Gibco phosphate buffered saline tablets [Life Technologies], 5mM MgCl2 

[Sigma-Aldrich], 12.5mM KCl [Sigma-Aldrich], molecular biology grade water, 

DEPC-treated and sterile filtered [Sigma-Aldrich]). 
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Table 2.3 Calculations for iodixanol gradient solutions!
Fraction Iodixanol 5M NaCl 5x PBS-MK H2O  Phenol Red 

15% 4 ml 3.2 ml 3.2 ml 5.6 ml - 
25% 5 ml - 2.4 ml 4.6 ml 20!µl 
40% 6.7 ml - 2 ml 1.3 ml - 
60% 10 ml - - - 20!µl 

 
Table 2.3 Calculations for individual solutions of increasing iodixanol concentrations. Solutions were mixed fresh for 
each rAAV purification step. 

 

4.3 7.2 ml of the 15% preparation was pipetted into OptiSeal 32.4 ml 

ultracentrifuge tubes. Then, 4.8 ml of the 25% preparation was pipetted into a 

separate 15 ml Falcon tube and a long neck Pasteur pipette (UV treated 

beforehand) used to draw up half of the 4.8 ml aliquot. While carefully holding 

the volume at the tip of the pipette it was gently moved through the 15% 

iodixanol fraction until the tip touched the bottom of the ultracentrifuge tube. 

Then, the 25% fraction was carefully layered below the 15% fraction. The Pasteur 

was carefully withdrawn from the gradient when empty and without drawing up 

or disturbing the fractions in place. Then the remaining volume of the 25% 

fraction was pipetted in the same fashion. Once the 25% fraction was in place, 

this process was repeated to add 4 ml of the 40% preparation beneath the 25% 

fraction and finished by adding 4 ml of the 60% preparation beneath the 40% 

fraction.  

4.4 The lysate was added drop by drop to the top of the iodixanol gradient. 

It was ensured that the ultracentrifuge tube was filled to the top (Lysis Buffer was 

used to top up if necessary). 

4.5 OptiSeal 32.4 ml tubes were sealed and transferred into a Rotor 70Ti 

ensuring they are all were dry and the holes in Rotor were clean and dry. 
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4.6 Tubes were spun at 358,300 x g for 1 hour and 30 minutes at 20 °C. 

When centrifuge was done, vacuum was released and centrifuge cap and the tube 

seal removed. After attaching an 18G needle to a 5 ml syringe, ultracentrifuge 

tubes were carefully pierced with the needle at the interface between the 60% and 

40% phases, while keeping the bevel facing up. As much as possibly of the 40% 

phase was collected without collecting debris from the 25% phase (bevel was 

turned sideways towards the end to minimise risk of contamination). Circa 2-3 ml 

was recovered from each gradient and purified immediately as described below. 

 

 

5. Purification and concentration of the isolated rAAV vectors 

 

5.1 5 ml PBS was added to an Amicon Ultra 100K filter sitting in a 50 ml 

Falcon tube and centrifuged at 3,000 x g for 15’ at 20 °C. Flow through was 

discarded. The collected iodixanol fraction was topped up to ca. 10-15 ml total 

volume with PBS (3 ml -> 10 ml, 6 ml -> 15 ml) and carefully pipetted up and 

down to mix. The total volume was added onto the filter, which was placed in the 

centrifuge with its long axis in line with the centrifugal force. The filter was 

centrifuged at 3,000 x g, 20 °C until the volume was reduced to 500 µl. This took 

between 1 and 4 hours depending on the fraction. Flow through was discarded. 

5.2 15 ml PBS was added again to the filter and carefully pipetted up and 

down before centrifuging at 3,000 x g, 20 °C until the volume was again reduced 

to 500 µl. Flow through was discarded. 
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5.3 Previous step was repeated twice more. On the third and final PBS 

wash, volume was reduced to ca. 500 µl of purified rAAV solution. 

5.4 Using a 200 µl pipette, rAAV solution was drawn up and dispensed 

back over the filter 20 times on each side to rinse. Appropriate aliquots were 

prepared and stored (without snap freezing step) at -80 °C until use. 500 µl PBS 

was used to rinse the filter 20 times on each side for any remaining rAAV 

particles. Aliquots from this volume had a lower titre than the original aliquots 

but still contained rAAV (labelled wash). 

 

 

2.1.4 Quantitative polymerase chain reaction (qPCR) 

 

rAAV vector titre was quantified by using qPCR (ABI Prism 7700; Applied 

Biosystems, Foster City, CA) to estimate the vector genomes per ml (vg/ml). For this, 

several primer pairs were designed (Geneious software version 6.1.6 for Mac OS X 

10.7.5; Biomatters Ltd, Auckland, New Zealand) to the bovine growth hormone 

(bGH) polyA sequence at the 3’ end of the expression cassette and tested for their 

efficiency, annealing characteristics and specificity (Fig. 2.1). The primer pair with 

highest efficiency and narrowest peak in the respective melt curve profile was chosen 

for further experiments:  

 

 pA_qPCR_20F 5’ – CCAGCCATCTGTTGTTTGCC – 3’ 
pA_qPCR_91R 5’ – GAAAGGACAGTGGGAGTGGC – 3’ 
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For each rAAV titre analysis, 1 µl sample were mixed with 1 µl of DNAse I 

buffer, 7 µl molecular grade H2O (SIGMA) and 1 µl of DNAse I (Qiagen) and 

incubated at RT for 1 h. The DNAse was then heat inactivated and capsids denatured 

Fig. 2.1 Comparison of melt curves to optimise use of primer pair combinations in vector titre analysis by 
qPCR. The bovine polyA sequence (a) was used to predict useful primer oligonucleotides for qPCR reactions 
of rAAV genomes using the Geneious software. Primer pairs i - v were tested against the established primer 
pair directed against the rhodopsin kinase promoter (vi). b) The primer pair with the closest matching melting 
curve to the one for vi was primer pair ii (20F and 91R) as indicated by the graphical output of the proprietary 
ABI PRISM® 7700 Sequence Detection System software. 
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at 95 °C for 10‘. The sample was then further diluted (1:10) with molecular grade H2O 

before use as template in qPCR reactions. Purified, quantified and sequence verified 

plasmids with the identical expression cassette were used to prepare the standard 

curve (care was taken to account for the backbone when calculating the number of 

plasmids in the total mass of DNA). 

 qPCR reactions were performed in 10 µl of final volume using the 2×SYBR 

Green qPCR mix (BioRad) supplemented with 100nM each of forward and reverse 

primer, and 2 µl of template DNA (either plasmid standard or rAAV sample) 

according to the manufacturer’s instructions. Each plasmid standard, sample and 

negative control were run in triplicates of 20 µl of reactions in alternate rows of a 96-

well optical plate. The PCR profile included an initial denaturation step at 95 °C for 

10’ followed by 40 cycles of denaturation at 95 °C for 15” and annealing/extension at 

60 °C for 1’, followed by a melt curve stage. Data analysis was performed using the 

Applied Biosystems StepOne software v2.1 before export to Microsoft Excel. 

 

 

2.1.5 Enzyme linked immunosorbent assay (ELISA) 

 

Enzyme linked immunosorbent assays were used to estimate the ratio of empty 

to full capsids. For this purpose, an rAAV8 titration ELISA (PROGEN Biotechnik 

GmbH, Heidelberg, Germany) was performed according to the instructions provided 

by the manufacturer. This sandwich ELISA features monoclonal antibodies specific 

for conformational epitopes on assembled rAAV8 capsids (ADK8) bound to 
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microtiter strips, which are used to capture rAAV8 particles from the specimen. 

Captured rAAV particles are detected in two steps. First a biotin-conjugated 

monoclonal antibody to AAV8 (ADK8) is bound to the immune complex. In the 

second step streptavidin peroxidase conjugate reacts with the biotin molecules. 

Addition of substrate solution results in a change in photometrical absorbance of the 

samples proportional to the amount of specifically bound viral particles. Empty capsid 

samples provided in the kit are used to provide a standard curve. Briefly, 100 µl of 

ready-to-use sample buffer (negative control), serial dilutions of kit control (standard) 

and specimen (rAAV preparation) were added to separate wells of the microtiter strips 

coated with the monoclonal antibody to AAV8 (ADK8). Strips were sealed with 

adhesion foil and incubated for 1 h at 37 °C. Wells were carefully emptied and 

washed twice with 200 µl wash buffer for approximately 5 seconds each. 100 µl biotin 

conjugate was then added per well, strips sealed and incubated again for 1 h at 37 °C. 

After the same washing procedure as above, 100 µl of streptavidin conjugate was 

added and strips sealed and incubated a third time for 1 h at 37 °C. After another 

round of washing as above, 100 µl colouring substrate as added and reaction stopped 

after 15’ at RT by adding 100 µl of stop solution into each well. Absorbance 

measurements were taken with a photometer at λ = 450 nm without delay. 

Absorbance was correlated with known concentrations from the standard sample 

dilution series. Based on the resulting function the titre in the sample could be derived 

from the luminescence units measured in the same. 
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2.2 Cell cultures  

 

Several cell cultures were used e.g. to study levels of RPGRORF15 expression 

from wild type or optimised sequences and overexpress the protein for sequence 

analysis (chapter 3). Production of rAAV (chapter 4) involves cell culture work as 

well as some of the tests for rAAV transduction efficiencies. All relevant cell culture 

sources and general protocols for maintaining them are described herein. 

All cell culture work was performed in regularly serviced class II cell culture 

hoods and flasks were incubated at 37 °C and 5% CO2 in a Galaxy R incubator 

(Eppendorf AG, Hamburg, Germany) unless stated otherwise. All media was freshly 

prepared and pre-warmed in a water bath to 37 °C unless stated otherwise. 

 

 

2.2.1 Human embryonic kidney 293 cells 

 

Human embryonic kidney 293 cells (HEK293) [124] were originally derived 

from human embryonic kidney cells from a healthy, aborted foetus in Alex Van der 

Eb’s lab (University of Leiden, Holland) by Frank Graham. In his 293rd experiment, 

Dr. Graham successfully transformed the cells using adenovirus 5 leading to a ~4.5 

kilobases insertion of viral genome into human chromosome 19 rendering the cell line 

immortal. Detailed studies conclude that HEK293 most likely originated from 

embryonic adrenal precursor cells exhibiting adrenal and neuronal properties [125]. 

Patel and Tikoo modified HEK293 to constitutively express the simian virus 40 
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(SV40) T antigen [126]. The resulting HEK293T cell line is particularly transfectable 

with plasmids containing the SV40 promoter and seems to carry further, only partly 

understood indirect benefits making the production of recombinant virus more 

efficient [127]. 

Such HEK293T cells were obtained from the European Collection of Cell 

Cultures (ECACC) and stored in aliquots of 2x106 cells in 1.5 ml 90%FBS 10% 

DMSO at -196 °C in liquid nitrogen. Aliquots were resuscitated when needed in 10 ml 

complete cell culture media [88% DMEM (Invitrogen, Carlsbad, CA) substituted with 

2mM L-glutamine, 100I.U./ml Penicillin and 100 µg/ml Streptomycin and 10% fetal 

bovine serum (all from Sigma-Aldrich Company Ltd., Dorset, UK)] after quickly 

thawing and mixing them into a single cell suspension. The cells were then spun at 

1,200 x g for 5‘ at 4 °C, re-suspended in 1 ml culture media and pipetted to achieve 

single cell suspension before seeding cells into T75 flasks (Sarstedt Inc., Newton NC, 

USA) with the required volume of media. Cells were fed fresh media after 24 hours to 

remove damaged and non-adherent cells and monitored daily until normal 

proliferation rates were achieved (3-5 days). 

Once stable proliferation had been established, HEK293T cells were cultured 

with freshly prepared media every 2-3 days and passaged at 75-80% confluence: Old 

medium was removed, and cells washed once with 5 ml pre-warmed 0.01M 

phosphate-buffered saline (PBS; Invitrogen Life Technologies Ltd., Paisley, UK) 

before adding 0.25% trypsin (Sigma-Aldrich) in 2 ml of PBS for 2 minutes. Cells 

were brought into solution and 8 ml of complete cell culture media (see above) added. 

Two millilitres of this suspension were then transferred to a new T75 flask and 13 ml 

media added. 
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2.2.2 Human neuroblastoma derived cells 

 

SH-SY5Y cells are adherent, neuroblast-derived cells [128]. They are 

subclones from the original SK-N-SH cells, which were isolated from a bone marrow 

biopsy of a 4 year old female with neuroblastoma [129]. 

 SH-SY5Y cells had been originally obtained from the European Collection of 

Cell Cultures (ECACC) and stored in aliquots of 2x106 cells in 1.5 ml 90%FBS 10% 

DMSO at -196 °C in liquid nitrogen. Resuscitation was performed as described for 

HEK293T cells except the culture media composition was: One to one mixture of 

Ham’s F12 and EMEM (EBSS) with 2mM Glutamine, 1% Non Essential Amino 

Acids, 15% Foetal Bovine Serum, 100 µg/ml Penicillin and 100 µg/ml Streptomycin 

(all Sigma-Aldrich). Cells were maintained in T75 flasks and split as sub-confluent 

cultures (70-80%) in a 1:50 ratio, i.e. seeding at ca. 5x104 cells/cm2. The splitting was 

performed again as described for the HEK293T cells except for the constitution of the 

cell culture medium. 

 For induction of a neuron-specific differentiation, media was changed to that 

containing 1.6x10-8 M Tetradecanoylphorbol-13-acetate (TPA) and 10-5 M retinoic 

acid (RA, both Sigma-Aldrich) 24h after seeding as previously shown [130]. 
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2.2.3 Mouse cone photoreceptor like cells  

 

The 661W cell line was originally cloned from retinal tumours of a transgenic 

mouse line expressing the simian virus (SV) 40 T antigen under control of the human 

inter-photoreceptor retinol-binding protein (IRBP) promoter [131]. It is described as 

‘cone photoreceptor like cell line’ as it was reported to demonstrate cellular and 

biochemical characteristics of cone photoreceptor cells such as expression of short-/ 

and medium-wavelength sensitive cone opsins.  

 The cell line was imported as a kind gift from Dr. Muayyad R. Al-Ubaidi 

(Oklahoma, USA) under a material transfer agreement and cultured strictly according 

to his suggestions. Aliquots had been cryopreserved for long-term storage and 

resuscitated when needed as described for the HEK293T and SH-SY5Y cells except 

for the culture medium composition: DMEM (Gibco, Thermo Fisher Scientific) with 

40 µg/l hydrocortisone, 40 µg/l progesterone, 0.032g/l putrescine, 40 µl/l β-

mercaptoethanol, 100 mg/l penicillin, 100 mg/l streptomycin (all Sigma-Aldrich) and 

7.5% fetal bovine serum (Gibco). 

 Cells were maintained in T75 flasks and split as sub-confluent cultures (70-

80%) at a 1:5 ratio performed again as described for the HEK293T cells except for the 

constitution of the cell culture medium (above). 
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2.3 Animals  

 

All animal experiments were performed in compliance with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research and UK Home 

Office guidelines. Animals were kept in individually ventilated cages and followed a 

12-hour light (<100 lux)/12-hour dark cycle, with food and water available ad libitum.  

 Mice were weaned at P21 and ear notches taken to mark individuals and 

extract genomic DNA for genotyping using alkaline lysis as originally described by 

Birnboim and Doly [132]. 100 µl NaOH 0.05M was added to each ear clip before 

heating tubes to 95 °C for 30min. After vortexing and spinning (9,600 x g) for 30” 

each, 10 µl neutralisation buffer was added (1M tris 10mM EDTA pH 8.0). After 

another round of vortexing and spinning (as above), 100 µl supernatant was 

transferred to a new tube and diluted with 500 µl H2O for polymerase chain reaction 

(PCR) based genotyping. 

 

 

2.3.1 C57BL/6J mice 

 

This strain was purchased from the original JAX™ colony from Jackson 

Laboratory (Bar Harbor, USA) through Charles River Laboratories (Margate Kent, 

UK) as required and used as wild type control. 
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2.3.2 Rpgr-/y mice  

 

Rpgr knockout mice have been described previously [76] and in chapter 1.2.4. 

Frozen embryos of Rpgr-/y mice were a kind gift obtained under material transfer 

agreement from Tiansen Li (Neurobiology, Neurodegeneration & Repair Laboratory, 

NEI, Bethesda, USA). The transgenic line was produced by Hong et al. through 

electroporating a targeting vector into a J1 embryonic stem cell. This vector had been 

designed to disrupt Rpgr, the murine homologue of RPGR. It carried the 

pGT1.8IRESβgeo sequence flanked by fragments from Rpgr exons 4 and 6 amplified 

by PCR from 129/Sv mouse genomic DNA. Linearized vector DNA was 

electroporated into J1 ES cells, which originated from a male agouti 129/terSv embryo 

[133]. Clones were microinjected into C57BL/6 blastocysts to generate chimeras and 

eventually the Rpgr knockout strain [76]. 

 The imported frozen embryos were re-derived at the Medical Research 

Council centre for mouse genetics before import into the Oxford University 

biomedical services facilities. Circa half of re-derived pups showed agouti coat colour 

potentially indicating an incomplete backcross onto C57BL/6 background. Therefore, 

JAX™ C57BL/6J mice were used to set up breeding pairs with homozygote females. 

Mice were used for experiments only after at least six generations of successive 

backcrossing. 

For genotyping, genomic DNA was extracted from tissue resulting from ear 

clips (described above). PCR was used to amplify a 138bp region starting 40bp 
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upstream and extending into exon 6 in case of the wildtype (wt) allele. In the 

transgenic animals, where this site would instead harbour the disruptive 

pGT1.8IRESβgeo sequence (literature refers to this model as knock-out), a reverse 

primer specific to the internal ribosome entry site (IRES) sequence of the target vector 

would amplify a 290bp product in the absence of a complementary sequence for the 

wt reverse primer.  

 

Table 2.4 Primers for genotyping Rpgr-/y mice.!
Forward primers Reverse primers  

name sequence name sequence amplicon 

F.Rpgr 5'-GCCCTTTAAAG 

ACTTTTCTCCC-3' 

R.Rpgr.wt 5'-TCCAACAGTCA 

CTTCATGAGG-3' 

138bp wt  

F.Rpgr 5'-GCCCTTTAAAG 

ACTTTTCTCCC-3' 

R.Rpgr.co 5'-TCCCCCTGAAC 

CTGAAACAT-3' 

290bp ko  

 
Table 2.4 Primers for genotyping Rpgr-/y mice. bp = nucleotide basepair; wt = wild type;  ko = knock out. 
 

 

Each PCR mixture contained 12.5 µl of 2× ImmoMix™ Red (Bioline Reagents 

Ltd., London, UK), 3 µl of common forward and 1.5 µl of each reverse primer (each 

at 10µM), 2.5 µl of DNA template, and 4 µl of PCR-grade water in a final volume of 

25 µl. Amplification was performed using a T100™ thermal cycler (Bio-Rad). 

Thermocycling parameters were 95 °C for 10’; 35 cycles of 95 °C for 1’, 60 °C for 

30”, and 72 °C for 1’; and a final step at 72 °C for 5’. The resulting PCR products 

were analysed via agarose gel electrophoresis using 1% (wt/vol) Hi-Res Standard 

Agarose (AGCT Bioproducts, Geneflow Ltd., Lichfield, UK). The assay products 

were run for 1h at 100V in 1× Tris-acetate-EDTA (TAE) buffer (Tris acetate 40mM, 
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EDTA 1mM [pH 8.0]). DNA was stained with ethidium bromide (0.5 µg/ml), and the 

gels were imaged under UV light using the U:Genius setup (Syngene UK, Cambridge, 

UK). PCR amplicon sizes were estimated by comparison to molecular size markers 

(Hyperladder II; Bioline Reagents Ltd.). 

 

 

2.3.3 C57BL/6JRd9/Boc mice 

 

Thompson et al. first described a strain of C57BL/6J mice with naturally 

occurring 32bp duplication within the open reading frame 15 (ORF15) of Rpgr 

(chapter 1.2.4). This frame-shift mutation introduces a premature stop codon and leads 

to undetectable levels of RpgrORF15 protein on Western blot and in 

immunohistochemical staining of unfixed cryosections [77]. 

C57BL/6JRd9/Boc breeding pairs were purchased from The Jackson Laboratory 

and imported through Charles River Laboratories, where breeding pairs were held in 

quarantine and screened for relevant specific pathogens before import into the 

Biomedical Service Centre at the John Radcliffe. 

 For genotyping, PCR was used to amplify a 2225bp region of wild-type Rpgr 

including the location of the 32bp insertion in the affected animals, thus resulting in a 

2257bp product in case of amplifying an Rd9 allele.  
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!
Table 2.5 Primers for genotyping C57BL/6JRd9/Boc mice.!
Forward primers Reverse primers  

name sequence name sequence amplicon 

F.Rd9 5'- GAGAAAGTGATGGAA 

AGTACACCGTGCAC -3' 

R.Rd9 5'- GAGATGACTTCCCTG 

TTACTTCAATTCCAG -3' 

2225bp wt 

2257bp Rd9  
 
Table 2.5 Primers for genotyping C57BL/6JRd9/Boc mice. bp = nucleotide basepair; wt = wild type;  Rd9 = 
C57BL/6JRd9/Boc mice. 
 

PCR was performed as described above except both primers were given at 

equal molarity (1.5 µl at 10mM), annealing temperature was 59 °C and extension time 

60sec. An aliquot of the PCR product was analysed by agarose gel electrophoresis as 

described for Rpgr-ko mouse genotyping (2.2.2) except using 2% (wt/vol) Hi-Res 

Standard Agarose for added resolution of small fragment size differences.  

The rest of the PCR product was processed to purify amplicons before 

sequencing using PCR primers and additional sequencing primers (F208: 5’-

ACGGGGATCAAATCTGTGAG-3’ and R1476: 5’-TGTGCCATGTCTGCCATA 

TT-3’). Sequencing reactions contained 6.8 µl of purified PCR product eluted in H2O 

and 3.2 µl of 1µM primer solution. Sanger sequencing was contracted to Source 

BioScience UK Ltd. and performed at the Biochemistry Department, University of 

Oxford. Resulting chromatogram files (*.abi) were imported into Geneious and 

regions with more than 5% chance of error calls trimmed at both, the 5’ and 3’ ends. 

Remaining sequencing data were aligned in a pairwise fashion with the NCBI 

GenBank reference DNA sequence of Rpgr (Reference: GRCm38.p1 C57BL/6J; 

NC_000086.7, residues 10158216 to 10216795.) using following default settings of 

the Geneious alignment algorithm: Cost Matrix 65% similarity (5.0/-4.0); gap open 

penalty = 12; gap extension penalty = 3. Animals with pathogenic 32bp insertion were 
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identified as having a fourth repeat of 5’-AGGAAGAAGGGGAGGGAGAGGA 

AGAGGGGGAG-3’ without the four nucleotide (5’-GGAG-3’) sequence linking the 

three previous repeats in the reference sequence.  
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2.4 Surgery  

 

In order to transduce photoreceptor cells efficiently, the optimal route of 

application is by subretinal injection. Due to the particular anatomy of the mouse eye 

with a disproportionately large lens and very narrow pars plana, an ab externo 

approach was chosen as described in more detail below. 

 

 

2.4.1 Anaesthesia  

 

Mice were weighed and a mix of the NMDA receptor antagonist ketamine (80 

mg/kg) and the α2 adrenergic receptor agonist xylazine (10 mg/kg) was administered 

by intraperitoneal injection using a 1 ml insulin syringe with 29G needle (Myjector, 

Terumo N.V., Leuven, Belgium) at 0.1 ml per 10 grams of body weight. This 

‘induction-solution’ was prepared as follows: Mix 0.8 ml Vetalar™ V (100 mg/ml 

ketamine; Zoetis UK Ltd, London, UK) and 0.5 ml Rompun® (20 mg/ml xylazine; 

KVP Pharma + Veterinärprodukte GmbH, Kiel, Germany) in 8.7 ml sterile H2O. The 

anaesthesia usually took effect within 5 and then lasted for ca. 45 minutes. 

In case of ocular surgery, the procedure typically lasted only 5-10 minute and a 

‘reversal-solution’ with the α2 adrenergic receptor atipamezole (2 mg/kg) was given 

upon completion of surgery and postsurgical care (see below) to reverse the effects of 

xylazine by competitive antagonism. This ‘reversal-solution’ prepared and applied as 

follows: Mix 0.4 ml Antisedan® (5 mg/ml atipamezole; Elanco Animal Health, 
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Basingstoke, UK) with 9.6 ml sterile H2O. This solution was given at 0.1 ml per 10 

grams of body weight and reversed the effects of xylazine but had no influence on the 

effects of ketamine (which is short-lived in itself). 

 

 

2.4.2 Paracentesis of the anterior chamber 

 

Mouse pupils were dilated with Mydriaticum (1% tropicamide) and 

phenylephrine (2.5% phenylephrine hydrochloride) and anaesthetised with MINIMS® 

(0.4% oxybuprocaine hydrochloride) eye drops (all from Bausch & Lomb, Kingston-

on-Thames, UK). The fully anaesthetised and dilated animal was carefully placed on a 

custom-made foam mat to allow ergonomically optimal access for the surgeon and 

comfort/protection for the animal.  

 Using notched forceps the rotational stability of the eye was ensured while a 

shallow, self-sealing paracentesis was applied using a 33G hypodermic needle (TSK 

Laboratory, The Hague, Netherlands) just anterior of the limbus in the inferior-nasal 

quadrant. The escape of anterior chamber fluid during the paracentesis lowered the 

intraocular pressure (IOP), while the self-sealing nature of the incision ensured stable 

IOP development post surgery. 

 

 

2.4.3 Subretinal injection 
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The eye was covered with Viscotears® Liquid Gel (0.2 mg/g polyacrylic acid; 

Alcon Laboratories (UK) Ltd., Camberley, UK) and a round cover slip of 6mm 

diameter (VWR International, East Grinstead, UK) was placed on the eye for direct 

view of the fundus via a Leica operating microscope (Leica Biosystems, Newcastle 

Upon Tyne, UK). The NanoFil subretinal injection Kit (WPI, Hitchin, UK) equipped 

with a 34 gauge bevelled needle with a 25 ° tri-surface bevel optimised for 

microinjection was used for the injection.  

Under direct visual guidance, the needle was advanced ab externo to penetrate 

the sclera, choroid and retinal pigment epithelium (RPE) posterior to the equator. As 

the tip of the needle became visible through the RPE, the penetration angle (retina : 

needle) was further reduced to allow placement of the bevel in the subretinal space 

without penetrating the neuroretina. As soon as the full bevel opening was visible in 

the subretinal space, the complete volume of ca. 1.5 µl was injected to raise a 

hemiretinal detachment. The needle was retracted swiftly after ensuring the 

intraocular pressure was sufficient to allow good intraocular perfusion and would not 

force subretinal fluid to reflux through the injection canal. The cover slip and 

Viscotears® Liquid Gel was carefully removed and a drop of antibiotic applied (0.5% 

w/v chloramphenicol; Mercury Pharmaceuticals Ltd, Croydon, UK). 
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2.5 Electroretinography  

 

Prior to testing all animals were dark-adapted for >2h. Animal preparation was 

conducted under dim red illumination and included anaesthesia and pupil dilation as 

described for surgery above. Body temperature was maintained at 38 °C on a heated 

platform using a circulating pump-water bath. All recordings were made in a custom, 

light-tight Faraday cage using an Espion E2 system (Diagnosys LLC, Cambridge, 

UK). 

Electroretinogram (ERG) was recorded from DTL-type silver-coated nylon 

thread active electrodes modified to include a custom-made contact lens of optically 

clear Aclar film and placed on the corneal apex with hypromellose eye drops 

(Hypromellose BPC 1%; Matindale Pharmaceuticals, Romford, UK) pre-applied. This 

technique was originally described by Sagdullaev et al. [134]. Platinum needles were 

placed subcutaneously over the frontal/nasal bone (in midline between eyes) and at 

the base of the tail as reference and ground electrodes respectively. Signals were 

differentially amplified and digitized at a rate of 5 kHz. A notch filter was used to 

remove 50 Hz line noise and a band-pass filter at 1.25Hz – 1kHz. At each intensity, up 

to 30 responses were computer averaged. The stepwise protocol was as follows:  
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Table 2.6 Electroretinography (ERG) protocol.!

Step Trials inter-sweep 
delay (s) 

sweep 
length (s) 

total step 
length (s) 

inter-step-
delay (s) Description log 

0 
    

600 DA 
 1 16 0 3000 48000 10 Single 0.5Hz 1E-6 cd.s/m2 -6 

2 16 0 3000 48000 30 Single 0.5Hz 1E-5 cd.s/m2 -5 

3 9 1000 3000 35000 30 Single 0.5Hz 0.0001 cd.s/m2 -4 

4 9 1000 3000 35000 60 Single 0.5Hz 0.001 cd.s/m2 -3 

5 9 5000 3000 67000 60 Single 0.5Hz 0.01 cd.s/m2 -2 

6 4 13000 3000 51000 120 Single 0.5Hz 0.1 cd.s/m2 -1 

7 4 29000 3000 99000 120 Single 0.5Hz 1 cd.s/m2 0 

8 4 61000 3000 195000 180 Single 0.5Hz 10 cd.s/m2 1 

9 1 0 3000 3000 60 Single 0.5Hz 25 cd.s/m2 1.40 

        10 20 0 500 10000 0 Continuous 0.5Hz 0.01 cd.s/m2 -2 

11 20 0 500 10000 0 Continuous 1Hz 0.01 cd.s/m2 -2 

12 20 0 500 10000 0 Continuous 2Hz 0.01 cd.s/m2 -2 

13 20 0 500 10000 0 Continuous 3Hz 0.01 cd.s/m2 -2 

14 30 0 500 15000 0 Continuous 5Hz 0.01 cd.s/m2 -2 

15 30 0 500 15000 0 Continuous 7Hz 0.01 cd.s/m2 -2 

16 30 0 500 15000 0 Continuous 10Hz 0.01 cd.s/m2 -2 

17 30 0 500 15000 0 Continuous 12Hz 0.01 cd.s/m2 -2 

18 30 0 500 15000 0 Continuous 15Hz 0.01 cd.s/m2 -2 

19 30 0 500 15000 0 Continuous 18Hz 0.01 cd.s/m2 -2 

20 30 0 500 15000 0 Continuous 20Hz 0.01 cd.s/m2 -2 

21 30 0 500 15000 0 Continuous 30Hz 0.01 cd.s/m2 -2 

22 30 0 500 15000 0 Continuous 20Hz 10 cd.s/m2 1 

        

     
600 LA 

 23 20 0 1000 20000 0 Single 1Hz 0.3 cd.s/m2 -0.52 

24 20 0 1000 20000 0 Single 1Hz 1 cd.s/m2 0 

25 20 0 1000 20000 0 Single 1Hz 3 cd.s/m2 0.48 

26 20 0 1000 20000 0 Single 1Hz 10 cd.s/m2 1 

27 20 0 1000 20000 0 Single 1Hz 25 cd.s/m2 1.40 

28 30 0 500 15000 0 Continuous 20Hz 10 cd.s/m2 1 

  total (min)   45.68   
 

Table 2.6 Electroretinography protocol for mice. DA = dark adaptation; LA = light adaptation. Animals were dark-
adapted prior recordings (600 s) followed by a single flash intensity series and a flicker series with fixed intensity. 
After a period of light adaptation (600 s), a light-adapted single flash intensity series followed by one additional flicker 
step was recorded. The protocol took ca. 45 minutes per animal (not including preparation time). 
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Data were exported as tab delimited text files and imported into Excel version 14.1.0 

(Microsoft, Redmond, USA) for Macintosh OSX. Custom macros were written in 

Visual Basic to automate extraction of a- and b-wave amplitudes for single flash 

recordings and amplitude of flicker recordings. These data were then imported for 

statistical analysis into SPSS (Statistical Package for Social Sciences version 21 by 

IBM [SPSS Inc., Chicago, USA]). 
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2.6 Scanning laser ophthalmoscopy  

 

For en face retinal imaging, we used the Spectralis™ HRA device from 

Heidelberg Engineering (Heidelberg Engineering, Heidelberg, Germany) featuring 

two diode lasers with emission spectra centred around λ = 488nm and 785nm. 

Appropriate barrier filters at 500 and 800nm remove the reflected light with 

unchanged wavelength while recording emissions between ca. 500-700nm in the 

autofluorescence (AF) channel or above 800nm in the infrared (IR) channel. 

 Mice were imaged directly after ERG recordings while still under influence of 

the anaesthesia. Lubricating eye drops (Hypromellose BPC 0.3%; Matindale 

Pharmaceuticals, Romford, UK) were applied before fitting a contact lens to improve 

image quality and prevent corneal desiccation and subsequent cataract formation 

(PMMA mouse lens, back optic zone radius of 1.7 mm, total diameter of 3.2 mm, 

centre thickness of 0.4 mm, straight sides; Cantor and Nissel, Brackley, UK).  

For image acquisition, the animal was placed on a platform mounted on the 

chin rest of the imaging device so that its eyes were positioned approximately at the 

level of the marking for a human patients’ eye position. The IR mode was used for 

camera alignment relative to the mouse eye. The first image was recorded after even 

illumination was achieved and focus set on the nerve fibre layer. 

Images were recorded using the automatic real-time (ART) mode, which is 

able to track slight movements of the fundus (e.g., caused by respiration) based on 

fundus landmarks with high contrast and thus build an average of n iterative images. 

This improved signal to noise ratio (SNR), whereby SNR improved by the square root 

of n (i.e. SNR is tripled with ART set to average n = 9 images). Single-averaged 
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images were recorded with an intensity resolution of 8 bits/pixel, a 1536 x 1536 pixel 

spatial resolution, and a frame rate of 4.8 frames/s. The detector sensitivity setting of 

the Spectralis HRA was set to 50 for IR recordings, but 107 (maximum) for AF 

recordings as AF levels in mice are low [135]. 

 Images were exported from the Heidelberg Eye Explorer as 

uncompressed TIF files and processed using ImageJ 1.48v (Wayne Rasband, National 

Institutes of Health, Bethesda, USA).  

For quantitative analysis of hyperfluorescent dots, AF images were 

converted to 8-bit grey scale and dissected along the horizontal midline into a cropped 

superior and inferior hemi-retina. Auto-thresholding was applied using the triangle 

strategy with the option to ignore white, ignore black and ignore white objects on 

black background. This resulted in a high contrast image with high detection threshold 

for autofluorescent dots.  
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2.7 Transgene detection 

 

All antibody based detection methods made use of following primary and secondary 

antibodies at given dilutions unless otherwise stated. Antibodies were stored as 

aliquots according to the manufacturers’ instructions to avoid freeze-thaw cycles.  

!
Table 2.7 Overview of primary antibodies used in this work. 

Antibody  Origin 
source / target / 
clonality Epitope 

Stock 
[mg/ml] 

Dilution 
used Technique 

C-RPGR^512-
531  

Aldevron, 
Freiburg, 
Germany 

rabbit / human / 
polyclonal 

EKSLKLSPVQKQKKQQTIG
E 1.28 1:500 

WB, ICC, 
IHC 

N-RPGR^19-
35/113-129  Aldevron 

rabbit / human / 
polyclonal 

KSKFAENNPGKFWFKND / 
GNNEGQLGLGDTEERNT 1.9 1:500 WB, ICC 

Anti-RPGR (N 
term) antibody  Sigma-Aldrich  

rabbit / human / 
polyclonal 

EINDTCLSVATFLPYSSLTS
GNVLQRTLSARMRRRERE
RSPDSFSMRRTLPPIEGTL
GLSACFLPNSVFPRCSERN
LQESVLSEQDLMQPEEPD
YLLDEMTKEAEIDNSSTVE
SLGETTDILNMTHIMSLN 0.2 

1:500 
(WB), 
1:200 
(IHC) 

WB, ICC, 
IHC 

Anti-RPGR (C 
term) antibody  Sigma-Aldrich 

rabbit / human / 
polyclonal C-terminus 0.25 1:500 WB, ICC 

Rpgr Antibody 
(M-20)  

Santa Cruz, 
Heidelberg, 
Germany 

goat / mouse / 
polyclonal 

mouse Rpgr (near C-
terminus) 0.2 1:200 IHC 

Rpgrip1 
Antibody (E14) Santa Cruz  

goat / mouse / 
polyclonal mouse Rpgrip1 0.2 1:200 IHC 

Anti-GAPDH  
OriGene, 
Cambridge, UK 

mouse / human, 
mouse, rat, dog, 
monkey / 
monoclonal 

full length human 
recombinant protein of 
human GAPDH 
(NP_002037)  1 1:2,000 WB 

Anti-beta actin 
Gibco, Life 
Technologies 

mouse / human, 
mouse / 
monoclonal 

A slightly modified synthetic 
beta-cytoplasmic actin N-
terminal peptide conjugated 
to KLH  1:1000 WB, ICC 

 
Table 2.7 Overview of primary antibodies used in this work. WB = western blot; ICC = immunocytochemistry; IHC = 
immunohistochemistry.  
 
Table 2.8 Overview of secondary antibodies used in this work.!

IRDye® 
680RD  

Li-Cor 
Biotechnologies, 
Cambridge, UK 

donkey / mouse 
/ polyclonal mouse IgG (H&L) 1 1:10,000 

WB, 
fluorescent  

IRDye® 
800CW  Li-Cor 

donkey / mouse 
/ polyclonal mouse IgG (H&L) 1 1:10,000 

WB, 
fluorescent  

IRDye® 
800CW  Li-Cor 

donkey / rabbit / 
polyclonal rabbit IgG (H&L) 1 1:10,000 

WB, 
fluorescent  

IRDye® 
680RD Li-Cor 

donkey / goat / 
polyclonal goat IgG ((H&L) 1 1:10,000 

WB, 
fluorescent  

Donkey Anti-
Rabbit HRP 

Abcam, 
Cambridge, UK 

donkey / rabbit / 
polyclonal rabbit IgG (H&L) 0.5 1:10,000 WB 

Donkey Anti-
Mouse HRP Abcam 

donkey / mouse 
/ polyclonal mouse IgG (H&L) 0.5 1:10,000 WB 

 
Table 2.8 Overview of secondary antibodies used in this work. WB = western blot; IgG = immunglobulin G; H&L = 
heavy and light chains are conjugated. 
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2.7.1 Immunocytochemistry and flow cytometry  

 

HEK293T cells were used for expression of transgene (RPGRORF15) by 

transfection with respective expression-plasmids. Indirect labelling of the RPGRORF15 

required two incubation steps, firstly with a primary antibody directed against 

RPGRORF15 then with a compatible secondary antibody with conjugated fluorescent 

dye (see tables 2.6 and 2.7) at the following concentrations: 

 

Table 2.9 Overview of antibodies and concentrations used for 
immunocytochemistry and flow cytometry. !
1° antibody target  species / kind 1° antibody concentration  2° antibody / concentration 

RPGR (N-terminal) rabbit polyclonal 1:500 in PBS-T w/t 1% BSA donkey anti-rabbit 1:5,000 

beta actin rabbit polyclonal 1:500 in PBS-T w/t 1% BSA donkey anti-rabbit 1:5,000 

GAPDH  rabbit polyclonal 1:5000 in PBS-T w/t 1% BSA donkey anti-rabbit 1:5,000 

 
Table 2.9 Primary (1°) or secondary (2°) antibodies were diluted in 0.01M phosphate-buffered saline (PBS) with 0.1% 
Triton -X and 1% bovine serum albumin (BSA).  
 

Forty-eight hours after transfection, cells were washed before resuspension to 

approximately 1-5 x 106 cells/ml in ice cold 0.01M PBS. After fixation in 1% (v/v) 

paraformaldehyde (PFA) for 10 minutes at 4 °C, cells were gently pelleted down at 

120g for 5 minutes at 4 °C. Aqueous solution was carefully aspirated and cells 

resuspended in blocking solution (10% (w/v) donkey serum in PBS-T [0.1% Triton-X 

in 0.01M PBS]). After 30 minutes, cells were spun again as above and supernatant 

removed. Primary antibody solution was added at the appropriate concentration and 

sample incubated at room temperature for 2h. After three wash steps (cells pelleted 

down at 120g for 5 minutes at 4 °C, supernatant removed, cells resuspended in ice 

cold PBS-T), a fluorochrome-labelled secondary antibody (optionally, Hoechst 33342 
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dye was added to the secondary antibody solution at 1:5000) was added for 30 

minutes in the dark at room temperature, followed by the same washing procedure. 

Cells were kept on ice until further processing on the same day. 

 

Cell suspension was either added drop-wise on a poly-L-lysine coated glass 

slide (Gerhard Menzel GmbH, Braunschweig, Germany) and mounted in ProLong® 

Gold (Life Technologies) for fluorescence microscopy. Alternatively, cells were 

subjected to flow cytometry using a CyAn Advanced Digital Processing (ADP) LX 

High-Performance Research Flow Cytometer (DakoCytomation, Beckman Coulter 

Ltd, High Wycombe, UK) at the Flowcytometry Facility of the University of Oxford 

(The Jenner Institute, Nuffield Department of Medicine). This 9-colour digital flow 

analyser features three solid-state lasers (488nm, 635nm and 405nm) and analyses up 

to 500,000 events per second. Gate settings were chosen for a false discovery rate of < 

1% for quantitative analysis of positive cells and their median fluorescence intensity.  

 

 

2.7.2 Liquid chromatography-tandem mass spectrometry 

 

HEK293T cells were used for expression of transgene (RPGRORF15) by 

transfection with respective expression-plasmids. Forty-eight hours after transfection, 

cells were washed and brought into suspension with 0.01M PBS before spinning at 

120g and 4 °C for 10 min. Centrifugation was repeated after resuspending pellet in 

500 µl of 0.01M PBS. Supernatant was discarded and cell pellets subjected to a single 
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freeze-thaw cycle before adding 200 µl ice-cold Radio-Immunoprecipitation Assay 

(RIPA) buffer with one dissolved cOmplete mini EDTA-free protease inhibitor 

cocktail tablet (Roche Products Ltd., Welwyn Garden City, UK) per 10 ml of RIPA 

buffer. Cell pellets were mechanically disrupted with polypropylene pellet pestles on a 

motor-driven grinder (Sigma-Aldrich) and cell fragments spun down at 13,800 x g and 

4 °C for 30 min. Supernatant was quantified using the Pierce™ bicinchoninic acid 

(BCA) Protein Assay Kit (Thermo Scientific) according to the manufacturers’ 

instructions. The microplate procedure was used for colorimetric quantitation of total 

protein: First, the working reagent and nine bovine serum albumin standards were 

prepared with final concentrations ranging from 25 to 2000 µg/ml. After 25 µl of each 

standard or unknown sample replicate was pipetted into a white 96 microplate well, 

200 µl of the working reagent was added and the plate mixed on a shaker for 30 

seconds before incubating at 37 ° for 30 minutes. After the plate cooled to room 

temperature, the absorbance at 562nm was assessed on a Biochrom EZ Read 400 plate 

reader.  

Samples were diluted to 1 µg/µl total protein concentration and denatured in 

Laemmli buffer (Sigma-Aldrich) for 20min at RT. Ten µg total protein was loaded per 

well using 7.5% sodium dodecyl sulfate polyacrylamide gels (Criterion™ TGX™ 

Precast Gels, Bio-Rad Laboratories Ltd., Hemel Hempstead, UK) for electrophoresis 

at 100V for 2h (SDS-PAGE). EZBlue™ Gel Staining Reagent (SIGMA) was used to 

stain proteins according to the manufacturers’ instructions: The SDS-PAGE Gel was 

rinsed three times for 5 minutes each in an excess of water to remove SDS before 

incubating the Gel in the EZBlue Gel Staining Reagent for 2h at room temperature on 

a shaker. The gel was then washed in excess water for 2h before an image was taken 
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and the appropriate bands excised with a disposable scalpel. Bands were transferred to 

1.5 ml Eppendorf tubes and stored at 4 °C until further processing at the Proteomics 

Centre of the University of Oxford (Dunn School of Pathology). Samples were 

digested using trypsin, lysine C, lysine N, pepsin, formic acid, elastase and/or V8 

protease followed by liquid chromatography-tandem mass spectrometry (LC-

MS/MS). Peptide fragments were recorded along with their sequence identity and 

matched to the human proteome.  

 

 

2.7.3 Western blot 

 

Protein samples were prepared and separated using SDS-PAGE as described 

above in case of in vitro plasmid transfection experiments. In case of in vivo 

experiments, mouse eyes were removed from the eye socket after cervical dislocation 

and quickly dissected in ice cold 0.01M PBS using a dissection microscope. Whole 

retina was immediately transferred to 200 µl RIPA lysis buffer with protease 

inhibitors before subjecting samples to one freeze-thaw cycle. Thawed samples were 

subject to homogenisation with polypropylene pellet pestles on a motor-driven grinder 

(Sigma- Aldrich) and cell fragments spun down at 13,800 x g and 4 °C for 30 min. 

Protein in the supernatant solution was then quantified using the Pierce™ 

bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific) and processed as 

other protein samples for SDS-PAGE as described above.  
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Gels were carefully placed onto polyvinylidene difluoride (PVDF) membranes 

with 0.2µm pore size (Trans-Blot® Turbo™ Midi PVDF, Bio-Rad) and proteins 

blotted using the Trans-Blot® Turbo™ Transfer Starter System (Bio-Rad) according 

to the manufacturers’ instructions using the midi setting (7min at 25V). PVDF 

membranes were then cut into sections depending on size of target protein and loading 

control to stain independently with respective primary and/or secondary antibodies 

(see tables 2.6 and 2.7). 

PVDF membranes were blocked, washed and incubated with antibody 

solutions in the SNAP i.d.™ protein detection system (Millipore (U.K.) Ltd., Feltham, 

UK) according to instructions by the manufacturer. Briefly, membranes were placed 

in wells of appropriate size with the protein-loaded side facing up towards the open 

chamber of the well. 0.01M PBS with 0.1% Triton-X (PBS-T) was combined with 1% 

bovine serum albumin (BSA). To block unspecific binding, 10 ml PBS-T with 1% 

BSA was added to each well and vacuum applied to draw solution through PVDF 

membrane. Primary antibody solution (3 ml) was applied to the well and left to 

incubate for 10min at RT before applying vacuum followed by washing 3x with ca. 30 

ml PBS-T. Incubation with horseradish peroxidase (HRP) linked secondary antibody 

followed the same steps as with the primary antibody solution. After the final washing 

step, membranes were removed from wells and incubated with Luminata forte ELISA 

HRP substrate (Millipore) to allow activation of chemiluminescence. Membrane 

sections were carefully re-assembled in a BAS cassette 2040 (FUJIFILM UK Ltd., 

Bedford, UK) for exposure on CL-Xposure™ film (Thermo Scientific) in a dark 

chamber. Films were developed in a Compact X4 Automatic X-ray Film Processor 

(Xograph Healthcare, Gloucestershire, UK) and resulting films scanned using an 
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Epson Perfection V30 flatbed scanner (Epson (UK) Ltd., Hertfordshire, UK) in an 

uncompressed tagged image file format (TIFF) with 16bit colour depth and 1200dpi 

resolution. 

 

 

2.7.4 Immunohistochemistry 

 

For immunohistochemistry of treated or untreated mouse eyes, only unfixed 

tissue was used in order to detect ciliary proteins, such as RPGRORF15, as antigen 

detection at the connecting cilium is hampered by the cross-linking activity of 

fixatives such as PFA. Eyes were harvested as described above, quickly embedded in 

Tissue-Tek® O.C.T. compound (Sakura Finetek USA Inc., USA) without fixation 

and/or dehydration and frozen in dry-ice cooled isopentane. Samples were stored at -

80 °C until cryosections were prepared at 16µm thickness and collected on a poly-L-

lysine coated glass slide (Gerhard Menzel GmbH). Sections were kept within the 

cryostat at -12 °C until all relevant sections had been prepared. Only then, they were 

briefly allowed to settle to room temperature to allow the OCT to melt on the glass 

slide, which prevented mobilisation of the sections during the following steps. 

Following a brief wash with 0.01M PBS (1 minute), sections were blocked with 10% 

donkey serum in PBS containing 2% bovine serum albumin for 10 minutes and then 

incubated with primary antibody diluted in 2% bovine serum albumin for 45 minutes. 

Sections were washed briefly (1 minute) in PBS before incubating with fluorochrome-

conjugated secondary antibodies and Hoechst 33342 dye at 1:5000 for 30 minutes. 
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Sections were washed again (1 minute) and mounted in ProLong® Gold (Life 

Technologies) for fluorescence microscopy only minutes to hours later. 

Retinal sections were viewed on a confocal microscope (Zeiss LSM710). 

Flourophore-labelled epitopes were located using epifluorescence illumination before 

taking a series of XY optical sections. The fluorescence of Hoechst, GFP/Alexa-488, 

Alexa-555, Alexa-568, and Alexa-635 was sequentially excited using 350-nm UV, 

488-nm argon, and the 543-nm HeNe lasers, as appropriate. Stacks were built to give 

XY projection images where appropriate, and images were processed using Image J.  
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2.8 Statistical analysis 

 

Data were collated in spread sheets using Excel version 14.1.0 (Microsoft, 

Redmond, Washington, USA) and analysed using Statistical Package for Social 

Sciences (SPSS) version 21 by IBM (SPSS Inc., Chicago, IL, USA), both for 

Macintosh OSX. Statistical significance was defined as α = 0.05 for all tests. One 

asterisk indicates a significance level of < 0.05, while two indicate α < 0.005 and three 

asterisks symbolise α < 0.0005 in all figures. 

Data were tested for normality of distribution using the Shapiro Wilk test. If 

the null hypothesis of normality was retained, analysis of variance (ANOVA) or a 

Student t test was used to test for a significant difference where appropriate. 

Nonparametric tests such as the Kruskal-Wallis or Mann-Whitney U test were 

otherwise applied as appropriate.  
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3.1 Introduction 

 

The coding sequence (cds) of a gene serves as template for translation of 

nucleic acid sequence into peptides. It involves the cds contained in the mRNA 

transcript, ribosomal complexes and amino acids, which are bound to tRNA 

molecules. Three consecutive nucleotides in the cds (e. g. UUA) constitute a codon. 

tRNA molecules have complementary anti-codon sequences (e.g. AAU), briefly bind 

to the codon sequence within the ribosomal complex and contribute a single amino 

acid (e.g. Leucine) they are carrying to the growing chain of amino acids forming the 

growing peptide encoded by the cds. 

 With four nucleotides available to encode each of the three positions in a 

codon, 43 = 64 codons can be formed. Because three combinations encode stop signals 

(UAA, UAG, UGA) 61 possible combinations are available for 20 amino acids. This 

redundancy results in multiple codons translating into the same amino acid: Leucine, 

for example, is added at codon sequences UUA, UUG, CUU, CUC, CUA or CUG.  

 In the early 1970s, Walter Fiers and colleagues discovered a strikingly non-

random pattern of codon usage in a bacteriophage genome and first hypothesised that 

non-random codon and tRNA frequency might be involved in regulating rates of gene 

expression [136]. Indeed, highly expressed genes preferentially use so-called major 

codons, i.e. codons with the highest abundance of matching tRNA molecules to make 

translation more efficient, a concept called ‘codon bias’. In case of Leucine for 

example, all six codon sequences (see above) would lead to the correct amino acid 

being inserted. But if the most abundant tRNA molecule would carry the anti-codon 

for UUA, this codon would result in more efficient translation than any of the other 
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nucleotide combinations. This observation was utilized to generate codon adaptation 

indices (CAI), which aim to reflect the use of high abundance codons in the 

investigated sequence [137]. 

Codon frequency varies across species and the strategy of codon optimisation 

for the intended host organism was adopted to improve expression in heterologous 

expression systems, for example expressing human insulin like growth factor (IGF) in 

chloroplasts as potential bioreactors for recombinant protein production [138]. By 

optimising the cds for the codon frequency in chloroplasts, human IGF was produced 

much more effectively. Importantly, codon optimisation was also shown to lead to 

increased expression when applying this concept to mammalian genes in mammalian 

cells [139].  

In the context of gene therapy with rAAV as vector system with its limited 

packaging capacity, codon optimisation offers the potential to increase transgene 

expression without additional regulatory elements such as WPRE in cis. Moreover, 

changing the nucleotide sequence without altering the translated amino acid sequence 

(silent substitutions) of the transgene e. g. allows to change CG content, remove 

unwanted repeat sequences and/or restriction sites that may interfere with cloning. 

 However, the most important advantage of optimising codons in difficult 

sequences such as RPGRORF15 lies in the potential to improve sequence fidelity. 

Changing nucleotides without changing the resulting amino acid sequence carries the 

potential to make the sequence more stable and less prone to spontaneous mutations 

during the production of vectors for gene therapy. 
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3.2 Aims 

 

The full-length human RPGRORF15 cds encodes an 1152 amino acid protein 

with a highly repetitive, purine rich mutational hotspot as C-terminal exon. Cloning 

this isoform without random mutations being introduced is difficult – as is direct 

sequencing of the adenine/guanine rich regions since polymerases have a tendency to 

stop at guanine repeats. 

 The overall aim was therefore to optimise the codon usage of RPGRORF15 cds 

in order to increase sequence fidelity during the cloning process and provide a 

construct with the potential to sidestep previous problems in clinical vector design. 

Additionally, increasing the CAI of RPGRORF15 cds through introducing synonymous 

major codons where possible might lead to higher transgene expression without the 

use of accessory regulatory elements in the transgene cassette. This is important as the 

cds of RPGRORF15 even without promoter or polyadenylation site already fills more 

then three quarters of the available space between the inverted terminal repeats of the 

gutted rAAV genome. 
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3.3 Materials and methods 

 

Geneious software was used to search the consensus coding sequence (CCDS) 

database of the National Center for Biotechnology Information (NCBI) for the 

reference human RPGRORF15 nucleotide sequence. The complete cds was subjected to 

the OptimumGene™ algorithm (GenScript, Piscataway, USA) to optimize a variety of 

parameters that are critical to the efficiency of gene expression, including codon usage 

bias, GC content, CpG dinucleotides content, mRNA secondary structure, cryptic 

splicing sites, premature poly-A sites, internal chi sites and ribosomal binding sites, 

negative CpG islands, RNA instability motif (ARE), repeat sequences (direct repeat, 

reverse repeat, and Dyad repeat) and restriction sites that may interfere with cloning. 

The codon frequency table that was used is displayed in Fig. 3.1. The codon optimised 

human coding sequence (cds) of the retina-specific isoform RPGRORF15 was 

Fig. 3.1 Codon frequency table for Homo sapiens used for codon optimisation of RPGRORF15. 
Each codon is indicated by the three nucleotide sequence (e.g. TTT), followed by its frequency 
per 1000 (e.g. 16.9) and the total number (e.g. 336562). The human codon usage table had been 
calculated from a set of 19250 human genes from the Ensembl database (Release 57) with 
UniProtKB/SwissProt ID and is available in the public domain : http://genomes.urv.cat/CAIcal/CU_ 
human_nature.html. 
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synthesised by GenScript. The wild type sequence of RPGRORF15 was synthesised by 

OriGene and provided in the pCMV6-XL vector backbone and by GenScript in a 

pUC57 vector backbone for cloning. 

 Sequences were confirmed by Sanger sequencing by Source BioScience 

services at the Department of Biochemistry, University of Oxford. For this, multiple 

samples were prepared at 100ng/µl plasmid DNA and appropriate sequencing primers 

were added at 3.2pmol/µl to initiate reads at various locations along the predicted 

sequence (Fig. 3.2).  

 

 

For the first 13 exons, primers were designed to anneal every ca. 300 bp to 

allow overlap between readouts and trimming of start and end sequences with poor 

signal-to-noise ratio. For the purine rich ORF15 region, a multitude of primers were 

designed for both forward and reverse strand sequencing (Table 3.1 and 3.2) as 

sequence reactions produced much shorter readouts and sometimes failed to produce 

results altogether. 

Fig. 3.2 Overview of sequencing primer alignment along (a) wtRPGRORF15 and (b) coRPGRORF15 coding 
sequences. Note that more primers needed to be designed and applied within the ORF15 region of the 
wtRPGRORF15 cds in order to achieve full coverage of the sequence. This is due to difficulties in primer 
annealing and due to frequent premature terminations of sequencing reactions because of poly-G runs in the 
ORF15 region of wtRPGRORF15. 
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Table 3.1 Overview of primers used to clone and sequence wtRPGRORF15.!
Primers for wtRPGRORF15 [5’ to 3’] 

RPGRHindIIIFW ATGAGGGAGCCGGAAGAGCTGA 
wtRPGR_ORF15_3,097_R  CCCCCTCTCCTTCCTCCC 
wtRPGR_ORF15_2,191_F GGGGAGGAGGAGCATGGA 
wtRPGR_ORF15_2,190_F AGGGGAGGAGGAGCATGG 
RPGRRC1  TGATCCTAATCCTAACTG 
RPGRFW4 GAGGAAGGAGAAGGGGAAGGGGAGGAT 
RPGRFW3  TAGCAGAGAAGGAAGAAT 
RPGRFW2 GACCTCATGCAGCCAGAG 
RPGRFW1 ATCAGCTCCTGGGCAATCACA 
RC2 TGGCATTTTGGACCTCTGCT 
newFW4 AAGCAGAGGTGAGTGAAGGC 
FW5 AGCAGAGGTCCAAAATGCCA 
DF_newRPGRFW5 AGTGGAAGGGGAGGTGGAAG 
DF_newRPGRFW4 TAGAGGGAGGGGAAGTAGAG 
DF_newRPGRFW3 TATCAGATGACCTTACAGAC 
RPGRSacIRC TTACTTCAATTCCAAGTAATGTGGT 

 
Table 3.1 Overview of primers used to clone and sequence wtRPGRORF15. 

 

Table 3.2 Overview of primers used to clone and sequence coRPGRORF15.!
Primers for coRPGRORF15 [5’ to 3’] 

coRPGRKpnIFW ATGAGAGAGCCAGAGGAGCTGA 
newCoRPGR_RC2 CTCTTCCCTATTTCTCCGGTT 
new_coRPGRfw5 AACCGGAGAAATAGGGAAGAG 
new_coRPGRfw4 AAGGAGGAAGGAGAACGGAAG 
new_coRPGRfw4_mc CGAGGAAGTGGAAGGCGAGAG 
coRPGRRC1 ATCCAAATCTGCTATCTC 
coRPGRFW4 AGGCGAGGAAGAGGAAGGCGA 
coRPGRFW3 GATGGAACGACCTGGAGAG 
coRPGRFW2 ATCTGATGCAGCCAGAGGA 
coRPGRFW1 CAGCTGCTGGGCAATCAC 
coRPGRSacIRC TTATTTCAGTTCCAGATAGTG 

 
Table 3.2 Overview of primers used to clone and sequence coRPGRORF15. 

 

Once the sequences were verified with at least two times coverage, they were 

PCR amplified with primers designed to add the appropriate restriction sites on both 

ends of the RPGRORF15 coding sequence for subcloning into an rAAV production 

plasmid vector (pAAV2 from Vector BioLabs, see Fig. 3.3). These primers also 
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introduced a Kozak consensus sequence (5’-GCCACC-3’) immediately upstream of 

the start codon to improve efficiency of ribosomal binding and initiation of translation 

in eukaryotes as shown in Table 3.3 and 3.4.  

 

Table 3.3 Primers used to introduce Kozak consensus sequence in wtRPGRORF15.!
Primers for wtRPGRORF15 

RPGR_HindIII_FW  ATGAGGGAGCCGGAAGAGCTGA 
RPGR_SacI_RC TTACTTCAATTCCAAGTAATGTGGT 

 
Table 3.3 Primers used to introduce Kozak consensus sequence in wtRPGRORF15. 

 

Table 3.4 Primers used to introduce Kozak consensus sequence in coRPGRORF15.!
Primers for coRPGRORF15 

CORPGR_KpnI_FW ATGAGAGAGCCAGAGGAGCTGA 
CORPGR_SacI_RC TTATTTCAGTTCCAGATAGTG 

 
Table 3.4 Primers used to introduce Kozak consensus sequence in coRPGRORF15. 

 

PCR products were tested for appropriate size (i.e. to exclude larger deletions) 

using 1% agarose gel electrophoresis. Appropriate bands were documented, excised 

for gel extraction and eluted DNA preparations digested using sequence specific 

restriction enzymes (HindIII and SacI for wtRPGRORF15; KpnI and SacI for 

coRPGRORF15; all New England Biolabs). Digestion reactions were again purified by 

agarose gel electrophoresis, appropriate bands were documented and excised for 

subcloning the construct into the multiple cloning site of an appropriately pre-digested 

pAAV2 vector backbone (Fig. 3.3).  
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This plasmid features an AAV2 internal terminal repeat (ITR) sequence 

followed by the ubiquitous cytomegalovirus early enhancer and chicken beta-actin 

hybrid promoter (CAG), which is known to drive high expression levels in a number 

of cell classes in the retina including photoreceptor cells [140]. The promoter 

sequence is followed by a multiple cloning site (MCS), a downstream polyadenylation 

(pA) signal from the bovine growth hormone (bGH) and a second AAV2 ITR 

sequence. The backbone contains an f1 origin of replication (ORI) that allows for the 

packaging of ssDNA into phage particles (position 4576-4882). Furthermore, the 

backbone features an ampicillin resistance gene (5401-6258) of 858bp, which is 

driven by an upstream 29 bp promoter sequence (5331-5359). A pUC57 ORI (6409-

Fig. 3.3 Map of the commercial vector backbone pAAV2 from Vector BioLabs. Both coding 
sequences wtRPGRORF15 and coRPGRORF15 were subcloned using this vector by inserting them 
in the multiple cloning site (MCS). 
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7076) just 5 bp upstream of the initial ITR sequence allows for replication in bacterial 

hosts. The following plasmids were therefore engineered: 

 

I. ITR.CAG.Kozak.wtRPGRORF15.bGHpA.ITR (referred to as CAG.wtRPGR)  

 

II. ITR.CAG.Kozak.coRPGRORF15.bGHpA.ITR (referred to as CAG.coRPGR)  

 

XL10-Gold ultracompetent bacteria (Stratagene, Agilent Technologies) were 

transformed with the above plasmids as detailed in section 2.1.3. For 

minipreparations, single colonies were picked and processed as detailed in section 

2.1.1. Resulting plasmid DNA preparations were digested in 5 µl aliquots with the 

appropriate restriction enzymes (HindIII and SacI for CAG.wtRPGR and Kpn1 and 

SacI for CAG.coRPGR) and subjected to electrophoresis on 1% agarose gels to 

confirm presence of the transgene cassette and test for variations in fragment length 

(i.e. deletions). Promising candidates were then sequenced again to confirm integrity 

of the construct with at least two times coverage.  

Once sequence was confirmed, another round of propagation in XL10-Gold 

ultracompetent bacteria was performed to allow a larger preparation (mega-

preparation) of plasmid DNA using the Qiagen® EndoFree® Mega Kit according to 

the instructions provided by the manufacturer and detailed in section 2.1.1. These 

mega-preparations were then sequenced again to confirm integrity of the construct 

with at least two times coverage before testing for transgene expression levels (this 

chapter) or other downstream applications such as production of rAAV (next chapter).  
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3.4 Results 

 

The result of the database query for human RPGRORF15 was a 3459bp long 

coding sequence (CCDS 35229.1) known as X-linked retinitis pigmentosa GTPase 

regulator isoform C, transcribed and spliced from gene ID 6103 on the minus strand of 

the X chromosome at Xp21.1.  

 The sequence featured a well-balanced GC content of 47.2% and a Tm at 84.1 

°C, but an overabundance (72%) of purines vs. pyrimidines with 36% adenine and 

35.5% guanine. This imbalance was even most pronounced regionally within the 

coding sequence. In one particular 959 base pair fragment (Fig. 3.4) of the central 

ORF15 region 93% of nucleotides were purines (56% guanine > 37% adenine >> 6% 

cytosine > 1% thymidine).  

 

 

This limited variability leads to high rate of repetitions of 15-33bp long 

nucleotide sequences in the region between 2,458 and 2,799 of the cds and multiple 

poly-guanine runs (5’-GGGGAGGGG-3’), which are notoriously difficult to sequence 

as the long run of Gs inhibits the ability of the polymerase to unwind the template. 

Fig. 3.4 Example of highly repetitive and purine (adenine/guanine) rich sequence within ORF15 of wtRPGRORF15. This 959bp 
fragment holds 93% purines and only 6% cytosine and 1% thymidine nucleotides. It illustrates the repetitive nature of the ORF15 
sequence, which is known as mutational hotspot. G = guanine (yellow); A = adenine (red); C = cytosine (blue); T = thymidine (green). 
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Another consequence of the repetitive, purine rich nucleotide sequence is a 

skewing of the amino acid frequency towards glutamic acid (26.6%) and glycine 

(15.4%) with all 17 other amino acids (not counting methionine) featuring in only 0.7 

– 6.6% of the cases. 

 These particular characteristics of the wildtype human RPGRORF15 coding 

sequence almost certainly contribute to the genetic instability of the gene thereby 

leading to the high prevalence of mutations found in patient populations. 

 

 

3.4.1 An optimised coding sequence for RPGR  

 

Analysis of the codon adaptation index of wtRPGRORF15 showed a moderate 

CAI of 0.73 with 10% use of minor codons (low abundance codons) but only 32% use 

of major codons, i.e. codons with the highest usage frequency for a given amino acid 

in Homo sapiens. This frequency of optimal codons (FOP) was changed in favour of 

higher codon quality groups during codon optimisation: only 1% minor codons were 

left unchanged and the frequency of major codons was increased to 56%. This 

improved the CAI to 0.87 for codon optimised RPGRORF15 (coRPGRORF15). 

 In addition to increasing the CAI, codon optimisation also removed a MfeI 

restriction site and several cis-acting elements such as a potential splice site 

(GGTGAT), four polyadenylation signals (three AATAAA and one ATTAAA), two 

polyT (TTTTTT) and one polyA (AAAAAAA) sites. GC content and unfavourable 

peaks were optimised to prolong the half-life of the mRNA. Secondary structure 
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formations (stem-loops), which would reduce the chance of ribosomal binding and 

render mRNA less stable, were disabled. The pairwise % identity between 

wtRPGRORF15 and coRPGRORF15 was 77.2% with most changes occurring in the 

ORF15 region (Fig. 3.5, next page).  

 

 

  

Fig. 3.5 (next page) Codon optimisation of RPGRORF15 leads to significant changes in the primary coding sequence. a) 
shows the GC frequency (%) along the full coding sequence of RPGRORF15 with wild type RPGRORF15 indicated on the 
top (black) and codon optimised RPGRORF15 (coRPGRORF15) at the bottom (red) with grey breaks indicating the 
changes from the wild type sequence. b) The full sequence is displayed with coRPGRORF15 on top indicating and the 
silent substitutions indicated in red. The wild type RPGRORF15 sequence is displayed as reference below. 
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3.4.2 Codon optimised RPGR shows higher sequence fidelity than wildtype 

RPGR  

 

The synthesized sequence of coRPGRORF15 showed no sequence deviation 

throughout the necessary steps towards successfully subcloning it into the Vector 

BioLabs pAAV2 plasmid for downstream rAAV vector production. Synthesis of the 

original plasmid product containing coRPGRORF15 at GenScript took ca. 6 weeks. In 

contrast, synthesis of a first wtRPGRORF15 sequence by OriGene took more than 5 

months due to difficulties in the quality control steps (personal communication with 

OriGene). Several transformation experiments with XL10-Gold ultracompetent 

bacteria failed and – once successful – showed a 12 base pair deletion in the ORF15 

region in three independent samples stemming from the wtRPGRORF15 plasmid by 

OriGene (Fig. 3.6, next page).  
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Fig. 3.6 Sequencing of the OriGene wtRPGRORF15 containing pCMV-XL cloning vector revealed a 12bp deletion in the 
ORF15 region. CMV = cytomegalovirus; MCS = multiple cloning site; hGH = human growth hormone; pA = polyA site; 
SV40 = simian virus 40; rep origin = origin of replication; ColE1 = colicin E1; f1 rep origin = origin of replication from a 
f1 phage.  

 

Synthesis of a correct version of wtRPGRORF15 by GenScript also took ca. 

double the time compared with the coRPGRORF15 (ca. 12 weeks). All subsequent steps 

involving wtRPGRORF15 en route to the subcloning into the pAAV2 plasmid showed 

lower numbers of clones with correct fragment size: out of 24 colonies of XL10-Gold 
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bacteria following transformation with wtRPGRORF15, only three samples featured 

expected fragment sizes (red asterisks in Fig. 3.7b). In contrast, cloning of 

coRPGRORF15 resulted in 18 out of 24 positive clones (red asterisks in Fig. 3.7d). 

Furthermore, plasmid DNA concentration from coRPGRORF15 minipreparations were 

ca. 50% higher (n = 24, unpaired, two-tailed t-test: p = 0.0004), while 260/280 ratio 

remained unchanged. 

 

Fig. 3.7 Codon optimisation improves cloning efficiency. Top panel (a-b) shows cloning steps of wtRPGRORF15 
plasmid. 24 colonies from the plate in a) were grown for minipreparations. Digestion before agarose gel 
electrophoresis in b) features only three samples with expected product sizes. In contrast, cloning of coRPGRORF15 (c) 
resulted in 18 out of 24 positive clones (d). Furthermore, plasmid DNA concentration of coRPGRORF15 
minipreparations (e) were significantly higher (n = 24, unpaired, two-tailed t-test: p = 0.0004), while 260/280 ratio 
remained unchanged (f).  
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Sequencing the wtRPGRORF15 construct at various stages of the subcloning 

posed a major challenge due to the repetitive nature and poly-G runs within the 

ORF15 region. Some regions required use of dGTP sequencing to improve read 

through in purine rich regions (e.g. Fig. 3.4) with long guanine runs. While this 

technique provides better read-through, it is more likely to introduce band 

compressions (the reason why in standard Sanger reactions the analogous molecule 

deoxyinosine triphosphate [dITP] is used instead of deoxyguanosine triphosphate 

[dGTP]). 

In eight independent cloning experiments (n=4 for each construct), an average 

of 30 sequence runs were necessary to gain full coverage of wild type construct, while 

a mean of eight sequence runs were sufficient for the coRPGRORF15 sequence. 

Alignment of sequence data to the reference revealed numerous deletions, insertions, 

and point mutations of (mostly) single nucleotides in wtRPGRORF15, but none in 

coRPGRORF15. 

 

Table 3.5 Overview of mutations found in plasmid preparations. 
 wtRPGRORF15 coRPGRORF15 

deletions [mean (range)] 1.5 (0 - 4) nil 

insertions [mean (range)] 0.5 (0 - 1) nil 

point mutations [mean (range)] 17.8 (9 - 33) nil 
   

Total [mean (range)] 19.75 (9 - 38) nil 

 
Table 3.5 While all wtRPGRORF15 plasmid preparations featured at least some mutations, none of the 
coRPGRORF15 plasmid preparations was found to harbour any deletion, insertional- or point mutation. 

 

Key parameters including the Phred quality scores Q20, Q30 and Q40 (Q20 

indicates a base call accuracy of 99%, Q30 of 99.9% and Q40 of 99.99%), mean 

confidence and number of expected errors were significantly weaker in wtRPGRORF15 
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vs. coRPGRORF15. Data are shown as mean ± standard deviation, p-values were 

corrected for multiple comparison using the false discovery rate (FDR) correction 

method published by Benjamini et al. [141]. 

 
Table 3.6 Overview of base call accuracy in sequencing wt RPGRORF15 or coRPGRORF15. 
[%] of base calls 
with a confidence 
level of at least 

wtRPGRORF15 coRPGRORF15 p - value [FDR corrected] 

99% (Phred Q20) 91.3 ± 1.0 96.6 ± 0.9 0.0005 

99.9% (Phred Q30) 83.1 ± 2.6 90.5 ± 2.6 0.0044 

99.99% (Phred Q40) 73.6 ± 3.8 82.3 ± 3.0 0.0054 

 
Table 3.6 Percentage of nucleotides within each plasmid sequence with at least 99% (top row), 99.9% (middle 
row) or 99.99% (bottom row) base call accuracy. These levels of confidence of individual base calls corresponds 
to the Phred quality scores Q20, Q30 and Q40 respectively. Numbers are reported as mean ± standard deviation. 
Statistical analysis was performed with Student’s t-test (n=4) and corrected for multiple testing using the false 
discovery rate method by Benjamini et al. 

 

Table 3.7 Mean confidence of call accuracy and number of expected errors in sequencing 
data from wt RPGRORF15 or coRPGRORF15.!
 wtRPGRORF15 coRPGRORF15 p - value [FDR corrected] 

Confidence Mean 49.1 ± 1.2 52.4 ± 1.0 0.0044 

Expected Errors 82.9 ± 25.1 14.4 ± 5.1 0.0023 

 
Table 3.7 Mean confidence level of base call accuracy (top row) and number of expected errors (bottom row) for 
each plasmid sequence. Numbers are reported as mean ± standard deviation. Statistical analysis was performed 
with Student’s t-test (n=4) and corrected for multiple testing using the false discovery rate method by Benjamini et 
al. 
 

Final proof for the superior sequence fidelity of coRPGRORF15 was given by 

the National Genetics Reference Laboratory (NGRL) in Manchester. After 

exchanging the CAG promoter region (1527bp) for the much smaller human 

rhodopsin kinase promoter (199bp) to aid the recombinant production of AAV (details 

in chapter 4), both constructs (RK.coRPGRORF15 and RK.wtRPGRORF15) along with 

appropriate primers were sent to the NGRL and personnel left masked as to the 

identity of the sequences. After running 34 sequence reactions on RK.wtRPGRORF15 

as template, the cumulative data showed 74 ambiguous nucleotide calls (e. g. equal 
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signal for guanine and adenine) and six potential in/del mutations (four potential 

insertions and two potential deletions), all found in the purine rich ORF15 region, the 

mutational hotspot of RPGRORF15 (Fig. 3.8). In contrast, the coRPGRORF15 construct 

was sequenced with at least 2x coverage with exactly half the number of sequence 

reactions and no mutations found in the plasmid. 

 

 

 

3.4.3 Codon optimised RPGR yields higher expression levels than wildtype 

RPGR  

 

Fig. 3.8 Independent confirmation of superior sequence stability of coRPGRORF15. The National Genetics 
Reference Laboratory (NGRL) in Manchester identified multiple potential mutations in the wtRPGRORF15 
construct (top). There were six potential frame shift mutations (two deletions, four insertions) and 74 additional 
ambiguous base calls. In contrast, the sequence of the coRPGRORF15 construct was confirmed to be intact with at 
least two times coverage (bottom). 
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In order to analyse the effect of an increased codon adaptation index (CAI) on 

the expression levels of RPGRORF15, transfection experiments were performed on 

HEK293T cells using the CAG.coRPGRORF15 and CAG.wtRPGRORF15 plasmid 

constructs in head to head comparisons. As detailed in section 2.2.1, HEK293T cells 

are of human origin and therefore share the species-specific codon frequency 

distribution, which served as basis for the optimisation for Homo sapiens. We 

hypothesise that cells transfected with CAG.coRPGRORF15 produce more RPGRORF15 

than cells transfected with the wild type construct CAG.wtRPGRORF15. To test this 

hypothesis, several experimental avenues were taken in order to quantify RPGRORF15 

in transfected cells. First, HEK293T cells were transfected with CAG.coRPGRORF15 

and CAG.wtRPGRORF15 plasmid constructs and processed for immunocytochemistry 
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(ICC) to establish, whether the transgene detection could be detected by antibody 

binding. Fig. 3.9 shows representative images from such an experiment, where cells 

were transfected with medium only (neg ctrl), CAG.wtRPGRORF15 (wt) or 

CAG.coRPGRORF15 (co) and stained with anti-RPGR. 

 Western blot analysis was used to assess expression levels in whole cell lysate 

from transfected HEK293T cells. Four independent 6-well plate transfections, each 

with a technical replicate for wt- and coRPGR, produced a total n of eight per 

construct. Aliquots from these lysates were run on two gels in parallel and mean 

signal intensities of resulting bands compared (Fig. 3.10). The Shapiro-Wilk test 

retained the null-hypothesis for normality of the data sets (p = 0.06-0.19) and one-way 

ANOVA showed the statistical significance (p = 0.01, n = 8) of the difference 

Fig. 3.9 RPGRORF15 transgene expression in HEK293T cells. Cells were transfected with wtRPGRORF15 (wt) and 
coRPGRORF15 (co) plasmid constructs or treated with media only (neg ctrl). Confocal microscopy after 
immunocytochemistry with anti-RPGR (Sigma N-terminal) and Hoechst 33342 demonstrate high levels of 
RPGRORF15 expression in transfected cells. 
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between the mean signal intensity reflecting the codon optimised construct = 

32.01±8.28 arbitrary units [AU] (mean±standard error) and the signal from cell 

transfected with the wild type construct = 8.11±1.63 AU. 

Fluorescence activated cell sorting (FACS) was also used to measure 

expression levels of RPGRORF15 in transfected HEK293T cells. In a similar setup as 

mentioned above, three independent experiments with 6-well plates were conducted 

each with three technical replicates of wells with HEK293T cells transfected with 

either CAG.wtRPGRORF15, CAG.coRPGRORF15, CAG.eGFP (as positive control for 

transfection) or media only (as negative control).  
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Fig. 3.10 Western blot analysis of RPGRORF15 expression. a) HEK293T cells were transfected with either 
wtRPGRORF15 (wt) or coRPGRORF15 (co) plasmid constructs. Control plasmid (GFP) was used to control for 
transfection (top right) and DMEM was used as negative control (nc). All images in a) were recorded at 10x 
magnification. b) Western blot of whole protein lysates from transfected cells. DMEM treated cells were used as 
negative control (nc), which only shows a positive band at 47kD indicating the loading control GAPDH. Codon 
optimised and wild type plasmid transfected cells were loaded in an alternating fashion and signal intensity of 
bands at 220kD (indicating RPGR) were quantified (c-d). c) Box plot (median, box delineates lower and upper 
quartile, whiskers minimum and maximum), of intensities in arbitrary units [AU] after normalisation for loading 
control (GAPDH). d) Bar graph (mean ± standard deviation) after normalisation to wt levels for a fold change 
presentation. After confirming the normal distribution of the data set (n = 8), significance was tested by one-way 
ANOVA. Asterisks indicate p < 0.005. 

** 
** 
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 Cells transfected with CAG.eGFP showed eGFP expression at time of harvest 

indicating that the transfection was successful and that the cells had enough time to 

produce a plasmid-encoded transgene. After the ICC protocol, these cells were used to 

set the lower end of the FACS gating for fluorescence in the far-red range as they 

were incubated with secondary antibody only. The positive controls (naïve HEK293T 

cells exposed to rabbit anti-βactin and donkey anti-rabbit with conjugated Alexa-Fluor 

635) were then used to define the upper end of the fluorescence gate setting. Cells 

transfected with the CAG.coRPGRORF15 construct showed higher fluorescence 

intensity then the cells transfected with the wild type construct (Fig. 3.11). The 

Shapiro-Wilk test rejected the null-hypothesis for normality of the data sets (p < 0.05) 

and the Kruskal Wallis non-parametric test demonstrated a robust statistical difference 

between the cohorts (p < 0.01, n = 9). 

 

 

3.4.4 Codon optimised RPGR cds translates into full length RPGR protein 

 

To demonstrate that the substitution of nucleotides with the aim to optimise codon 

usage and sequence stability does not lead to changes in the amino acid sequence, 

cryptic epitopes or alternative peptide products, we analysed recombinant RPGRORF15 

based on CAG.coRPGRORF15 and CAG.wtRPGRORF15 plasmid expression in 

HEK293T cells. 
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Following whole cell lysate protein extraction, we separated proteins by SDS-

PAGE and demonstrated a single band difference between untransfected (negative 

control, nc) and transfected HEK293T cell lysates (Fig. 3.12 a). The single band was 

identical in size between cells transfected with either CAG.coRPGRORF15 or 

CAG.wtRPGRORF15 indicating no difference in migrating pattern between protein 

products derived from both coding sequences, suggesting a similar if not identical 

combination of molecular weight, charge and three-dimensional peptide structure. 

Fig. 3.11 Flow cytometric analysis of RPGRORF15 expression. a) HEK293T cells were transfected with either 
wtRPGRORF15 (wt), coRPGRORF15 (co) plasmid constructs. Control plasmid (GFP) was used to control for 
transfection and DMEM was used as negative control (not shown). Scale bar = 20µm b) First, naïve cells were 
used to set appropriate sensitivity and specificity thresholds (left). Using these thresholds, test samples 
transfected with wtRPGRORF15 or coRPGRORF15 were quantified. c) Box plot (median, box delineates lower and 
upper quartile, whiskers minimum and maximum) of median fluorescence intensities in arbitrary units [AU] (n = 
9). 
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Bands were excised and analysed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) in order to determine the identity of the protein products 

derived from CAG.coRPGRORF15 or CAG.wtRPGRORF15 expression plasmids. Both 

samples showed identical peptide sequences and confirmed the identity of the protein 

product of coRPGRORF15 cds as human RPGR isoform 6 (aka RPGRORF15). Slightly 

more than 80% of all amino acids could be covered by the LC-MS/MS approach (Fig. 

3.12 b). Not surprisingly, the vast majority of the 228 amino acids, which escaped this 

approach, originate from the highly repetitive glutamic acid rich ORF15 region. The 

lack of sites within this peptide sequences that would be recognised by proteolytic 

enzymes prevented the formation of oligopeptides of the ‘correct’ size of 6-45 amino 

acids, which can be detected by LC-MS/MS. Instead either one large peptide of more 

than 200 amino acids would form or cleavage between glutamic acid and glycine 

residues would result in peptide lengths below detection threshold of six amino acids. 

And even if these shorter sequences were detected, the highly repetitive nature of the 

ORF15 region would make it impossible to determine the precise origin of the peptide 

within the sequence. The fact that both plasmids resulted in an identical band on SDS-

PAGE fits well with the LC-MS/MS evidence. Both suggest that the protein product 

derived from wild-type and codon optimised RPGR cds is identical to the reference 

sequence of RPGRORF15. Even though some of the ORF15 sequence could not be 

verified by this approach, the intact C-terminal sequence from the LC-MS/MS 

experiment together with the correct band migration on SDS-PAGE essentially rule 

out unforeseen side effects due to codon optimisation. 
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Fig. 3.12 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) of wt- and coRPGRORF15. a) Following 
overexpression in HEK293T cells, wt- and coRPGRORF15 was purified from whole cell lysate by SDS-PAGE. In each lane, a 
single band above 180 kD was identified as RPGRORF15 (arrow). This band was missing in the negative control (nc) lanes. No 
additional bands are visible, which would be different between wt and coRPGRORF15 lanes. Identified RPGRORF15 bands were 
then excised for LC-MS/MS analysis (b). More then 80% of peptide sequence could be directly identified (indicated by dark 
arrows below amino acid sequence). Unidentified amino acids (no black arrows) are largely based in the ORF15 sequence, 
which escapes LC-MS/MS analysis due to its glutamic acid/glycine rich, repetitive sequence. Note that the C-terminal 
sequence following the ORF15 region was identified, which rules out premature termination of translation. Together with the 
identical migration pattern between the wt- and coRPGRORF15 samples in the SDS-PAGE (a), this suggests that codon 
optimisation does not result in alternative splicing but in a protein product equivalent to the wild type RPGRORF15. 
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3.5 Discussion 

 

The data presented here suggest that codon optimisation of RPGRORF15 leads to 

higher expression efficiency and also to greater sequence fidelity, as evident from 

cloning experiments.  

 

The fact that E. coli (XL10-Gold) would clone CAG.coRPGRORF15 with higher 

efficiency then CAG.wtRPGRORF15 was not necessarily expected, as the codon usage 

was optimised for Homo sapiens, not Escherichia coli. However, given the difficult 

sequence of wtRPGRORF15, a greater clonal efficiency with CAG.coRPGRORF15 may 

be explained by additional, species-independent benefits of codon optimisation. These 

may include a reduced potential for secondary structure formation, reduced number 

and/or length of poly-guanine runs and a greater balance of nucleotide frequency in 

general. These mechanisms are also useful in the eukaryotic cell. It becomes evident 

then that we use the term ‘codon optimisation’ here in the sense that we have changed 

the nucleotide sequence to improve protein expression. This includes maximising use 

of major codons, but also improving protein expression e.g. by stabilising mRNA 

molecules and minimising G-quadruplex DNA sequences et cetera. 

 

At least two resourceful research groups (Dr. Swaroop’s laboratory at the NIH, 

Bethesda, USA and Dr. Aguirre’s lab at the University of Pennsylvania, Philadelphia, 

USA) have been working towards developing gene therapy for patients with mutations 

in RPGRORF15 for many years. All these programs have experienced serious delays due 

to the difficult sequence of wtRPGRORF15, the mutational hotspot responsible for the 
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high incidence of XLRP3 in the first place. Dr. Swaroop has published extensively in 

this field with his own group at the National Institute of Health (NIH) and in 

collaboration with Dr. Aguirre’s lab at the University of Pennsylvania. In a paper by 

Wu et al., Dr. Swaroop’s group show safety and efficacy using different vector 

constructs (rAAV8 and rAAV9) for RPGR gene therapy. However, they also illustrate 

that two out of five rAAV preparations carrying wtRPGRORF15 present with mutations. 

This indicates the precarious instability of the wtRPGRORF15 sequence, which 

constitutes a potential hazard in the translation of these pre-clinical trials into clinical 

applications. 

 Dr. Hauswirth’s group took a more aggressive line of argument with their 

vector construct, which was used by Beltran et al. in a pivotal dog study and then 

again by Deng et al. to demonstrate safety of a rAAV5 vector construct for RPGR 

gene therapy [122, 123]. The transgene was originally described as wild type 

RPGRORF15 in the aforementioned dog study, but Deng et al. openly discuss that the 

sequences found in both rAAV5 vector constructs (two different promoters were 

tested) harbour numerous in frame mutations, including deletions, insertions and 

missense mutations in the ORF15 region, which translate into an altered amino acid 

sequence. Given the proof of efficacy in dogs and the lack of toxic effects on the 

retina in mice, the authors argue that their constructs may well still be suitable for a 

clinical safety trial. 

 

In this work we show that optimising the codon usage of RPGRORF15 increases 

the sequence stability during the process of vector construction and enhances the 

expression of the transgene in human cells. Increased sequence stability translates into 
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a predictable and reproducible production of rAAV vector, a sine qua non for clinical 

grade vector production. It thereby decreases the risk of new mutations occurring e.g. 

in the last step or between batches of rAAV production, which have the potential to 

introduce dominant negative effects [54].  

Increased translational efficiency of the codon optimised transgene may reduce 

the numbers of viral particles necessary to reach a therapeutic effect. This would 

further decrease any inflammatory potential in the eye and limit the absolute numbers 

of virions available for unwanted biodistribution and shedding. Also, additional cis 

acting elements such as the woodchuck hepatitis virus post-transcriptional regulatory 

element (WPRE) can be left out of the expression cassette leading to a cleaner design 

and higher efficiency in rAAV production cycles as the upper end of the packaging 

capacity is already reached without the WPRE sequence as explained in more detail in 

the next chapter. 
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4.1 Introduction 

 

Recombinant adeno associated virus (rAAV) has become the gold standard of 

retinal gene therapy leading the way into multiple successful clinical trials over the 

last decade. The excellent safety profile in pre-clinical models as well as human 

patients and the versatility of its components to adapt to new target genes are 

important factors in this success story and reasons why we chose rAAV as our vector 

system for RPGRORF15 delivery [142-144]. 

 Different rAAV serotypes lead to distinct expression patterns due to specific 

interactions between rAAV surface proteins and target cell receptors (see chapter 

1.3.1). The naturally occurring serotype AAV2 for example is very efficient to 

transduce retinal pigment epithelium, but less effective in delivering the transgene into 

photoreceptor cells. In contrast, AAV8 capsid structures lead to rapid and efficient 

uptake of virions by mammalian photoreceptor cells [96, 145].  

 Photoreceptors are expressing RPGRORF15 where it localises to the connecting 

cilium and organises intracellular protein-transport along a bottleneck structure called 

the connecting cilium (Fig. 1.6) [49]. Photoreceptors without functional RPGRORF15 

suffer from accumulation of highly expressed proteins such as opsins, which leads to 

photoreceptor dysfunction and ultimately cell death [76, 146]. 

 With photoreceptors as the target cell population for RPGRORF15 gene delivery, 

we chose AAV8 capsid proteins as a candidate viral serotype for XLRP gene therapy. 

With the success of rAAV2 based transgene cassettes in all retinal gene therapy trials, 

we opted for a pseudotyped construct, rAAV2/8. This combines the AAV8 capsid 

proteins with the AAV2 based genome (details see chapter 1.3.1). Briefly, the 
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therapeutic transgene cassette is flanked by AAV2 inverted terminal repeat (ITR) 

sequences, which coordinate the packaging of the genome during vector production 

and serve as starting point for the second strand synthesis after successful delivery of 

the therapeutic transgene into the nucleus of the target cell.  
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4.2 Aims 

 

The aim of this study was to develop and optimise a gene therapy strategy with 

the potential to move into a clinical phase I trial in patients with XLRP3. We therefore 

aimed to engineer a pseudotyped, rAAV vector with the capsid from the AAV8 

serotype, while using the well-characterised, gutted genome from AAV2 for an 

optimised rAAV vector for gene replacement therapy in patients with mutations in 

RPGRORF15. 
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4.3 Materials and methods 

 

In order to restrict the expression of RPGRORF15 to the photoreceptors and thereby 

limit potential off-target effects (e.g. in the retinal pigment epithelium), the plasmid 

vectors from chapter 3 (CAG.coRPGRORF15 and CAG.wtRPGRORF15) were modified. 

Instead of the ubiquitous cytomegalovirus early enhancer and chicken beta-actin, 

rabbit beta-globin hybrid promoter (CAG), the much shorter and photoreceptor-

specific human rhodopsin kinase (RK) promoter was used upstream of the transgene 

sequences. We deliberately did not include an intron in the RK promoter, due to the 

possibility of aberrant splicing resulting from combination with AG nucleotides in the 

RPGR ORF15 region as a cryptic downstream splice acceptor site. It should be noted 

that ORF15 is identified as an intron in all cells expressing RPGR with the exception 

of photoreceptors and the splice behaviour of cDNA sequences passed back through 

the transcriptional machinery via rAAV gene therapy is difficult to predict. This led to 

the following plasmid constructs: 

 

III. ITR.RK.Kozak.coRPGRORF15.bGHpA.ITR (henceforth referred to as 

RK.coRPGR) features no restriction site between RK promoter and Kozak or 

coRPGRORF15 cds, but was ligated into the vector backbone between the upstream 

ITR (MfeI) and the downstream MCS (SacI). 

IV. ITR.RK.Kozak.wtRPGRORF15.bGHpA.ITR (henceforth referred to as 

RK.wtRPGR) as in III, but using restriction sites BglII after the upstream ITR 

(wtRPGRORF15 cds features a MfeI restriction site at position 1583-1588) and SalI 

at the downstream MCS. 
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In order to exchange the CAG with the RK promoter resulting in RK.coRPGR, a 

plasmid with the RK promoter sequence (p.RK.ABCA4) was kindly provided by Dr. 

Michelle McClements, who had designed it based on the work by Khani et al. [147]. 

Several oligonucleotides were then specifically designed to prepare the RK and 

coRPGR fragments before linking them by the SPLICE technique described by 

Davies et al. [148]. SPLICE stands for swift PCR for ligating in vitro constructed 

exons overlap extension PCR: The forward primer FW_MfeI_RK (see table below) 

was designed to amplify RK from the p.RK.ABCA4 plasmid while introducing a MfeI 

restriction site 5’ of the RK promoter sequence. The corresponding reverse primer 

(RC_RK_K_coRPGR, see table below) would add the first six nucleotides of 

coRPGR and a complementary Kozak consensus sequence (GGTGGC) at the 3’ end). 

 

FW_MfeI_RK 5'-ATCAATTGGGGCCCCAGAAGCCTGGTGGTTG-3' 
RC_RK_K_coRPGR 5'-CTCTCTCATGGTGGCCCCGGGGCTGACACA-3' 

 

In a second reaction, the forward primer FW_RK_K_coRPGR (see below) was 

used together with the coRPGRSacIRC sequencing primer (chapter 3.3) to amplify 

coRPGR while adding the 15 last nucleotides of the RK promoter sequence and the 

Kozak consensus sequence (GCCACC) to the 5’ end. 

 

FW_RK_K_coRPGR 5'-TGTGTCAGCCCCGGGGCCACCATGAGAGAG-3' 
coRPGRSacIRC 5’-TTATTTCAGTTCCAGATAGTG-3’ 

 

Both PCR reactions were run on temperature gradients for the annealing 

temperature and PCR products run on an agarose gel. Bands of appropriate size were 
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excised and DNA extracted from the gel (QIAquick PCR Purification Kit, Qiagen). 

Overlap extension PCR was then performed using above DNA products as templates 

and the FW_MfeI_RK forward and coRPGRSacIRC reverse primers, followed by 

another round of agarose gel electrophoresis for size exclusion and DNA extraction. 

The new construct was then digested using MfeI and SacI (New England Biolabs) 

followed by a last purification step by agarose gel electrophoresis and DNA extraction 

before ligating it back into the commercial vector backbone pAAV2 from Vector 

BioLabs. For this, the pre-digested (MfeI and SacI) vector backbone was added on 

equimolar amounts of the new construct along with T4 ligase (New England Biolabs) 

and the appropriate buffer in a 10 µl reaction. After 8 days at room temperature, 5 µl 

was then used to successfully transform XL10 gold cells as described in chapter 2.1.1. 

The same technique was used to generate the RK.wtRPGR construct, except 

the added restriction sites for subcloning were BglII at the 5’ end and SalI at the 3’ 

end of the new construct. The respective primers to achieve this were: 

 

F_BglII_RK 5'-ATAGATCTGGGCCCCAGAAGCCTGGTGGTTG-3' 
R_RPGR_Kozak_RK 5’-CTCCCTCATGGTGGCCCCGGGGCTGACACA-3’ 

 

and  

F_RK_Kozak_RPGR 5’-TGTGTCAGCCCCGGGGCCACCATGAGGGAG-3’ 
RPGR_SalI_RC 5’-AGGTCGACTTACTTCAATTCCAAGTAATGTG-3’ 

 

Once both constructs were cloned using XL10-Gold bacteria, respective 

megapreparations were sequenced to confirm integrity of the complete expression 

cassette and XmaI, SwaI, and PstI digestions conducted to validate presence and 

integrity of ITRs at each end of the transgene (see vector map Fig.3.3).  
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In addition to the potential therapeutic constructs RK.coRPGR and RK.wtRPGR, 

a third plasmid with the identical backbone and ITR sequences, but with a stuffer 

sequence (double-floxed and reversed fluorescent protein EYFP) was used to generate 

a control vector, which would share the same capsid structure with the verum 

preparations: 

 

V. ITR.EF-1a.loxP.[EYFP]. loxP.WPRE.bGHpA.ITR (henceforth referred to as 

‘control’). 

 

The plasmid was a kind gift from Dr. Doron Hickey. Transfection of HEK293T 

cells with the plasmid did not produce any transgene (EYFP) in the absence of Cre 

recombinase. Only co-transfection with a plasmid encoding for Cre led to EYFP 

production in HEK293T cells (not shown). IHC experiments on cryosections of verum 

or control treated mice also demonstrate lack of transgene expression from this control 

vector: negative control sections (omission of primary antibody) did not show any 

EYFP signal as none of the animals have inherent Cre recombinase expression. 

To generate pseudotyped rAAV2/8.RK.coRPGR, rAAV2/8.RK.wtRPGR and 

rAAV2/8.control vectors, HEK293T cells were co-transfected with two plasmids: The 

appropriate rAAV expression plasmids containing either RK.coRPGR, RK.wtRPGR, 

or control as transgene and a commercial helper plasmid (pDP8.ape) encoding Rep 

and Cap genes of AAV8 and an adenoviral helper sequence (PlasmidFactory, 

Bielefeld, Germany). The transfection protocol and purification steps are detailed in 

section 2.1.3. 
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As a first qualitative assessment of the vector production, aliquots of rAAV 

were heat denatured and peptide solutions analysed by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). For this, 20 µl aliquots were 

dissolved in 1x Laemmli buffer and heat-denatured at 90 °C for 20 minutes before 

loading the total volume on a 10% SDS PA gel. After one hour at 100V, the gel was 

subjected to EZBlue staining (detailed protocol see chapter 2.7.2) and resulting 

staining pattern examined for existence of bands corresponding to molecular weights 

of 87kD (VP1), 72kD (VP2) and 62kD (VP3) at a ratio of ca. 1:1:10. 

rAAV vector titre was quantified using qPCR amplification of the poly 

adenylation sequence within the expression cassette as detailed in chapter 2.1.4. The 

structure of the rAAV genome with its palindromic ITR sequences is known to cause 

variability in determining the exact number of vector genomes (vg). To improve the 

estimate of the actual titre, we performed three independent qPCR experiments and 

report the arithmetic mean of the resulting titre calculation as best estimate. This 

number underestimates the amount of total viral particles in the final vector solution, 

as iodixanol purification is known to result in large number of empty capsids being 

harvested along with the capsids containing the transgene cassette. 

A second technique was applied to quantify the viral nucleic acid content of 

the vector preparation. The QuickTiter™ AAV Quantitation Kit (Cell Biolabs, San 

Diego, USA) measures amounts of vector genomes by fluorescence after denaturing 

the viral capsid and allowing a fluorophore (CyQuant® GR Dye) to bind to the single 

stranded DNA. Pre-treatment of samples with a DNase prevents false-high readings 

from unpackaged nucleic acids in the sample. QuickTiter™ AAV DNA Standard and 
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an estimation of vector genome size = 5kb are used to calculate the genome copy 

number per ml. 

To estimate the ratio of empty to full capsids in our preparations, an enzyme 

immunoassay for the quantitative determination of rAAV8 particles was used (rAAV8 

Titration ELISA, PROGEN Biotechnik GmbH, Heidelberg, Germany) as detailed in 

chapter 2.1.5. Specifically, the absorbance measurements from the standard sample 

dilution series were correlated with known concentrations. Based on the resulting 

function y = -1*10-18 x2 + 2*10-9x, the viral particle number (x) could be derived from 

the luminescence units (y) measured in the sample dilution series. 
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4.4 Results 

 

Recombinant AAV2/8 was produced to hold genomes containing either 

RK.coRPGR, RK.wtRPGR, or control expression constructs. To ensure that ITRs 

were intact for the successful rAAV assembly, AAV2 based ITRs of the expression 

plasmids were digested with XmaI, SwaI, and PstI, and products compared to 

linearized plasmids (SacI, SalI) after agarose gel electrophoresis. All expected band 

sizes and but no extra bands were detected, suggesting that all ITRs had maintained 

their integrity during the SPLICE procedure and cloning steps (Fig. 4.1). 

 

 

 

Purification of the cell lysate/rAAV particle mix with iodixanol gradients and 

ultracentrifugation was followed by a concentration step resulting in ca. 0.5 ml clear 

solution of 0.01M PBS with high rAAV titres. Samples were inspected for clarity and 

aliquots of 15-50 µl stored at -80 °C until use. 

Fig. 4.1 ITR integrity check. Targeted digestion of XmaI, SwaI, and PstI restriction sites within or close to ITRs 
showed all expected fragments in agarose gel electrophoresis. Digestions at SacI, SalI sites allow linearization of 
respective plasmids. Expected band sizes and plasmid are described for each lane. No additional, unexpected 
bands were observed. 
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4.4.1 Qualitative analysis   

 

Each vector production was tested for quality of rAAV capsid protein content 

by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). All 

three vector productions showed clear bands corresponding to the viral capsid proteins 

VP1 (87kD), VP2 (72kD) and VP3 (62kD) at a ratio of ca. 1:1:10 (Fig. 4.2). 

 

 

 

Fig. 4.2 Sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) 
of recombinant AAV samples. Following 
electrophoresis, total protein was stained to 
detect capsid proteins VP1 (87kD), VP2 (72kD) 
and VP3 (62kD). The concentrated samples 
(second and fourth lane) show the predicted ratio 
of VP1:VP2:VP3 of 1:1:10. 
 
 
Lanes are: 
 
L = protein ladder 
co = AAV2/8.RK.coRPGR 
coW = AAV2/8.RK.coRPGR wash 
wt = AAV2/8.RK.wtRPGR 
wtW = AAV2/8.RK.wtRPGR wash 
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4.4.2 Quantitative analysis 

 

Titration by qPCR and the QuickTiter™ methods both measured full capsids 

only and showed overall reasonable agreement on the number of vector genome 

particles (vg) of around 1012 vg/ml. In contrast, the ELISA quantified full and empty 

capsids and provided evidence of a full to empty particle ratio of between 1:3 and 

1:20: 

 

Table 4.1 Overview of results from AAV titre quantification methods.  
Method 

rAAV 
qPCR  

(genome copies/ml) 
QuickTiter™  

(genome copies/ml) 
ELISA  

(viral particles/ml) 

rAAV2/8.RK.wtRPGR 1.3x1012 n/a n/a 

rAAV2/8.RK.coRPGR 1.0x1012 3.8x1012 2.1x1013 

rAAV2/8.control 0.7x1012 3.2x1012 0.8x1013 
 
Table 4.1 Different methods were used to quantify AAV content in solution. qPCR determines packaged vector 
genome as the DNAse step in the protocol results in destruction of any unpackaged genome. However, it does 
not account for (partly) empty or reversely packaged virions in the solution. The higher number of genome copies 
by the QuickTiter method probably results from additional free nucleotides. The ELISA method quantifies the 
number of virus particles, but does not specify whether the particles are full or (partly) empty. The difference 
between the ELISA- and qPCR-based titres partly reflects the full to empty virus particle ratio. n/a = not available. 
 

4.4.3 Functional analysis in vitro 

 

In order to provide evidence of a biological infectivity we assessed the 

potential of the vector productions rAAV2/8.RK.coRPGR and rAAV2/8.RK.wtRPGR 

to transduce various cell types in vitro. For these experiments different cell cultures 

were harnessed to test the transduction efficiency in human cells of more (SH SY5Y 

[128]) or less (HEK293T [127]) neuronal type lineage and murine photoreceptor-like 
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cells (661W [131]). In absence of a fluorescent reporter (which would have made 

translation into a clinical phase difficult), transduction efficiency was assessed by 

transgene expression analysis via antibody detection (ICC). 

 

4.4.3.1 Transduction experiments on HEK293T cells 

 

HEK293T cells were seeded in 96-well plates at a density of 2x104 cells/well 

and transduced using rAAV2/8.RK.coRPGR and rAAV2/8.RK.wtRPGR at a 

multiplicity of infection (MOI) of 10,000 vg per cell. Control wells were transduced 

with rAAV2/8 carrying GFP as transgene driven either by the photoreceptor specific 

rhodopsin kinase promoter (rAAV2/8.RK.GFP) or the stronger, ubiquitous CAG 

promoter (rAAV2/8.CAG.GFP). Further control wells were transfected with plasmids 

using the Mirus TransIT®-LT1 Transfection Reagent (Geneflow Ltd., Lichfield, UK) 

described in detail in chapter 2.1.2. A pRK.GFP expression plasmid was used to 

control for transfection efficiency and pRK.coRPGR and pRK.wtRPGR expression 

plasmids were used to control for antigen-detection in the downstream ICC based 

analysis.  

GFP expression was first detected at day 7 and was restricted to few cells 

treated with the rAAV2/8.CAG.GFP vector. All cells were fixed and processed for 

transgene expression on day 11 post transfection/-duction (Fig. 4.3). Only the cells 

transfected with pRK.coRPGR showed convincing levels of transgene expression, 

while the pRK.wtRPGR was almost completely without signal and no signal could be 
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recorded from any of the transduced cells (except the positive control transduced with 

the rAAV2/8.CAG.GFP vector). 

 

4.4.3.2 Transduction experiments on SH SY5Y cells 

 

Fig. 4.3 Transduction of HEK293T cells with different recombinant AAVs. a) The experimental outline is displayed on the 96 well plate. 
b) Representative recordings of the very weak GFP signals in cells transduced with AAV2/8.CAG.GFP (arrow heads in top left panel) 
compared to no signal from the corresponding vector with the RK promoter (bottom left). Immunocytochemical staining of RPGR 
(SIGMA N-terminal) with AlexaFluor 488 as 2° antibody in cells after coRPGR (top) or wtRPGR plasmid transfections (right panels) 
showed more transgene expression in cells transfected with the codon optimised construct (arrow heads). c) Overview of the readout 
per category. The results overall suggest that AAV2/8 did not manage to transduce HEK293T cells very well and that the RK promoter 
additionally limited potential transgene expression. 



Chapter 4 - Recombinant Adeno-associated virus for XLRP gene therapy 
 
 

       ~          ~ 140  

To test whether cells of more neuronal lineage might be more efficiently 

transduced, SHSY5Y cells (see section 2.2.2) were used. This time, a range of 

different MOIs (5,000 - 20,000) were applied to see whether this might allow 

transgene expression based on in vitro transduction with AAV2/8.RK.coRPGR and 

AAV2/8.RK.wtRPGR. Neuron-specific differentiation with RA and TPA was initiated 

24h after seeding and transfection/-duction was performed after further 48h. Daily 

monitoring for GFP fluorescence as surrogate marker for transgene expression only 

showed positive signal in the pRK.GFP plasmid positive control. Not even cells 

transduced with the AAV2/8.CAG.GFP demonstrated convincing transgene 

expression (not shown). ICC on day 14 demonstrated a previously unnoticed punctate 

staining pattern concordant with inherent RPGR expression: low numbers of cells 

with this positive staining were found in all wells - including those with negative 

controls ‘treated’ with media only. These cells demonstrated two distinct subcellular 

structures positive for RPGR (Fig. 4.4). Given their position relative to the Hoechst 

staining and the organisational pattern of chromosomal material, the most likely 

explanation was that the signal derived from inherent RPGR localised to the centrioles 

[149]. The antibody used in this experiment would pick up the constitutive RPGRex1-19 

variant known to associate with these structures as it targets the common N-terminal 

sequence of RPGR.  
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4.4.3.3 Transduction experiments on 661W cells 

 

We used 661W cells even though they are of murine and not human origin because 

they are seen as cone photoreceptor like cells (see chapter 2.2.3). Indeed, transduction 

of these cells with AAV2/8.RK.coRPGR and AAV2/8.RK.wtRPGR resulted in RPGR 

Fig. 4.4 RPGR staining pattern in SHSY5Y cells. Representative images from SHSY5Y cells after 
immunocytochemical staining with N-terminal anti-RPGR (SIGMA), Alexa Fluor 488 as secondary antibody and 
Hoechst 33342. Note the distinct bipolar staining pattern in transduced (both left panels) as well as in the naïve 
(both right panels) SHSY5Y cells alike. This suggests co-localisation of inherent RPGR with centrioles during 
mitosis.  
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transgene expression in vitro indicating the infectivity of the AAV vectors and 

suggesting their ability to lead to transgene expression in photoreceptors (Fig. 4.5). 

 

 

  

Fig. 4.5 Transduction of 661W cells with AAV.RK.wtRPGR and AAV.RK.coRPGR. a) 
ICC illustrate punctate signal from anti-RPGR staining in absence of ciliary 
structures in 661W cells. b) Quantification of fluorescence signal between 
transductions with wt or coRPGR do not yield a statistical significant difference (box 
plots show mean and standard deviation), but a trend for higher expression based 
from the codon optimised construct (Student’s t-test; p = 0.12; n = 6). 
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4.5 Discussion 

 

Qualitative analysis by SDS-PAGE showed three clear bands at the expected ratio of 

1:1:10 reflecting the protein capsid composition VP1:VP2:VP3 for the AAV8 capsid. 

There were no additional bands visible indicating a clean production of recombinant 

AAV ready for in vitro and in vivo applications. 

 Three different techniques were used to quantify the vector titre. Traditionally, 

the titre is estimated by qPCR after DNAse treatment of the sample and reports the 

calculated number of vector genomes per ml. This test presents the number of DNAse 

resistant particles (i.e. fully formed capsids), which hold the transgene with the DNA 

sequence used in the amplification step of the qPCR. As the vector production in 

HEK293T cells relies on dual transfection with the potential of some cells being 

transfected with only the rep/cap/helper plasmid or the transgene plasmid, a certain 

number of empty capsids or free nucleic acid molecules will be purified along with 

the complete and full virions. Additionally, cells, which were successfully transfected 

with both plasmids will produce complete and full virus, but might be in the process 

of doing so at time of harvest. Thus these cells might also contribute empty or partly 

filled capsids and naked viral genomes. The information of free nucleic acid content 

and empty capsids in the final vector solution is important because it influences its 

pharmacology and its potential for negative effects such as immune-reactivity [150]. 

 We showed that the purification technique applied resulted in a ratio of about 

1:4 packaged to free nucleic acid content and about 1:10 to 1:20 when comparing full 

to empty capsids. qPCR only ‘counted’ the full capsids as the preceding DNAse 

treatment destroyed all heterogeneous nucleic acid fragments derived from the host 



Chapter 4 - Recombinant Adeno-associated virus for XLRP gene therapy 
 
 

       ~          ~ 144  

cell and helper components such as ‘naked’ viral genomes and because empty capsids 

could not contribute to the amplification of viral genome particles in the polymerase 

chain reaction. The titres from the qPCR assessment were thus the lowest and at the 

same time the most relevant to determine the MOI for in vitro and in vivo experiments 

as neither empty capsids nor naked DNA would effectively contribute to gene 

transfer. 

While AAV2 readily transduces HEK293T cells in vitro, its success to 

transduce photoreceptors in vivo is limited. The reverse is true for AAV8, which 

features different surface proteins in its capsid structure and therefore presents a 

different tropism. AAV8 readily transduces photoreceptors in vivo, but does not seem 

to favour HEK293T as target cells [96, 145]. This has also been observed by Dr. De 

Silva (personal communication) and may be explained by the differences in surface 

receptors between HEK293T and photoreceptor cells. This hypothesis was supported 

by the fact that transduction was more efficient in 661W photoreceptor-like cells. 

Beside the question of capsid protein – cell surface receptor interaction, use of the 

rhodopsin kinase promoter was intended to limit expression to photoreceptor cells in 

vivo. Not surprisingly then, expression from control vectors carrying the ubiquitous 

CAG promoter (AAV2/8.CAG.GFP) were more successful compared to constructs 

with the RK promoter in expressing their transgene in the non-photoreceptor cell lines 

such as SHSY5Y.  

The successful production of recombinant AAV led to high titres of 

AAV2/8.RK.coRPGR, AAV2/8.RK.wtRPGR and AAV2/8.control. Analyses of 

vector solutions using SDS-PAGE, qPCR, DNA quantification and ELISA provided 

robust evidence of their quality and quantity. In vitro tests in three different cell lines 
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provided evidence of high specificity of the AAV8 vectors with rhodopsin kinase 

promoter to transduce photoreceptor-like cells and drive transgene expression in these 

target cells. These results provide the basis for in vivo tests to explore the transduction 

efficiency of recombinant AAV vectors in relevant mouse models and to see whether 

transgene expression is followed by correct localisation of RPGR to the connecting 

cilium in photoreceptor cells lacking inherent Rpgr expression. 
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5.1 Introduction 

 

RPGR gene therapy aims to reconstitute RPGR expression in target cells, 

which harbour a disease causing mutation in RPGR leading to a complete loss of 

RPGR (null-mutations) or a dysfunctional protein. One way of achieving this is by 

introducing a correct copy of RPGR cds, which is then translated to RPGR protein by 

the target cell’s own translational machinery. Such a nucleotide sequence can be 

introduced by means of transduction with a recombinant AAV.  

Here we present data from a pilot trial designed to explore the transduction 

efficiency of recombinant AAV vectors AAV2/8.RK.coRPGR and 

AAV2/8.RK.wtRPGR after subretinal injection in mice. To model RPGR gene 

therapy more closely to the clinical scenario, we used Rpgr-/y mice, which lack Rpgr 

expression. Rpgr is the murine homologue of RPGR, the gene affected in most cases 

of X-linked retinitis pigmentosa (chapter 1) and transgenic Rpgr-/y mice thus mimic 

null mutations in human patients on a genetic level. 

We have shown in previous chapters that codon optimised RPGR cds features 

higher expression levels then wild type RPGR cds and – crucially – provides greater 

sequence fidelity while leading to the identical protein product, RPGRORF15. We 

further have demonstrated that recombinant AAV vectors AAV2/8.RK.coRPGR and 

AAV2/8.RK.wtRPGR are able to transduce photoreceptor like cells in vitro. 
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5.2 Aims 

 

The aim of this study was to explore, whether RPGR would be expressed in vivo 

following subretinal injection of AAV2/8.RK.coRPGR or AAV2/8.RK.wtRPGR and 

whether RPGR would be localised to the connecting cilium in photoreceptor cells 

lacking inherent Rpgr expression. 
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5.3 Materials and methods 

 

Recombinant AAV solutions containing AAV2/8.RK.coRPGR and 

AAV2/8.RK.wtRPGR were produced and assessed for quality and titre as described in 

chapters 2-4. To control for the surgical intervention and photoreceptor transduction 

by AAV2/8, a third construct was used with GFP as reporter gene under control of the 

CAG promoter (AAV2/8.CAG.GFP; a kind gift by Dr. McClements). 

These vector solutions were quantified by qPCR to calculate the number of 

vector genomes/ml (for details see chapter 2.1.4). Aliquots stored at -80 °C were 

thawed on ice immediately before application and diluted in balanced salt solution 

(BSS®) for vitreoretinal surgery (Alcon Laboratories, Camberley, UK) with 0.001% 

Pluronic® PF-68 (BASF, Ludwigshafen, Germany) to allow subretinal delivery of 1 x 

1010vg in 2 µl volume.  

Rpgr-/y mice were used for this pilot study as they lack Rpgr expression (for 

details see chapter 1.2.4 and 2.3.2) while maintaining a connecting cilium for the 

potential localisation of the transgene product RPGR. Mice were anaesthetised for 

subretinal injection of 2 µl AAV solution under the superior hemiretina (for details 

see chapter 2.4). 

Three weeks following the surgery, treated Rpgr-/y mice were again 

anaesthetised for in vivo retinal imaging using confocal scanning laser 

ophthalmoscopy (cSLO) to investigate autofluorescence pattern in the animals, which 

had received AAV2/8.RK.coRPGR, AAV2/8.RK.wtRPGR, and GFP fluorescence as 

readout of transduction efficiency in the animals treated with AAV2/8.CAG.eGFP.  
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 Immediately after imaging, mice were sacrificed and quickly enucleated. 

Whole eyes were rapidly processed for immunohistochemistry without fixation as 

detailed in chapter 2.7.4. Briefly, 16µm sections of unfixed retinal samples were 

stained with Hoechst 33342 dye and a polyclonal antibody directed against amino 

acids 379-509 of RPGR (Sigma, HPA001593). Donkey anti-rabbit with conjugated 

AlexaFluor 488 (Invitrogen) was used as secondary antibody to indicated RPGR 

detection. High powered (x63 with oil immersion) optical sections were recorded on a 

confocal microscope (Zeiss LSM710) to investigate RPGR expression and localisation 

in photoreceptor cells of treated Rpgr-/y mice. Untreated mice served as negative 

control to test the specificity of the assay.  

  



Chapter 5 - Pilot trial: RPGR gene therapy 
 
 

       ~          ~ 151  

5.4 Results 

 

5.4.1 Surgical outcome 

 

All animals received the intended dose of AAV solution in the subretinal space (Fig. 

5.1) and recovered well from anaesthesia. This was made possible by the surgical 

procedure (detailed in section 2.4), which first reduces the intraocular pressure (IOP) 

by an anterior paracentesis before creating a hemiretinal detachment with the vector 

suspension. This technique allowed delivery of up to 2 µl volume without developing 

corneal edema and/or limiting the intraocular circulation due to high IOP. At the same 

time, the lowered IOP reduced the risk of reflux of subretinal fluid through the 

injection canal (i.e. into the choroidal circulation or orbit). 

  

Fig. 5.1 Subretinal delivery of AAV vector solution in mice. a) Anaesthetised mouse under the surgical microscope 
at the end of surgery. b) View through the microscope at low power provides anatomic overview. c) Detailed 
recording of the situs. Arrowhead indicates site of paracentesis, while needle for subretinal injection was advanced 
just temporal of the superior rectus muscle (arrow, injection site behind lid). Letters A and V in (c) indicate a retinal 
artery and vein. Note bullous hemiretinal detachment of the superior retina. 
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Fundoscopic evaluation of treated mice 24h after the surgery showed complete re-

attached retinae in all cases. 

 

5.4.2 Retinal imaging shows safe delivery and reporter gene expression 

 

After 3 weeks, cSLO imaging revealed good optical media with clear view of the 

fundus in infrared imaging (Fig. 5.2). Autofluorescence imaging showed 

hyperfluorescent dots in treated and untreated eyes of Rpgr-/y mice treated with 

AAV2/8.RK.coRPGR or AAV2/8.RK.wtRPGR. Mice with AAV2/8.CAG.GFP vector 

application demonstrated strong and ubiquitous GFP derived fluorescence. This 

indicated robust transgene expression and made it likely that the other recombinant 

AAV vectors would have had enough time to lead to transgene expression. 

Fig. 5.2 Confocal scanning laser ophthalmoscopy in (un-)treated Rpgr-/y mice. Top row shows infrared 
recordings with focal plane on the inner retina. Bottom row displays recordings in the autofluorescence mode. 
Untreated (bottom left) and mice treated with AAV.RK.wtRPGR or AAV.RK.coRPGR (bottom middle) all show a 
punctate pattern of hyperfluorescence. At the same sensitivity setting, the eye treated with AAV.CAG.GFP 
(bottom right) demonstrates widespread and strong GFP fluorescence beyond the superior hemiretinal 
detachment indicating successful transduction of cells beyond the site of subretinal vector delivery (Four eyes 
were treated in treatment cohorts (Table 6.2) with 2µl containing 1 x 109 vg per injection). 
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5.4.3 Immunohistochemistry shows RPGR expression  

 

Despite some technical difficulties related to handling unfixed sections, specific signal 

could be observed in sections from treated but not in those from untreated mice (Fig. 

5.3). This signal stems from antibody binding to the RPGR epitope and is consistent 

with RPGR expression due to transduction with an AAV carrying RPGR as transgene. 

The more robust signal was seen in sections from eyes treated with 

AAV2/8.RK.coRPGR, the AAV carrying the codon optimised cds of RPGR. 

  

Fig. 5.3 Immunohistochemistry shows RPGR in treated Rpgr-/y mice. a) Untreated eye of an Rpgr-/y animal 
shows absence of RPGR staining. b) Single treatment with AAV.RK.wtRPGR results in limited signal, most 
of which is localised to the region between inner and outer segments (cc = connecting cilium). c) Rpgr-/y mice 
treated with codon optimised vector show the most convincing RPGR expression in this representative 
section. Four eyes were treated in treatment cohorts (Table 6.2) with 2µl containing 1 x 109 vg of AAV. 
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5.5 Discussion 

 

The surgical technique applied here allowed safe application of up to 2 µl into 

the subretinal space of mice. The resulting hemiretinal detachment spontaneously re-

attached within 24h in all animals and no ocular sequelae were observed. At the same 

time it prevented (temporary) corneal oedema formation and/or cessation of 

intraocular circulation as can be observed after subretinal injections without prior 

paracentesis (unpublished observation). Optical media remained clear for the 

following 3 weeks and there was no indication of intraocular pathology such as 

cellular infiltrates, anterior/posterior synechiae of the iris or cataract formation. 

Retinal imaging demonstrated robust levels of GFP transgene expression in the 

control group, which had received AAV2/8.CAG.GFP. Interestingly, the reporter 

protein GFP was evident across the whole retina, even though the immediate 

application was limited to the superior hemiretina. This indicates at least some degree 

of transduction of cells outside the detachment area. One has to bear in mind though, 

that GFP was driven by the unspecific CAG promoter, which leads to ubiquitous 

transgene expression not limited to photoreceptors. This is in contrast to the vectors 

carrying the RPGRORF15 cds, in which the rhodopsin kinase promoter drives 

photoreceptor specific expression of RPGRORF15. 

Eyes treated with AAV2/8.RK.coRPGR or AAV2/8.RK.wtRPGR showed 

normal retinal vasculature and nerve fibre layer as indicated by the infrared images 

focused on the inner retina (Fig. 5.2). However, their autofluorescence recordings 

showed hyperfluorescent dots likely corresponding to macrophages loaded with 

phagocytised autofluorescent photoreceptor debris as a result of the retinal 
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degeneration due to Rpgr deficiency [151]. In contrast, mice treated with 

AAV2/8.CAG.eGFP vector demonstrated strong and ubiquitous GFP derived 

fluorescence (Fig. 5.2). This is concordant with previous reports that AAV2/8 shows a 

fairly rapid onset of transgene expression after subretinal delivery [96, 145]. 

Unfixed sections provided evidence of RPGR expression and localisation to 

the connecting cilium in Rpgr-/y mice. This is the first evidence for a successful 

application of a codon optimised RPGR vector sequence. Other groups have 

previously been successful to restore full length or abbreviated Rpgr in Rpgr-/y mice 

[121, 152]. Wild type or mutated human RPGR has also been successfully expressed 

in in Rpgr-/y mice [121, 122] and dogs with XLPRA1 and XLPRA2 (see chapter 1.2.4 

and [153]). However, in some of those studies, mutations during the development of 

the vector used for transgene expression caused alternative protein products, while 

this work provides evidence for expression and correct localisation of RPGR based on 

a codon optimised sequence, which translates into a wild type RPGR protein product. 

Interestingly, this study confirmed previous observations (above) that 

transgenic and heterologous RPGR localises to the connecting cilium in mice or dogs, 

which may be surprising given a sequence homology of only 55% (amino acid 

sequence) between Homo sapiens and Canis lupus familiaris or Mus musculus. On the 

other hand, key motifs of RPGRORF15 (e.g. RLD, C-terminus) are fairly conserved 

across species [49], which may help to explain correct localisation and a functional 

rescue by RPGR replacement in mice or dogs. Given the successful pilot trial with 

AAV2/8.RK.coRPGR, we planned a more thorough study (next chapter) to investigate 

the safety and efficacy of AAV2/8.RK.coRPGR as a potential treatment option for 

XLRP3. 
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6.1 Introduction 

 

Developing gene therapy for XLRP has remained a challenge for a number of 

reasons. One is the purine rich, repetitive sequence of RPGRORF15, which makes it 

difficult to clone without encountering spontaneous mutations. Confirming the 

integrity of the sequence by Sanger sequencing is also problematic as the frequent 

poly-guanine runs cause DNA polymerases to stall or stop.  

A second problem is the mild phenotype in murine disease models such as 

Rpgr-/y and C57BL/6JRd9/Boc mice [76, 77]. With relatively small structural and 

functional differences between these disease models and wild type controls, it is 

difficult to reach a statistical significance level in a treatment cohort. 

To address the first point, we applied the principle of codon optimisation to 

change the primary nucleotide sequence of the RPGRORF15 coding sequence. Because 

only synonymous codons were used, the resulting amino acid sequence remained 

unchanged while the codon optimised RPGR construct featured superior sequence 

stability and translational efficiency compared to the wild type RPGR construct. This 

benefit was evident in vitro when using plasmid transfections and transduction 

experiments with AAV constructs. The same AAV constructs were then used in a 

pilot trial to demonstrate their potential to transduce photoreceptors. Resulting RPGR 

protein was localised to the connecting cilium, its physiological compartment in 

photoreceptors. 

To address the second issue with small differences between cohorts with and 

without disruptive Rpgr mutations, we performed a sample size and power calculation 

based on relevant, objective and quantitative outcome measures.  
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6.2 Aims 

 

The aim of this work was to test the efficacy of AAV.RK.coRPGR as gene 

therapeutic agent for XLRP3 in two relevant animal models (Rpgr-/y and 

C57BL/6JRd9/Boc mice) and to explore any potential toxic effects in wild type animals 

(C57BL/6J). The study design was chosen to provide robust statistical evidence with 

the potential to serve as a basis for regulatory approval of a clinical phase I trial. 
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6.3 Materials and methods 

 

 

6.3.1 Sample size and power calculations 

 

Sample size and power calculations were performed using a JavaScript based 

algorithm provided by Rollin Brant from the University of California, San Francisco 

Department of Epidemiology & Biostatistics, Division of Biostatistics 

(http://www.stat.ubc.ca/~rollin/stats/ssize/). Primary outcome measure used for this 

was the a-wave amplitude [µV] after a dark-adapted single flash stimulus at 

0.01cd.s/m2, which reflects the physiology of the vast majority of photoreceptors in 

the mouse retina, the target cell population in this study. 

These electroretinographic (ERG) responses were measured as detailed in 

chapter 2.5 and mean and standard deviations for n = 4 per cohort (C57BL/6J, 

C57BL/6JRd9/Boc, and Rpgr-/y mice) calculated in Excel. Before calculating the sample 

size, difference of mean a-wave amplitude between C57BL/6J (target normal value) 

and C57BL/6JRd9/Boc (baseline before treatment) and between C57BL/6J and Rpgr-/y 

was calculated and ½ of this added to the current mean of the respective disease 

models assuming a 50% gain due to treatment. This provided values for µ0 (mean of 

untreated cohort) and µ1 (mean of treated cohort). Value for σ (standard deviation of 

the sampled population) was set to the standard deviation of the a-wave amplitude in 

the respective disease model. A one-sided test design was assumed, the type I error 
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rate set to α = 0.05 and the desired power defined as 90% for the sample size 

calculation. 

A comparable sample size was then used to calculate the power to detect toxic 

effects in C57BL/6J mice. For this, a loss of 10% of the mean a-wave amplitude at 

baseline was assumed as toxic effect and the baseline standard deviation entered as σ. 

 

 

6.3.2 Trial design 

 

 ERG responses were chosen as primary outcome measure as objective and 

quantitative biomarker of retinal function that is relevant to the disease process and an 

appropriate readout for potential therapeutic and/or toxic effect of the test item, 

AAV.RK.coRPGR. Due to relatively high inter-individual variability within cohorts, a 

intra-individual testing paradigm was chosen: one eye would be treated with 

AAV.RK.coRPGR (verum) while the contralateral eye would serve as control. In 

order to capture the natural disease process and have a control injection with an 

inactive substance (AAV.control) in such a design, two parallel trials were run: one 

(necessarily) open label trial with unilateral treatment of randomised eyes with 

AAV.RK.coRPGR was used to compare treatment effect vs. natural disease process. 

The second design was a masked trial with a random selection of eyes receiving 

AAV.RK.coRPGR or AAV.control. The latter trial was used to control for the effect 

of surgery and AAV exposure. All 129 animals were treated with weaning at postnatal 

day P22±2 and tested at three subsequent time points: postnatal month 2 (PM2), PM4 
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and PM6 before sacrifice (Fig. 6.1). ERG was recorded at all three time points and the 

cSLO was performed additionally at the last time point PM6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.3 C57BL/6J wild type mice 

 

A total of n=47 C57BL/6J mice were treated in the two trials (Fig. 6.1) to 

explore potential toxic effects of subretinal AAV2/8.RK.coRPGR delivery. 24 

animals received unmasked unilateral treatment, where the eye was chosen in a 

Fig. 6.1 Design of the efficacy and toxicology study. Rpgr-/y, C57BL/6JRd9/Boc, and 
C57BL/6J, mice are subjected to either a masked bilateral treatment testing 
AAV.RK.coRPGR vs. AAV.control (top) or an unilateral treatment with AAV.RK.coRPGR 
alone. All eyes were randomly assigned to verum vs. sham treatment or treatment vs. no 
treatment. Surgery was performed at postnatal day 22 (P22) and followed up at postnatal 
month 2 (PM2), PM4 and PM6 with electroretinography (ERG). At PM6, scanning laser 
ophthalmoscopy (SLO) was performed before sacrifice and processing of eyes for 
histology or Western blotting. 
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randomised fashion. Treatment consisted of a single subretinal injection of 1.5x109vg 

AAV2/8.RK.coRPGR diluted in BSS® with 0.001% PF-68. The remaining 23 animals 

received bilateral injections in a masked and randomised fashion. Treatment in the 

verum group was as above, while the control group received 1.5x109vg 

AAV2/8.control diluted in the same vehicle (BSS® with 0.001% PF-68). Both vectors 

are described in detail in chapter 4. 

 Subretinal injections were performed with weaning at 3 weeks of age as 

detailed in chapter 2.4 and 5. A grading system (0-10) was used by the surgeon to 

indicate quality of the subretinal injection, where 0/10 denotes no vector delivery and 

10/10 full vector delivery without any form of complication such external (e.g. 

subconjunctival) or internal (e.g. intra-retinal /-vitreal) haemorrhage during or after 

the subretinal injection. A grade 9/10 was for example given in case of complete 

vector delivery, but minor subconjunctival bleed (see Table 6.1). Poor injections were 

defined as a grade ≤ 7 and were excluded from the trial (indicated grey in Table 6.1). 

 

Table 6.1 Overview of parameters leading to surgical classification. 
% vector 
delivered 

no bleed 
minor external 

bleed 
major ex- / minor 

internal bleed 
major internal 

bleed 
100 10/10 9/10 8/10 7/10 
90 9/10 8/10 7/10 6/10 
80 8/10 7/10 6/10 5/10 
70 7/10 6/10 5/10 4/10 
60 6/10 5/10 4/10 3/10 
50 5/10 4/10 3/10 2/10 
40 4/10 3/10 2/10 1/10 
30 3/10 2/10 1/10 0/10 
20 2/10 1/10 0/10 0/10 
10 1/10 0/10 0/10 0/10 
0 0/10 0/10 0/10 0/10 

 
Table 6.1 Point system from 0-10 was used to semi-quantitatively assess quality of surgical procedure. 
Parameters taken into account were % of vector suspension delivered (left) and amount and location of bleeding. 
Only good (8/10) to excellent (10/10) surgical results (all in light grey) were considered as successful vector 
delivery. 
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 Surgical intervention was followed by longitudinal observation of intra-

individual changes in ERG recordings (protocol described in detail in chapter 2.5 and 

Fig. 6.1) at postnatal month two (PM2) and PM4. At PM6, additional SLO imaging of 

the retina was performed (protocol in chapter 2.6) immediately after ERG recordings.  

Mice were sacrificed at the last time point (PM6), and eyes dissected for 

transgene detection by Western blot or immunohistochemistry (details in chapter 

2.7.3-4). 

 

 

6.3.4 C57BL/6JRd9/Boc mice 

 

A total of n=36 C57BL/6JRd9/Boc mice were treated in both trials (Fig. 6.1). 19 

animals received unmasked unilateral treatment, while 17 animals were enrolled to 

receive masked and randomised bilateral injections with verum or control as described 

above for C57BL/6J mice. This was done to assess efficacy of AAV based RPGR 

gene replacement gene therapy. Follow-up was scheduled as above. 

 

 

6.3.5 Rpgr-/y mice  

 

Rpgr-/y mice were used to assess efficacy of AAV based RPGR gene 

replacement gene therapy in a second animal model of XLRP. For this, a total of n=46 

were treated in the two separate trials described above (Fig. 6.1). 25 animals received 



Chapter 6 - Safety and efficacy of RPGR gene therapy  
 
 

       ~          ~ 164  

unmasked unilateral treatment, while 21 animals were treated in both eyes (verum and 

control) as described above. Post-interventional readout was scheduled as above for 

C57BL/6J mice. 
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6.4 Results 

 

 

6.4.1 Sample size and power calculations 

 

Calculated sample size was based on ERG data collected from four eyes (two 

animals) per cohort (C57BL/6J, C57BL/6JRd9/Boc, and Rpgr-/y mice). The average a-

wave amplitude of n = 9 trials was recorded (see table below) for each eye.  

 

Table 6.2 Electroretinography results from six adult mice. 
Dark adapted single flash [0.01 cd.s/m2] a-wave amplitude [µV] 
C57BL/6J #1 OS 84.84 
C57BL/6J #1 OD 76.60 
C57BL/6J #2 OS 73.61 
C57BL/6J #2 OD 89.20 
Rpgr-/y 8.1.3 OS 80.54 
Rpgr-/y 8.1.3 OD 64.47 
Rpgr-/y 8.1.5 OS 67.14 
Rpgr-/y 8.1.5 OD 76.67 
C57BL/6JRd9/Boc 3.1.1 OS 77.01 
C57BL/6JRd9/Boc 3.1.1 OD 71.68 
C57BL/6JRd9/Boc 3.1.3 OS 54.37 
C57BL/6JRd9/Boc 3.1.3 OD 56.13 

 
Table 6.2 Adult mice (C57BL/6J, C57BL/6JRd9/Boc, and Rpgr-/y at ca. P28) were used to obtain 
electroretinographic data for sample size calculations. A-wave amplitudes from four eyes (two animals) 
per cohort were recorded using a dark-adapted single flash stimulus at 0.01 cd.s/m2 intensity. 
 

After calculating the µ0, µ1 and σ values from the data above, the suggested 

sample sizes ranged from 16 to 21. The C57BL/6JRd9/Boc mice featured the smallest 

amplitude (65±11µV; mean±standard deviation) compared to the wild type control 

(81±7µV) and therefore only required an estimated sample size of n=16. The 
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suggested sample size for Rpgr-/y was n=21 due to its higher amplitude at baseline 

(72±8µV). Power calculations showed that a loss of 10% amplitude from baseline in 

wild type mice would be detected with a power of 100% using a cohort size of n=20. 

 

 

6.4.2 C57BL/6J wild type mice 

 

Six eyes were excluded from the trial due to poor surgery and one was 

excluded due to pre-existing anterior segment changes. This resulted in an overall 

cohort size of n=19 for the unilateral trial and n=22 for the bilateral trial. The average 

[and range] of the documented surgical quality was very similar in all groups: 9.0 [8-

10] for the open label, 9.5 [8-10] for the verum and 9.3 [8-10] in the control group. 

Representative images from the surgery are shown in Fig. 6.2. All mice recovered 

Fig. 6.2 Representative images from surgery in C57BL/6J mice. Top panel shows examples from injections in 
the left eye, bottom panel shows injections in the right eye. Overviews on the left are from low power 
magnification views through the surgical microscope. During surgery, a higher magnification level is chosen as 
depicted in the other images, which show typical surgical outcomes rated 10/10 in absence of any complication, 
9/10 in case of minimal bleeding and 8/10 in case of slightly more substantial epi-/intraretinal (top right) or 
subretinal (bottom right) bleeding. Asterisks indicate detachments and arrowheads point to haemorrhages. 
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quickly after surgery and were kept under standard conditions (see chapter 2.3) until 

the appropriate timepoint for follow up ERG recordings at PM2, PM4 and PM6. 

 Due to software issues, a total of four ERG data sets (individual mice at 

individual time points) were lost. Two of those concerned animals from the unilateral 

trial (one at PM2 and one at PM4) and two from the bilateral trial (both at PM2). One 

animal from the bilateral trial did not recover from anaesthesia at PM2. All other 

recordings (n=120 ERG data sets from 40 mice at three time points) were successfully 

recorded and saved for further analysis. 

 None of the recorded signal intensity series either under dark or light adapted 

conditions showed a significant difference between treated vs. untreated (Fig. 6.3) or 

between verum vs. control group (Fig. 6.4) at any time point. Retinal imaging with 

scanning laser ophthalmoscopy (SLO) also confirmed that there was no toxic effect to 

be observed on retinal structure up to 6 months after subretinal application of 

AAV.RK.coRPGR (Fig. 6.5).   
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Fig. 6.3 ERG recordings in C57BL/6J mice after unilateral subretinal injection of AAV.RK.coRPGR. Red lines 
represent data from treated eyes, black from untreated eyes. a) shows data from PM2, b) from PM4 and c) from 
PM6, the last time point tested. Factorial ANOVA for repeated measures retained the null hypothesis (no 
difference) in all analyses. Lines indicate mean amplitudes ± 95% confidence interval (whiskers). 
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Fig. 6.4 ERG recordings in C57BL/6J mice after bilateral subretinal injection of AAV.RK.coRPGR (red) or 
AAV.control (black). a) shows data from PM2, b) from PM4 and c) from PM6, the last time point tested. Factorial 
ANOVA for repeated measures retained the null hypothesis (no difference) in all analyses. Lines indicate mean 
amplitudes ± 95% confidence interval (whiskers). 
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Western blot of whole retinal lysate confirmed RPGR transgene expression in the 

treated, but not in the control eye (Fig. 6.6). The band showed the predicted molecular 

weight and no extra bands were apparent. Immunohistochemistry of unfixed 

cryosections also demonstrated RPGR transgene expression and co-localisation with 

native RPGRIP (Fig. 6.7) in the treated eye, but not the untreated control eye.  

 

Fig. 6.5 Representative retinal images of C57BL/6J mice at postnatal month 6 (PM6). Three columns 
represent eyes of the treatment group (left), sham control group (middle) and untreated group (right). Using 
scanning laser ophthalmoscopy imaging in the infrared mode, focal plane was set to inner retina (top row) or 
outer retina (middle row). Bottom row demonstrates the physiologically weak autofluorescence in wild type 
mice.  
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Hematoxylin and eosin (H&E) staining in retinal sections from treated eyes (TE) and 

untreated eyes (UE) revealed normal retinal anatomy in both cohorts (Fig. 6.8). As 

suggested by these representative images, neither of the cohorts showed any sign of 

inflammation or degeneration in any of the sections. 

 

  

Fig. 6.6 Representative Western blot of whole retinal lysates from treated vs. untreated eyes of C57BL/6J, 
C57BL/6JRd9/Boc, and Rpgr-/y mice. RpgrORF15 expression is limited to the treated eyes (TE) and shows a band at 
ca. 200kDa. The strongest band is visible in C57BL/6JRd9/Boc, followed by C57BL/6J, while the Rpgr-/y sample 
shows weakest expression, which might be due to variability e.g. in surgery or transduction efficiency. GAPDH 
was used as loading control (red). Naïve HEK293T cells were used as negative control (nc) and HEK293T 
cells transfected with a coRPGR expression plasmid as positive control (pc). 
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Fig. 6.7 Immunohistochemistry in C57BL/6J mice. Representative sections from control-treated (top panels) and 
AAV.coRPGR treated eyes in C57BL/6J mice were stained with Hoechst (blue) and antibodies against human RPGR 
(SIGMA n-terminal; green) and mouse Rpgrip (red). Top panels show no human RPGR expression in a control-
treated eye, while Rpgr (red) indicates location of the connecting cilia. Treatment with AAV.coRPGR resulted in 
RPGR expression (bottom panels) and co-localisation of human RPGR with Rpgrip (red). Scale bar indicates 20µm. 
 

Fig. 6.8 Haematoxylin and eosin 
staining in C57BL/6J mice. Left 
panel shows a representative 
retinal section from a treated 
eye (TE), in the right panel from 
an untreated eye (UE). There 
were no signs of inflammation or 
degeneration visible in any 
section. Normal anatomy was 
observed as indicated to the left: 
INL = inner nuclear layer; ONL = 
outer nuclear layer; IS/OS = 
inner and outer segments of 
photoreceptors; RPE = retinal 
pigment epithelium. Scale bar 
indicates 20µm. 
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6.4.3 C57BL/6JRd9/Boc mice 

 

One mouse of the unilateral open label trial had to be excluded due to a pre-

existing corneal infiltrate with associated microphthalmus in the untreated control eye. 

The microphthalmus may have led to false low ERG recordings in the untreated eye. 

This resulted in a total of n=18 for the unilateral trial, and n=17 animals for bilateral 

injections. None of the treated animals had to be excluded due to surgical 

complications and all animals received injections rated good or excellent with mean 

(range was 8-10 in all groups) of 9.7 for the open label, 9.1 for the verum and 9.0 in 

the control group. 

In the longitudinal follow up, two animals from the unilateral trial did not 

recover from anaesthesia at PM4. A total of 102 bilateral ERG data sets from three 

time points were successfully recorded and saved for further analysis. 

 In the open label, unilateral trial, factorial ANOVA for repeated measures 

retained the null hypothesis (no difference) at the first time point (PM2), but showed a 

trend for larger amplitudes for the treated eyes at higher intensities in both dark- and 

light adapted intensity series (Fig. 6.9). At PM4, the treated eyes responded with 

significantly higher amplitudes across the dark adapted intensity series regarding both 

a-wave (p = 0.001) and b-wave (p = 0.002). The light adapted responses were not 

significantly different. This pattern was sustained until the last time point (PM6). 

 In the masked bilateral trial null hypothesis was retained at all time points. 

However, verum treated eyes always showed a trend for higher amplitudes again 

especially at higher stimulus intensities (Fig. 6.10). 
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Fig. 6.9 ERG recordings in C57BL/6JRd9/Boc mice after unilateral subretinal injection of AAV.RK.coRPGR. Red 
lines represent data from treated eyes, black from untreated eyes. a) shows data from PM2, b) from PM4 and c) 
from PM6, the last time point tested. Factorial ANOVA for repeated measures retained the null hypothesis (no 
difference) at PM2, but treated eyes (red) showed larger amplitudes in the dark adapted intensity series (left 
panels) at PM4 and PM6. Lines indicate mean amplitudes ± 95% confidence interval (whiskers). 
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Fig. 6.10 ERG recordings in C57BL/6JRd9/Boc mice after bilateral subretinal injection of AAV.RK.coRPGR (red) 
or AAV.control (black). a) shows data from PM2, b) from PM4 and c) from PM6, the last time point tested. 
Factorial ANOVA for repeated measures retained the null hypothesis (no difference) in all analyses. This might 
indicate a sham effect of the control injection on ERG. Lines indicate mean amplitudes ± 95% confidence 
interval (whiskers). 
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Retinal imaging with scanning laser ophthalmoscopy (SLO) also confirmed 

that there was no toxic effect to be observed on retinal structure up to 6 month after 

subretinal application of AAV.RK.coRPGR (Fig. 6.11). However, autofluorescence 

imaging revealed a change in the disease presentation in treated C57BL/6JRd9/Boc mice: 

We showed previously that lack of Rpgr expression in mice is associated with 

hyperfluorescent dots across the retina visible in autofluorescence, while wild type 

mice only have minimal, homogenous autofluorescence signal (Fig. 6.5). 

Interestingly, imaging in the verum treated eyes at PM6 showed a reduction of these 

hyperfluorescent dots in the superior hemiretina, where the vector was initially 

applied. Hemiretinal fields were significantly different within the treated eyes: 13±14 

(mean±standard deviation) in the treated superior hemiretina vs. 59±40 in the 

ipsilateral inferior retina (p=0.005; n=6, paired t-test). Comparing the superior 

hemiretina of the treated vs. the contralateral untreated retina (65±56) produced a 

similar result (p=0.037; n=6, paired t-test, Fig. 6.12). 

Western blot of whole retinal lysate confirmed RPGR transgene expression in 

the treated, but not in the control eye (Fig. 6.6). The band showed the predicted 

molecular weight and no extra bands were apparent. Immunohistochemistry of 

unfixed cryosections also demonstrated RPGR transgene expression and co-

localisation with native Rpgrip (Fig. 6.13) in the treated eye, but not the control eye.  
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Fig. 6.11 Representative retinal images of C57BL/6JRd9/Boc mice at postnatal month 6 (PM6). Three columns 
represent eyes of the treatment group (left), sham control group (middle) and untreated group (right). Using 
scanning laser ophthalmoscopy imaging in infrared mode, focal plane was set to inner retina (top row) or outer 
retina (middle row). Bottom row demonstrates a distinctly different autofluorescence pattern between the treated 
(left) and sham (middle) or control (right) eyes: The treated eye shows fewer hyperfluorescent dots in the 
superior hemiretina – the area of AAV2/8.RK.coRPGR application.  
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Fig. 6.12 Quantitative analysis of treatment effect on hyperfluorescent dots in C57BL/6JRd9/Boc mice. a) 
Representative autofluorescence image 6 months after subretinal injection of AAV.RK.coRPGR in the 
superior hemiretina (red), which shows few hyperfluorescent dots. The inferior hemiretina (white) was not 
directly exposed to AAV.RK.coRPGR and shows a large number of hyperfluorescent dots. b) Representative 
autofluorescence image taken at the same time point but in the untreated control eye of the same animal. c) 
Bar graph following quantitative analysis of number of hyperfluorescent dots in the superior (treated, red) 
hemiretina vs. the ipsilateral inferior hemiretina (white) from image a). d) Comparison between number of 
hyperfluorescent dots in the superior (treated) hemiretina (red in a) vs. the contralateral superior hemiretina of 
the control eye (in b). Significance levels were tested by paired Student’s t-test (n = 6). 
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6.4.4 Rpgr-/y mice  

 

One mouse of the unilateral open label trial had to be excluded due to pre-

existing microphthalmus in the untreated eye, that was noticed only after surgical 

intervention of the contralateral eye and would have led to false low ERG recordings 

in the untreated eye. Additionally, one animal from the bilateral trial of the treated 

animals had to be excluded due to surgical complications (part intravitreal injection 

with intravitreal haemorrhage). This resulted in a total of n=24 for the unilateral trial, 

Fig. 6.13 Immunohistochemistry in C57BL/6JRd9/Boc mice. Representative sections from control-treated (top panels) 
and AAV.coRPGR treated eyes in C57BL/6JRd9/Boc mice were stained with Hoechst (blue) and antibodies against 
human RPGR (SIGMA n-terminal; green) and mouse Rpgrip (red). Top panels show no human RPGR expression in 
a control-treated eye, while Rpgr (red) indicates location of the connecting cilia. Treatment with AAV.coRPGR 
(bottom panels) resulted in RPGR expression  and co-localisation of human RPGR with Rpgrip (red). Scale bar 
indicates 20µm. 
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and n=20 animals for bilateral injections. The surgical success rate was high in all 

cohorts: Mean [range] ratings were 9.3 [8-10] for the open label, 9.5 [9-10] for the 

verum and 9.4 [8-10] in the control group. In the longitudinal follow up, one 

bilaterally injected animal at PM2 and two animals with unilateral injections at PM4 

did not recover from anaesthesia. A total of 128 bilateral ERG data sets from three 

time points were successfully recorded and saved for further analysis. 

 In the open label, unilateral trial, there was no apparent difference between 

eyes at the earliest time point (PM2), but a robust treatment effect visible in the dark 

adapted ERG responses at PM4 (p<0.001) and PM6 (p<0.001) in both a- and b-wave 

amplitudes. Photopic b-wave responses were significantly greater at PM6 (p=0.004, 

Fig. 6.14). The masked bilateral trial showed significantly increased amplitudes of 

dark-adapted b-wave responses at PM6, and light adapted b-wave amplitude was 

significantly increased at PM4 (but not at PM6, Fig. 6.15). 

Eyes of Rpgr-/y mice treated with AAV.RK.coRPGR showed a reduction of 

hyperfluorescent dots in the superior hemiretina, as also seen in treated 

C57BL/6JRd9/Boc mice. In contrast, untreated or sham treated eyes of Rpgr-/y mice 

showed the ubiquitous pattern of hyperfluorescent dots associated with Rpgr-null 

mutations (Fig. 6.16). 

Western blot of whole retinal lysate confirmed RPGR transgene expression in 

the treated, but not in the control eye (Fig. 6.6). The band showed the predicted 

molecular weight and no extra bands were apparent. However the western blot signal 

in the treated knockout mouse was weaker then in the other mouse lines treated. This 

might have been due to variability in the surgery and/or transduction efficiency. 

Immunohistochemistry of unfixed cryosections also demonstrated RPGR transgene 
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expression and co-localisation with native Rpgrip (Fig. 6.17) in the treated eye, but 

not the control eye.  
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Fig. 6.14 ERG recordings in Rpgr-/y mice after unilateral subretinal injection of AAV.RK.coRPGR. Red lines 
represent data from treated eyes, black from untreated eyes. a) shows data from PM2, b) from PM4 and c) from 
PM6, the last time point tested. Treatment with AAV.RK.coRPGR led to significant improvement of dark adapted 
ERG amplitudes (left panels in b-c) and light adapted b-wave amplitudes (right panel in c). Lines indicate mean 
amplitudes ± 95% confidence interval (whiskers). 
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Fig. 6.15 ERG recordings in Rpgr-/y mice after bilateral subretinal injection of AAV.RK.coRPGR (red) or 
AAV.control (black). a) shows data from PM2, b) from PM4 and c) from PM6, the last time point tested. 
Treatment with AAV.RK.coRPGR led to significant improvement of dark adapted ERG amplitudes (left panel 
in c). The treatment effect in the light adapted b-wave amplitudes (right panel in b) was not sustained at PM6 
(right panels in c). Lines indicate mean amplitudes ± 95% confidence interval (whiskers). 
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Fig. 6.16 Representative retinal images of Rpgr-/y mice at postnatal month 6 (PM6). Three columns represent 
eyes of the treatment group (left), sham control group (middle) and untreated group (right). Using scanning 
laser ophthalmoscopy imaging in the infrared mode, focal plane was set to inner retina (top row) or outer 
retina (middle row). Bottom row demonstrates a different autofluorescence pattern between the treated (left) 
and sham (middle) or control (right) eyes: The treated eye shows fewer hyperfluorescent dots in the superior 
hemiretina – the area of AAV.RK.coRPGR application.  
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Fig. 6.17 Immunohistochemistry in Rpgr-/y mice. Top panels show no RPGR (green) expression in a control-
treated eye. Treatment with AAV.coRPGR resulted in RPGR expression and co-localisation of human RPGR 
with Rpgrip (red). Scale bar indicates 20µm. 
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6.5 Discussion 

 

RPGR replacement therapy by AAV has been a goal for the scientific 

community since the characterisation of RPGR as the genetic cause for XLRP3. The 

fact that it still is a goal that has not translated into a clinical trial is mainly due to the 

fact that RPGR is a complex gene with high propensity for mutational changes. This 

has caused serious delays in the development of datasets for the support of clinical 

trial applications. And even with regulatory approval for a safety trial, production of 

clinical grade AAV for RPGR gene therapy will be a significant challenge. 

Here we present evidence regarding the safety (no toxic effects in wild type 

animals, C57BL/6J) and efficacy of a new type of vector construct for RPGR gene 

therapy in two relevant animal models (Rpgr-/y and C57BL/6JRd9/Boc mice). This rAAV 

vector features a codon optimised coding sequence of RPGRORF15, which makes the 

construct more genetically stable while leading to the identical protein product, 

RPGRORF15. After extensive in vitro analyses (chapters 3-4) and a pilot trial in Rpgr-/y 

mice (chapter 5), the present evidence now shows that a single subretinal application 

of AAV.RK.coRPGR is safe and may stop or slow down the progression of retinal 

degeneration due to mutations in Rpgr. 

 

6.5.1 Safety 

 

To explore potential toxic effects of AAV.RK.coRPGR, we tested the same 

dose (1.5x109 vg in 1.5 µl) in forty-one C57BL/6J mice. Nineteen mice were treated 
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in one eye only, while 22 received masked bilateral treatment with either 

AAV.RK.coRPGR or AAV.control. There were no significant differences between 

measures of retinal function in ERG at any time point of either trial between the 

verum group and the control or untreated group (Fig. 6.3-6.4). Additionally, in vivo 

retinal imaging suggests that there was no impact of AAV.RK.coRPGR treatment on 

retinal structure (Fig. 6.5). H&E staining showed no toxic effects of the treatment and 

immunohistochemistry and Western blotting demonstrated RPGRORF15 expression and 

localisation in treated animals, but not in untreated or control treated animals (Fig. 

6.6-6.8). Taken together, single treatment of wild type mice with AAV.RK.coRPGR 

did not seem to induce any toxic effects and showed a good safety profile. This is in 

line with similar reports from the literature, where different constructs also lead to 

safe expression of wild type or variants of RPGRORF15 in wild type mice [121, 122]. 

Toxic effects can principally be observed with some truncated versions of Rpgr [54] 

or with overexpression of RPGR [121, 122]. The trial design, cohort size and 

assessment protocols would have allowed to find even relatively mild negative effects. 

We therefore conclude that treatment with AAV.RK.coRPGR at the chosen dose is 

safe. 

 

6.5.2 Efficacy 

 

The therapeutic effect of AAV.RK.coRPGR was demonstrated in two well-

characterised mouse models of XLRP3: The transgenic model Rpgr-/y (kindly 

provided by Tiansen Li) and C57BL/6JRd9/Boc featuring a naturally occurring mutation 
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in Rpgr. Both models have been shown to lack RpgrORF15 expression in the retina and 

hence were chosen as relevant animal models for XLRP3. However, there are some 

caveats with using these animal models. Most importantly, the disease phenotype is 

surprisingly mild, which necessitates relatively large cohorts in a trial to gain the 

necessary statistical power. As a consequence, we conducted trials in a total of ca. 80 

animals and provided evidence of efficacy as indicated by significant rescue of 

electrophysiological measurements in Rpgr-/y and C57BL/6JRd9/Boc mice (Fig. 6.9-6.10 

and Fig. 6.14-6.15). The treatment did not become evident at the first time point most 

likely due to the slow disease progression in both animal models. However, 

AAV.RK.coRPGR treatment was associated with significant ERG rescue in both 

animal models at PM4 and PM6. This rescue was more evident in the dark adapted 

intensity series, which reflects the sum potential of rod photoreceptors in the lower 

intensity range (single flashes up to ca. 0.01cd./m2) [154]. Higher flash intensities are 

thought to stimulate a mixed cone-rod response. The biggest difference between the 

treated and sham-/untreated eyes were seen at intensities around 1cd.s/m2 indicating 

that both rod and cone photoreceptors might have gained from AAV.RK.coRPGR 

transduction. Data from light adapted intensity series were less consistent with some 

therapeutic efficacy evident at PM4, which could not be reproduced at PM6. 

Interestingly, the natural disease progression e.g. in C57BL/6JRd9/Boc mice was 

described with a relative rebound of dark and light adapted amplitudes from PM4 to 

PM6 [155]. Such a longitudinal development might explain loss of significant 

differences between a treated and sham-/untreated group from PM4 to PM6. 

Alternative explanations might be an only temporary nature of any treatment effect or 

a false positive significance call. The false discovery rate associated with multiple 
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testing of ERG data was controlled for by the False Discovery method published by 

Benjamini et al. [141]. A temporary treatment effect of AAV.RK.coRPGR seems 

unlikely in view of the persistent effects in the dark-adapted intensity series. Also, 

previous studies have indicated that RPGR expression in in Rpgr-/y mice leads to 

sustained treatment effects [121, 122]. The discrepancy between the unilateral, open 

label trials and the bilateral, sham controlled trials may indicate the possibility that the 

sham treatment also had an effect on ERG. There is some evidence in other animal 

models that surgical intervention in the eye induces a therapeutic effect [156]. This is 

thought to be initiated by injury induced paracrine release of neurotrophic factors e.g. 

from activated glia cells {LaVail, 1998 #998}. While we can not completely rule out 

such a sham effect, there were significant differences between AAV.RK.coRPGR 

treated and sham treated eyes in the dark and light adapted ERG responses e.g. in 

Rpgr-/y mice at different time points. 

 

Taken together, treatment with AAV.RK.coRPGR seems to be safe and effective. 

Successful transduction of photoreceptors with AAV.RK.coRPGR in wild type mice 

did not lead to toxic effects, which might have been associated with the expression of 

RPGRORF15. Furthermore, treatment of animal models of XLRP3 showed a 

statistically significant rescue of ERG responses in the treated, but not in the untreated 

eyes. These data are the first evidence that a codon optimised coding sequence of 

RPGRORF15 can be used to safely treat eyes, which lack expression of this important 

ciliary protein. 
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7.1 Retinal gene therapy 

 

 The eye is particularly suited for gene therapy. It is unique in its propensity 

towards monogenetic diseases while at the same time offering ways to observe and 

test the affected tissue with or close to single cell resolution in vivo. The small size, 

compartmentalisation with its relative immune privilege and the fact that it is a paired 

organ (intra-individual control) all contributed to the success of retinal gene therapy. 

First and foremost, three pivotal trials in London and Philadelphia to treat Leber 

congenital amaurosis type 2 (OMIM 204100) with AAV2.RPE65 paved the way for 

many gene therapy programs currently active and/or planned [88, 89, 157]. RPE65 is 

an isomerase found in the RPE and is responsible for recycling Vitamin A derivatives, 

which in turn are necessary for light detection in the photoreceptors (chapter 1.1.2). 

Mutations in RPE65 lead to drastically decreased sensitivity of the retina to light 

stimuli, degeneration of RPE and photoreceptor cells and ultimately blindness. 

 

These phase I/II trials were successful in showing the safety of gene addition 

in patients with missense as well as predicted null mutations [158, 159]. This was 

important as it was previously not clear, whether patients with null mutations would 

stage an immune response against the therapeutic transgene product as it would be 

new to the immune system. Jean Bennett and colleagues were the first to demonstrate 

lack of a clinically significant immune response after second administration of 

AAV2.RPE65 to the contralateral eye years after the first injection [160]. Based on 

this pioneering work several conclusions could be drawn: 
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- High numbers of AAV particles can be administered in the subretinal space 

without clinically evident toxic effects. 

- Subretinal AAV does not lead to a clinical significant immune response. 

- Gene addition to RPE cells can restore metabolic activity to clinically relevant 

levels. 

 

However, some of the more optimistic expectations of restoring vision in 

LCA2 patients were not met in these first trials. These had been fuelled by the 

exceptional results from pre-clinical studies on animal models of LCA2 with Lancelot 

being the most prominent recipient having 

visited the US Senate [161]. Lancelot was 

one of the Briard dogs with a naturally 

occurring mutation in RPE65 that were 

treated using AAV2.RPE65. The 

therapeutic effect was remarkable with 

robust electro-physiological evidence of 

efficacy and very apparent behavioural 

change. While most patients from the first 

trials showed some form of improvement in 

psychophysical tests measuring retinal 

sensitivity under mesopic or scotopic 

conditions, no patient was demonstrated to have gained an objective 

electrophysiological response. This can be seen as difficult given the unmasked nature 

of the trial design. 

Fig. 7.1 Lancelot, the Briard dog on promotional 
tour at Washington DC.  
Picture courtesy: Foundation Fighting Blindness 
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The long-term follow up of the patients from the first trials additionally point 

towards a possible decline of initial functional improvement [158, 159]. Several 

potential explanations were put forward on why the therapeutic benefit was not more 

obvious and why there was an indication of continued degeneration. One maintains 

that the intervention had come too late to effectively stop degeneration of remaining 

retinal tissue. Support comes from observations in animal models, where treatment 

success was highly dependent on the timing of intervention [162, 163]. Treatment at 

very early disease stages showed functional and structural rescue, while later 

intervention showed only transient functional improvements with continuous 

structural degeneration eventually leading to complete blindness. Some authors argue 

that the disease stage found in the enrolled patients equated to the second group and 

thus only allowed for transient functional benefit. Data published by Maguire et al. 

support this line of argument with greater treatment effect seen in younger patients 

[164]. However, Bainbridge et al. and Jacobson et al. could not find a clear 

correlation between age of participant and response to treatment. In fact, Bainbridge et 

al report greatest improvements in older participants [158, 159]. 

 

Indirectly, this leads to the second line of argument: the applied dose might not 

have reached the required therapeutic threshold. Greater success in older participants 

could be related to less tissue being left at later disease stages, thus increasing the ratio 

of AAV particles applied vs. cells available for transduction (i.e. increasing the 

multiplicity of infection, MOI). Further support for this hypothesis comes from canine 

studies, which demonstrate that sub-threshold doses of AAV2.REP65 can lead to 
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limited functional rescue without ERG improvements (as observed in patients), while 

higher doses would lead to robust measurable responses on ERG, which were also 

associated with protection against continuous degeneration [159, 163]. 

 

A third hypothesis focused on secondary structural changes in retinal tissue of 

LCA2 patients: Cideciyan et al. suggested that the therapeutic effect of a restored 

recycling of all-trans retinyl esters into 11-cis retinal by the RPE65 isomerase 

transgene product could be limited by pathological alteration of the degenerating 

retinal tissue, such as disorganised photoreceptor outer segments and accumulating 

lipid droplets forming a “resistive barrier” [157].  

 

A fourth possible explanation of limited functional rescue is the prolonged and 

extensive deprivation of the visual cortex in LCA2 patients, who typically experience 

severe vision loss from birth (hence the name congenital). One could therefore argue 

that even with the best possible restoration of the recycling activity of RPE65 and 

phototransduction in the remaining photoreceptors, the perception of light on a 

cognitive level might be dictated by a limited cortical plasticity. An often cited 

example is the development of amblyopia in patients in which strabismus is not 

treated until at least their early teens. Correction of such a strabismus in adults usually 

does not achieve significant improvement of vision in the amblyopic eye. However, 

Ashtari et al. have demonstrated significantly enhanced activity in the visual cortex in 

LCA2 patients following gene therapy. The activity was specifically found in the 

cortical area corresponding to the treatment area in the retina and correlated with 

improvement of other clinical outcome measures [165]. Maybe more importantly, the 
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improvement was clearly evident even 3 years after gene therapy, suggesting a 

sustained beneficial effect. 

 

Another clinical trial also shows a more optimistic picture. Using AAV2.REP1 

MacLaren et al. have successfully treated circa 12 patients with choroideremia to date 

[166]. Preliminary data showed good safety and an unexpected increase in visual 

function in some of the patients. This is remarkable as most previous reports 

emphasized the preservation of visual acuity until the very last stages [167] and most 

trial participants went into the operation with (near) normal visual acuity. Hence, the 

initial goal was to show safety and efficacy in terms of preventing further 

deterioration of vision. For ethical reasons, the worse eye was treated. Latest follow-

up data of trial participants now suggest that the visual function of the treated (initially 

worse) eye has now become the functionally better eye in the majority of patients. 

With a follow up of more than 3 years, this suggests that gene therapy can lead to a 

sustained treatment effect in human patients just as we have seen in animal models. 

 

Taken together, there are a number of reasons, which might explain why some 

of the first trials were ‘only’ successful in showing the safety of subretinal AAV gene 

therapy but limited in demonstrating efficacy. It is important to acknowledge the 

enormous contributions made by these groups for the field of retinal gene therapy. In 

their wake, a large number of gene therapy trials have started or are planned and an 

unprecedented investment from the financial sector in gene therapy companies such as 

Oxford BioMedica plc., Spark Therapeutics, NightStaRx Ltd., Avalanche 
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Biotechnologies etc. has made the translation of current (pre-) clinical gene therapy 

programs into an approved treatment more likely.  

 

 

7.2 Potential roadblocks and solutions for gene therapy programs 

 

Some potential roadblocks can be identified, which could possibly delay the 

development of retinal gene therapy. These can be divided in practical aspects and 

more abstract issues.  

 

One practical bottleneck for retinal gene therapy is the surgical application of 

vector suspension in order to transduce the target cell population efficiently. Most 

retinal gene therapies are geared towards photoreceptor and/or RPE cells. Both cell 

populations are immediately adjacent to the potential subretinal space, which can be 

filled with balanced salt solutions using fine needles with minimal trauma. This route 

of delivery has several advantages over intravitreal or intracameral injections, 

including greater transduction efficiency and greater control of biodistribution. 

Additionally, the subretinal space has been shown to feature a deviant immune 

response similar to the anterior chamber-associated immune deviation (ACAID) [92, 

168]. By actively suppressing potentially harmful immune responses ACAID may 

have played a role in the success of subretinal gene therapy in the second eye 1.7–3.3 

years after treatment of the contralateral eye [160].  
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Subretinal delivery of therapeutic agents is an established procedure in 

vitreoretinal surgery; one example being solutions containing recombinant tissue 

plasminogen activator (rTPA) for the treatment of submacular haemorrhages in 

neovascular AMD [169, 170]. The microsurgical procedures and instruments for 

subretinal delivery are therefore available, but a number of unique factors, such as 

small injection volumes (~100-500 µl) and minimal surplus solution for priming and 

flushing, need to be considered as well as biomechanical alterations of ocular tissue 

due to the underlying disease.  

 

The different retinal gene therapy trials so far have all applied the vector 

suspension into the subretinal space - each using protocols with small but important 

differences: Bainbridge used 1000 µl with gas-fluid exchanges to push the bleb into 

the target area. Maguire injected 150 µl vector suspension with 0.001% PF-68 directly 

into the subretinal space of the target area and a similar approach was used in the 

Jacobson et al. trial with a volume of 150-300 µl applied directly using a 39-gauge 

cannula. Bennicelli et al. have pointed out that without addition of 0.001% of PF-68, 

90% of the AAV2 particles are retained in the injection system [171]. Therefore, the 

actual dose given in the trial by Bainbridge et al. (which did not use PF-68) is likely 

one log unit below what is nominally reported. Additionally, a bleb with 1000 µl 

volume is predicted to cause significant strain (large ∂l in ε = ∂l/l0 , where ε is strain, ∂ 

indicates change and l is length with l0 indicating length at baseline) on the remaining 

neuroretinal tissue. Maybe not surprisingly then, this trial reported long-term thinning 

of retinal thickness [159]. One of the first Philadelphia patients developed a full 

thickness macular hole and another was reported to have lost a substantial amount of 
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outer nuclear layer thickness, indicating photoreceptor loss, after subretinal delivery 

of AAV [89, 172]. Careful review of these cases suggests that the needle penetration 

site should be well outside the area of foveal thinning and that the biomechanical 

properties of each patient’s retinal architecture should be considered to minimise the 

mechanical strain (ε = ∂l/l0) and stress (σ = F/A, where σ is stress, F is force applied 

and A indicates cross sectional area) that the retinal tissue is subjected to. Taking 

elasticity theory into account, it seems prudent i) to minimise stress (σ) by inducing 

the detachment at the site of greatest retinal thickness (A = cross-sectional area), ii) 

using minimal total volume to reduce strain (minimising change in length, ∂l) and iii) 

injecting slowly, thereby limiting the strain rate ε(t) = v(t)/l0 of the delicate neuronal 

tissue [ε(t) is the strain ε at each time t and v(t) is the speed at which the ends are 

moving away from each other]. 

 

Surprisingly, another bottleneck can be lack of robust clinical data on the 

natural history of disease progression, degree of symmetry, test/re-test variability 

and/or comparison of relevant outcome measure analyses. Most existing papers field 

retrospective case series type clinical studies, where the cohort might be defined based 

on clinical diagnosis alone. However, data from prospective trials are much more 

appropriate to design a sound interventional trial with suitably defined in/exclusion 

criteria, follow-up schedules and primary/secondary outcome measures. 

  

A more abstract hazard in the way of gene therapeutic development is the 

effort needed to actually reach trial (let alone market-) approval by various regulatory 

bodies in relation to the financial and human resources available to the academic 
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investigator. The Orphan Drug Designation programs by FDA and EMA are only one 

part of the solution. More lobbying by patient interest groups seems necessary to 

streamline regulatory procedures and make investigational new drug (IND) 

applications more economical for academic investigators. For example, it might be 

possible to provide biodistribution data on e.g. AAV8 after subretinal application in 

non-human primates and use these data in trials with different transgene constructs as 

long as the capsid, vector solution and delivery methods are identical. Consolidating 

regulatory requirements across national borders (e.g. within EU) would make a lot of 

sense – especially when dealing with orphan diseases, where large trials would benefit 

from multiple centres participating due to the low prevalence within each country. The 

regulatory bodies and patient interest organisations are key stakeholders, but it will be 

the responsibility of the academic investigator to point out ways to improve current 

practice.  

 

 

7.3 X-linked retinitis pigmentosa - an obvious target for retinal gene 

therapy 

 

 X-linked retinitis pigmentosa stands out from all the other forms of hereditary 

retinal dysfunction and degeneration for three reasons. One is the high prevalence that 

can be attributed to mutations in one single gene, RPGR (chapters 1.2.1 and 1.2.2). 

Even by a conservative estimate of only 10% of all RP cases being due to RPGR 



Chapter 7 - General discussion  
 
 

       ~          ~ 200  

mutations, more then 10,000 patients would be expected to live in the European Union 

alone.  

Secondly, XLRP is associated with a very severe form of retinal dysfunction and rapid 

disease progression. This not only poses an ethical impetus, but also promises clinical 

trial results within a reasonable short time frame as differences between treated and 

untreated eyes are likely to become apparent relatively quickly. This is not only an 

economic argument, but should also aid the analysis of clinical outcome measures: the 

greater the expected difference between treated and untreated eye, the higher the 

statistical power to determine efficacy. Last but not least, XLRP is relatively 

straightforward to diagnose. The inheritance pattern gives important clues and while 

the clinical presentation can be variable, the vast majority of cases present with classic 

features of retinitis pigmentosa [59]. Sequencing RPGR for molecular diagnosis is 

readily available in reference centres of genomic medicine such as in Manchester. 

More and more countries in the EU provide molecular diagnostic techniques as 

standard health care service, a trend that can be expected to continue with sequencing 

techniques becoming more affordable over time. 

 

More then 240 mutations in RPGR have been described to cause disease [173]. 

Gene therapy with AAV.coRPGR may provide all those patients with one efficient 

treatment option. This is in contrast to some of the gene editing strategies currently en 

vogue [174], which mostly require a mutation specific guidance nucleotide. This 

might potentially have to be developed for each of those 240 patient populations 

individually with subsequent or parallel IND applications each costing the equivalent 

of a state of the art confocal microscope. 
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The fact that XLRP is an obvious target is also underlined by the number of 

research groups publishing on this subject [42, 153, 175-185]. The most recent 

publications, however, have highlighted the difficulties to produce RPGR gene 

therapy without generating new mutations in the treatment vector [121, 122]. Here we 

present a novel approach, which bypasses this problem by using codon optimisation. 

The dramatically increased genetic stability and additional benefits of codon 

optimisation are predicted to make translation into clinical reality more likely. 

 

 

7.4 Codon optimisation as key innovation towards RPGR gene therapy  

 

Codon optimisation makes use of the redundancy of the genetic code and the 

codon bias (see chapter 3.1). By using synonymous codons, the change on nucleotide 

level maintains the sequence information for translation. This silent nucleotide 

substitution results in the identical amino acid chain as from the respective wild type 

nucleic acid sequence. Use of species-specific major codons has been shown to 

increase translational efficiency in heterologous and homologous expression systems 

[138, 139]. Based on these observations, Nathwani et al. used codon optimisation to 

enhance the factor IX transgene cassette in a clinical AAV gene therapy safety trial 

for haemophilia [186]. In case of haemophilia, the increased expression levels were of 

crucial importance as only a small fraction of successfully transduced and viable 

hepatocytes had to produce and secrete large amounts of the transgene to reach a 
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therapeutic level (e.g. ≥ 5% of normal). This is in contrast to XLRP, where only 

relatively minute amounts of protein within the transduced photoreceptor would likely 

be needed. This assumption is based on the observation that the connecting cilium is a 

stable cellular compartment, i.e. it does not undergo constant regeneration as the 

adjacent outer segment. Studies on the transcriptional level of RpgrORF15 have 

demonstrated an increase of RpgrORF15 expression in the first 14 days after birth in 

wild type mice, followed by low and stable levels [75]. This coincides with the known 

anatomical development of the mouse retina, where photoreceptors form connecting 

cilia and outer segments around eye opening (day 14), and continue to mature until 

day 28 [187]. Maybe not surprisingly then, overexpression of RPGR can also have 

deleterious effects in the eye and elsewhere [121, 122, 188].  

 

Nevertheless, an increased translational efficiency of coRPGRORF15 could 

benefit RPGR gene therapy by reducing the number of virus particles necessary to 

reach a therapeutic level. Vandenberghe et al. have shown that AAV8 can lead to dose 

dependent toxic effects in non-human primate retina at high titres [96], suggesting that 

lower titres of AAV might have a better safety profile. Apart from local effects, the 

number of virus particles available for biodistribution and shedding could also be 

reduced if each AAV would be more effective in producing the therapeutic protein 

due to codon optimisation of its expression cassette. Our data (chapter 3) are in 

concordance with a higher translational efficiency of wtRPGRORF15 vs. coRPGRORF15 

and several independent experimental approaches (Western, immunocytochemistry, 

and FACS) have indicated greater levels of RPGRORF15 protein originating from the 

codon optimised construct. 
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The greatest benefit of codon optimising RPGRORF15, however, lies in its 

increased sequence fidelity or genetic stability. For instance, Deng et al. noted the 

following in their work towards RPGR gene therapy using wild-type RPGRORF15 cds: 

“The ORF15 sequence contained within this AAV vector, however, has ORF15 DNA 

sequence variations compared to the published sequence that are likely due to its 

unusual composition of repetitive purine nucleotides. This mutability is a concern for 

AAV vector production and safety when contemplating a human trial.” [122]. In an 

independent approach to develop RPGR gene therapy towards a clinical safety trial, 

Wu et al. described: “A set of proteins with lower molecular weights indicating the 

truncated or alternatively spliced forms of the protein were also detected.” [121]. 

Evidence on the superior sequence stability of the codon optimised RPGRORF15 cds is 

presented in chapter 3. Side by side SDS-PAGE analysis with whole protein staining 

showed no difference between the wild type and codon optimised RPGRORF15 banding 

patterns suggesting that there were no additional protein products. Additionally, LC-

MS/MS analysis provided direct evidence of the protein products correct peptide 

sequence (Fig. 3.12). No mutations were found in any of the consecutive cloning steps 

and independent sequencing experiments performed using Sanger sequencing. The 

National Genetics Reference Laboratory in Manchester independently sequenced the 

coding sequence and also found no mutation in the coRPGRORF15 construct. In 

contrast, the wild type RPGRORF15 sequence showed similar genetic instability as 

described by Wu et al. and Deng et al. [121, 122]. 
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The underlying problem of the genetic instability is most likely explained by 

properties of the mutational hotspot, the ORF15 region. It contains far fewer T and C 

nucleotides than would be predicted in the genome, for instance, the 750 base pair 

sequence between positions 2410 and 3160 contains no C nucleotides at all in the 

wildtype sequence. This leads to many repeating sequences that may recombine 

incorrectly during cloning and vector production. Since most codons start with G at 

position 1 in this region, the addition of C nucleotides to position 3 of the preceding 

codon during codon optimisation has been done with consideration of limiting the 

number of CpG dinucleotides to no more than would be predicted in the eukaryotic 

exon. This is because too many of these sequences may be identified and become 

prone to methylation of the C nucleotide. For instance, in the 750 base pair sequence 

between positions 2410 and 3160, a total of 45 C nucleotides have been added through 

the codon optimisation process, resulting in 45 CpG dinucleotides (6.00%). This 

compares favourably to the predicted wildtype frequency of these dinucleotides 

(6.25%). Furthermore, the C codon optimisation has been applied where possible to 

the four fold degenerate codon ‘GGN’, encoding glycine. This is because any 

subsequent methylation of the C nucleotide of the CpG dinucleotide within the 

transgene and subsequent deamination to thymine (T), even if it did occur, would not 

change the RPGR protein sequence because GGC and GGT both encode glycine. 

 

Insertion of T nucleotides within the GA rich region of RPGR has also been 

limited to avoid creating anomalous polyA signals (e.g. AATAAA) and possible 

splice donor sites (GT). The latter is a consideration as this region contains many 

splice acceptor (AG) sequences with repeating G pyrimidine bases and potential A 
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nucleotide branch points in the 5’ direction. The codon optimisation pattern was 

extensively modelled in silico to determine the optimal modification to reduce the GA 

repeats and also to reduce the risk of anomalous splicing and creation of premature 

polyA signals. The codon optimised gene is therefore more stable than the wildtype 

cDNA sequence, which may generate alternatively spliced variants and truncated 

proteins when reintroduced into the transcriptional machinery through gene therapy 

[121]. 

 

 

7.5 Preclinical evidence for safety and efficacy of RPGR gene therapy 

 

Hong and colleagues not only generated the Rpgr-/y mouse model [76], but also 

provided first evidence that the reconstitution of Rpgr might principally be able to 

reverse the phenotype [72]. However, these early experiments were performed with a 

truncated construct and the ‘treatment’ involved generating transgenic chimera and 

cross breeding.  

 

The first evidence for successful gene therapy in XLRP came from William 

Beltran and colleagues at UPenn [123]. In this elegant study, two dog models 

(XLPRA1 and XLPRA2, for details see chapter 1.2.4) were successfully treated by 

AAV based gene therapy (reviewed in Chapter 1.3.1). In a follow up study by Deng et 

al. it was revealed that the AAV constructs used carried mutated RPGR coding 

sequences, which translate into an altered protein product [122]. However, they 
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demonstrate no toxic effects when treating wild type mouse models with these 

constructs and argue “(…) the hRPGR-ORF15 variant in our AAV vectors appears to 

be a more stable form than the endogenous hRPGR cDNA when propagated in vitro. 

Its safety profile presented here in combination with its proven efficacy support future 

gene therapy clinical trials.” 

 

In a different study by Deng et al. (also reviewed in Chapter 1.3.1) the authors 

provided a vast amount of data from murine Rpgr and human RPGR transgene 

cassettes packaged into AAV8 and AAV9 and treated Rpgr-/y mice with different 

dosing regimes and at different stages of the disease. They then conclude that there is 

an optimal dose with their vector, which shows a good safety profile and evidence of 

efficacy also in animals treated at advanced age: “Our long-term dose-efficacy study 

should facilitate the design of human trials with human RPGR-ORF15 vector as a 

clinical candidate.” However, even in this carefully planned and executed study, two 

out of five AAV preparations showed deletions, further highlighting the fact that the 

wtRPGRORF15 cds is prone to mutations not only as mutational hotspot in patients, but 

also in vitro e.g. in the preparation of putatively therapeutic constructs. 

 

 

7.6 Perspective towards clinical translation of RPGR gene therapy 

 

The concept of gene replacement therapy is to provide the target cell (e.g. 

photoreceptor) with a normal copy of the affected gene. However, in case of RPGR 
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gene therapy, using wtRPGRORF15 cds carries the risk of introducing abnormal copies 

of the affected gene due to its high frequency of spontaneous mutation. It is difficult 

to see, how regulatory bodies would accept a strategy, which harbours such risks 

during the production of the investigational medicinal product (IMP) according to 

good manufacturing practice (GMP) guidelines. One could argue that GMP guidelines 

will ensure that such mutations would be picked up during required quality control 

analyses. But as the IMP production is one of the highest costing factors when running 

a clinical phase I trial, this leaves considerable risks in terms of time and financial 

planning, both highly relevant for any potential sponsor. Our evidence that 

coRPGRORF15 leads to the same results (safe transgene expression and functional 

efficacy) but in a much more efficient manner, may help to gather momentum to 

initiate the translation of RPGR gene therapy towards a clinical phase I trial. 

 

A patent application to protect the intellectual property of this work has been 

filed on behalf of the University of Oxford by Isis Innovation Ltd, a subsidiary owned 

by the University of Oxford. This may be an advantage in attracting funding for a 

clinical phase I trial with the goal to develop AAV.coRPGR into a marketed product 

in future. The basic building blocks of such an endeavour are i) patients with XLRP3, 

ii) clinical centres with expertise in ocular gene therapy, and iii) the viral vector 

product. 

 

We have already started to analyse retrospectively ca. 150 patients with XLRP 

for their genetic and clinical characteristics from the Oxford Eye Hospital and 

University Eye Hospital Tübingen (Bellingrath et al. unpublished). Together with the 



Chapter 7 - General discussion  
 
 

       ~          ~ 208  

existing literature, this multimodal approach will allow us to find the best outcome 

measures and time points for intervention. It will also highlight, which of the patients 

already in our care might benefit most from gene therapy and what kind of subgroup 

we might need to actively recruit in future to prepare for a phase I trial.  

 

Secondly, clinical centres with expertise in retinal gene therapy have already 

been identified. Next to the Oxford Eye Hospital, where patients of the Choroideremia 

gene therapy trial (NCT01461213) undergo surgery and follow up by Robert 

MacLaren as Principal Investigator (PI), the University Eye Hospital Tübingen has all 

the facilities and expertise to conduct such a trial. In fact, two independent 

investigational new drug applications for retinal gene therapy trials have recently been 

submitted by this centre (PI: Dominik Fischer). One was approved on September 14th 

2015 (EudraCT: 2014-001874-32) and will apply AAV8.CNGA3 in patients with 

achromatopsia (OMIM 600053). Provided the second IND application reaches 

approval as well, both gene therapy trials are due to start in 2015. 

 

Lastly, virus production for a clinical trial will have to be outsourced to a 

contractor for GMP grade AAV preparations. Quotes have been received in order to 

support a respective funding application. The success of seminal work by multiple 

groups in the UK and US [88, 89, 142, 166] is currently met with a lot of interest due 

to its recognised potential as evident from phase I and II trials [189]. And while the 

only licensed gene therapeutic product so far (Glybera) targets a metabolic condition, 

FDA and/or EMA authorised gene therapeutic compounds for retinal disorders seem 

to become visible on the horizon.  
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Given the evidence presented in this work, we like to think that treatment with 

AAV.coRPGR is safe and has a good potential to prove efficacious in patients with 

XLRP3. We hope that the translation into a clinical trial can be achieved swiftly and 

successfully to the benefit of our patients.  
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