
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Discovering a Novel AAV2-Based Capsid for RPE Transduction via Intravitreal Injection in 
rd12 Mice for Leber Congenital Amaurosis Type 2 Gene Therapy

Permalink
https://escholarship.org/uc/item/9rk0g3rq

ISBN
9798189278792

Author
Singh, Sonali

Publication Date
2026-05-01
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9rk0g3rq
https://escholarship.org
http://www.cdlib.org/


 

Discovering a Novel AAV2-Based Capsid for RPE Transduction via Intravitreal Injection in rd12 

Mice for Leber Congenital Amaurosis Type 2 Gene Therapy 

 

By 

Sonali Singh 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree of 

Doctor of Philosophy 

in 

Vision Science  

in the 

Graduate Division 

of the 

University of California, Berkeley 

 

Committee in charge: 

Professor John G. Flannery, Chair 

Professor Teresa Puthussery 

Professor Aparna Lakkaraju 

 

 

Spring 2026 



Discovering a Novel AAV2-Based Capsid for RPE Transduction via Intravitreal Injection in rd12 

Mice for Leber Congenital Amaurosis Type 2 Gene Therapy 

 

 

 

Copyright © 2026 

 

 

 

By  

Sonali Singh 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

Abstract 

 

Discovering a Novel AAV2-Based Capsid for RPE Transduction via Intravitreal Injection in rd12 

Mice for Leber Congenital Amaurosis Type 2 Gene Therapy 

 

by 

Sonali Singh 

 

Doctor of Philosophy in Vision Science 

University of California, Berkeley 

Professor John G. Flannery, Chair 

 

Adeno-associated virus (AAV) mediated gene therapies for inherited retinal degenerations 
require precise targeting of the outer retina, particularly in the retinal pigment epithelium (RPE), 
which plays an essential role in maintenance of the light-sensitive neuron, photoreceptors. Mutations 
in RPE-expressed genes, including RPE65, lead to blinding diseases such as Leber congenital 
amaurosis type 2 (LCA2). While subretinal injection achieves optimal RPE transduction, it is an 
invasive, inpatient surgical procedure associated with iatrogenic damage, including retinal 
detachment. Intravitreal (IVT) surgery is a far less invasive, outpatient procedure but has previously 
been shown to have limited penetration of the inner limiting membrane (ILM) of the retina and thus 
poor outer retina transduction. The goal of this study is to identify capsid variants capable of 
overcoming this barrier. Here, high-throughput screenings of libraries of over 1.28x109 capsids from 
different AAV serotypes were conducted, each with different outer surface structures to alter their 
binding properties, to be delivered with IVT injection in mice. Parallel screens were conducted in 
non-human primate (NHP) macaque and canine models for cross-species validation and better 
clinical translatability. A novel AAV serotype 2 based capsid, “Variant 3” (AAV2.Var3) was found to 
transduce approximately 10% of RPE cells in mouse and NHP eyes. For comparison, a leading, 
clinical-stage vector that is also AAV2-based, 7m8, effectively transduces the outer retina but has 
limited success targeting RPE through IVT delivery, where only 0-1% transduction was seen in this 
study. Previous studies have also determined a lack of RPE transduction with AAV2.7m8 IVT 
delivery in primates. 

To test the therapeutic efficacy of Variant 3, a therapeutic gene, human RPE65 (hRPE65), 
was packaged in AAV2.Var3, driven in expression by ubiquitous (CAG) and RPE-specific (BEST1) 
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promoters. These constructs were injected intravitreally at postnatal day 14 (P14) in rd12 mice, a 
disease model for Leber congenital amaurosis type 2 (LCA2). AAV2.Var3-hRPE65 treated cohorts 
showed an increase in RPE65 protein expression confirmed by immunohistochemistry and Western 
blot. There was also a recovery of retinoid production evidenced by high-performance liquid 
chromatography (HPLC) assays to quantify 11-cis-retinal and all-trans-retinyl ester. Visual function 
assessed by both scotopic and photopic electroretinography (ERG) in response to light flashes 
demonstrated a slight improvement in rod-mediated visual function. With the translational feasibility 
of the AAV2.Var3 capsid, supported by demonstrated RPE transduction in the primate model 
following IVT delivery, these findings establish AAV2.Var3 as a promising vector for minimally 
invasive IVT gene delivery to the RPE, with potential clinical application in LCA2 and other RPE-
associated inherited retinal diseases.
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Chapter 1 Introduction 
 

1.1 AAV-Mediated Gene Therapy 
 

Gene therapy is a rapidly advancing therapeutic technique that has proven to be effective in 
clinical trials for several diseases, such as leukemia, hemophilia, and severe combined immune 
deficiency.1,2 This therapeutic strategy can be used to treat patients with inherited diseases with 
genetic mutations that lead to severe health disparities. While gene therapy comes in many forms, 
the gene therapy modality addressed in this dissertation is a subclass pertaining to gene 
augmentation, where a new, functional copy of a gene is added to a cell for transcription and 
translation. In the case of a patient where a gene is miscoded, thus leading to a dysfunctional protein 
and disease pathogenesis, gene augmentation allows for restoration of proper gene and functional 
protein expression.  

Gene augmentation can be performed using an adeno-associated viral capsid as a vehicle to 
deliver up to 4.7 kilobases of genetic material to a cell. In 1965, the first wildtype adeno-associated 
virus (AAV) was discovered and characterized as a non-pathogenic parvovirus that is highly present 
in our natural environment.3 Coupled with a helper virus, from the adenovirus family, an AAV can 
replicate. Humans develop neutralizing antibodies against this virus at an early age, making AAV 
infections relatively harmless. Packaged inside the icosahedral AAV capsid is single-stranded DNA 
encoding genes for replication (Rep) and capsid structure (Cap). Both the Rep and Cap sequences 
are flanked by inverted terminal repeat sequences (ITRs), approximately 130-150 base pairs (bp) in 
length. The Cap sequence is divided into three sections, VP1, VP2, and VP3, each encoding for a 
protein that makes up part of the whole capsid. The capsid sequence is what determines the binding 
and transduction properties of the capsid. To date, 13 serotypes have been thoroughly characterized 
and found to all differ slightly in the outer surface structure.2,4-6 Importantly, capsid binding affinity 
to cell surface receptors like heparan sulfate proteoglycan (HSPG) and fibroblast growth factor 
receptor (FGFR) can be modified.7-9 Once assembled, a singular AAV capsid has a diameter of just 
25 nm.10  
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Figure 1.1.1 Adeno-associated viral capsid and the process of cellular transduction. (Top left) Pictured is an 
adeno-associated viral capsid. Hypervariable regions of the VP3 sequence that encode the capsid 
structure are represented as colored regions of the capsid. Different serotypes of AAVs present 
different structures at these colored regions. (Top right) Within two ITRs is this single-stranded 
DNA that is packaged inside the capsid. (Bottom) A simplified representation of the process of 
cellular transduction of an AAV for therapeutic protein expression. Figure adapted from Kotterman 
(2014).  

 

 

Scientists today are able to change the outer capsid conformation and replace the single-
stranded DNA inside the capsid with a transgene that they wish to induce the expression of in a 
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targeted cell type.11 These capsids bind to specific cell surface receptors and become endocytosed by 
the host cell. Upon migration into the cell nucleus, the virus sheds and degrades its capsid shell to 
release its single-stranded DNA.12,13 This DNA is transcribed into a double stranded episome of 
DNA that stays resident to the cell nucleus with stability, due to the presence of ITRs. With this, 
mRNA can be transcribed and functional protein can be translated continuously.2 Cell-specific gene 
expression can be controlled with the addition of a cell-specific promoter sequence preceding the 
transgene.  

For a disease application in tissue where cell turnover is high and cells are actively 
undergoing their mitotic cycle, AAV-mediated gene augmentation is not effective.14 So, other forms 
of gene therapy can be utilized including gene silencing by RNA interference and gene editing most 
performed by a CRISPR-Cas9 system. The inability to perform gene augmentation on dividing cells 
is because the episomal DNA from the AAV does not carry over to daughter cells of the primary 
host. Due to this phenomena, AAV-mediated gene therapy is best conducted in tissue where cells 
are post-mitotic or no longer undergoing cell death, like in the central nervous, cardiovascular, and 
musculoskeletal systems. Retinal tissue at the back of the mammalian eye is part of this subgroup of 
non-dividing cells. On the one hand, the post-mitotic nature of retinal neurons precludes 
regeneration and repair in the context of retinal degeneration. On the other hand, this property is 
beneficial because inducing the expression of a therapeutic gene in a subset of retinal cells will 
provide long lasting gene expression. Clinically, longevity of gene expression means a reduced 
number of visits to the surgery room for injection, which is desirable for patients and reduces the 
risk of injection-associated complications. In this way, AAV-mediated gene therapy for retinal 
degenerative diseases is an attractive avenue for therapeutic development. 

 

1.2 The Retina 
 

Vision is one of the most essential senses involving complex neuronal signaling along the 
back of the eye before visual information is sent to the brain for further processing. Light from our 
natural environment enters the eyeball through the cornea, which is the first transparent, multi-
layered tissue at the forefront of the eye (Figure 1.2.1). The light is then narrowed through the pupil, 
a small opening at the center of the iris, and passes through the vitreous, a viscous fluid filling the 
center of the eyeball, before it reaches the retina. Most of the light that reaches the retina is focused 
on the central region called the macula. 

The retina is a thin layer of neurons, supportive glial cells, and an epithelium, that coats the 
back wall of the eye, averaging around 250-300 µm thick. Within the retina specifically, light first 
passes through the inner limiting membrane, which acts as a barrier between the vitreous and the 
retina. The retina is organized into alternating layers of neuronal cell bodies, or nuclear layers, and 
synaptic connections between them, or plexiform layers. Traveling from the inner retina to the outer 
retina, the retinal ganglion cells occupy the ganglion cell layer (GCL), and their axons form the nerve 
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fiber layer that exits the eye at the optic disc, extending to the brain. The inner plexiform layer (IPL) 
then separates the GCL from the inner nuclear layer (INL), which houses the interneurons of the 
retina: amacrine cells, bipolar cells, and horizontal cells, as well as the cell bodies of Müller glia. The 
outer plexiform layer (OPL) forms the next synaptic zone, where photoreceptor terminals contact 
bipolar and horizontal cell dendrites. The outer nuclear layer (ONL) contains the photoreceptor 
cells, rods and cones, whose outer segments extend toward the retinal pigment epithelium (RPE). 
This epithelial layer sits at the outermost boundary of the retina and provides essential metabolic 
support to the photoreceptors.15 

Visual transduction begins when photons of light are captured by opsins containing a 
molecule called a chromophore which changes its conformation upon photon collection. There are 
around 150 million opsins sitting within the outer segment discs of rod and cone photoreceptors, 
waiting to be activated by a photon. Chromophore activation triggers the initiation of the 
phototransduction cascade which ultimately leads to the closure of cyclic-nucleotide gated cation 
channels at the membrane of the photoreceptor. The resulting reduction of sodium and calcium 
entry into the neuron leads to the internal charge becoming more negative, thus leading to 
hyperpolarization. Hyperpolarization causes a reduced amount of glutamate signaling to the 
downstream neurons, the bipolar cells. Otherwise, glutamate is constantly being sent from the 
photoreceptors to the bipolar cells while in a depolarized state. The reduced glutamate signaling to 
the bipolar cell is an indication that light has been detected and the signaling cascade continues to 
retinal ganglion cells and then eventually to the lateral geniculate nucleus (LGN) within the thalamus 
of the brain. Visual information is then relayed to the visual cortex of the brain for processing.16 

The centermost, 300 µm region of the macula, called the foveola, has roughly 100,000-
324,000 cone photoreceptors/mm2, allowing for high acuity, trichromatic color vision.17,18 
Additionally, cones are the primary players in bright light conditions. Rod photoreceptors are not 
present in the foveola but are at a peak concentration at around 20 degrees of eccentricity outside 
the foveola, called the perifovea.19 Rod numbers slowly decline as eccentricity increases, yet still 
make up 95% of the total photoreceptor population. Rods mediate vision in dim light conditions 
due to their increased sensitivity to photons and provide monochromatic visual information.  
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Figure 1.2.1 Structure of the eye and the retina. (Left) Sagittal cross section of a human eye, where light 
would first pass the cornea and aqueous humor before narrowing through the pupil opening. Lining 
the back of the eye is the retina (yellow), starting from a transition point after the ciliary region, 
called the ora serrata. The retina continues within the optic nerve where ganglion cell axons extend 
to the brain. (Right) Sagittal cross section of the human retina. Light enters the eye and traverses the 
retina starting from the inner limiting membrane (bottom) to the retinal pigment epithelium (top). 
Not pictured are Müller glia cells which span from the ganglion cell layer to the inner nuclear layer. 
Figure adapted from Stoddart (2024)20, created in Biorender.com (2026). 

 

 

Photoreceptors are constantly absorbing photons leading to high energy expenditure and 
need to be well supported for survival and maintenance. The retinal pigment epithelium (RPE) is 
what supports photoreceptors by transferring nutrients, oxygen, and ions.21 Anatomically, 
photoreceptor outer segments intercalate with the long apical processes of the RPE to provide more 
surface area for transfer of growth factors. An essential supporting role of the RPE for 
photoreceptors during light detection is the replenishing of the light-sensitive chromophore, 11-cis-
retinal. During photon absorption in the outer segment, the chromophore changes conformation 
from 11-cis-retinal to all-trans-retinal. Enzymes within the RPE, primarily LRAT and RPE65, are 
responsible for converting all-trans-retinyl ester, the chromophore in its storage form, into 11-cis-
retinol, which is eventually oxidized by 11-cis-retinol dehydrogenases back to 11-cis-retinal for more 
photon absorption in the photoreceptors.22-24  
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Figure 1.2.2 The visual cycle. The conversion of photoisomerized all-trans-retinal with the help of 
enzymes all-trans retinal dehydrogenase (AtRDH), lecithin retinol acyl transferase (LRAT), retinal 
pigment epithelium specific 65 kDa protein (RPE65), and 11-cis specific retinol dehydrogenase 
(11cRDH) back into 11-cis-retinal for light sensitivity and photon absorption. The transmembrane 
protein spanning the photoreceptor outer segment disc is rhodopsin, a G-protein coupled receptor 
where 11-cis-retinal sits before light activation. Not pictured here is how the conversion process in 
the RPE occurs primarily within the endoplasmic reticulum of the cell. Figure created with 
Biorender.com (2026).  

 

 
Posterior to the RPE is the choroid where the innermost layer called the choriocapillaris, a 

dense single layered network of highly permeable fenestrated capillaries, located directly beneath 
Bruch's membrane, serving as the main outer retinal blood supply. This is the source of oxygen and 
nutrients for RPE and photoreceptors. The fenestrated endothelial cells lining the inner side of the 
choriocapillaris allow for ease of transfer of these elements. Between the RPE and choriocapillaris is 
the Bruch’s membrane, a pentalaminar extracellular matrix, which acts as a molecular sieve, 
facilitating the exchange of nutrients and waste as well as providing structural support for the retina. 
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1.3 Retinal Degenerative Diseases 
 

The overwhelming majority of inherited retinal diseases affect outer retinal cells, specifically 
photoreceptors and the RPE.25,26 Mutations in these cell types lead to retinal dysfunction, rapid 
photoreceptor degeneration, and eventual loss of visual function.16 One prominent example of outer 
retinal dysfunction is Leber Congenital Amaurosis (LCA), a group of severe dystrophies 
characterized by genetic mutations in genes essential to retinal development and function.27 LCA 
type 2 (LCA2) results from biallelic loss-of-function mutations in the RPE65 gene. Based on assays 
done in RPE65-deficient mice, patients with LCA2 are thought to accumulate all-trans-retinyl ester 
while their 11-cis-retinal levels are depleted.28 Loss of RPE65 protein also leads to early-onset 
photoreceptor degeneration where surviving photoreceptors, primarily cones, lack light 
sensitivity.29,30 Clinically, patients present with reduced vision, severe night blindness, nystagmus, and 
sluggish pupillary responses.31  

 

 

 

Figure 1.3.1 Vision with night blindness. This is a simulation of what a patient with LCA2 might see 
during dusk. In low light conditions, the patient’s sensitivity to contrast in their visual environment 
is reduced. 

 

 

The most prevalent retinal degenerative disease in the Western world is non-neovascular or 
dry age-related macular degeneration (AMD). Dry AMD is characterized by drusen deposit 
formation in the outermost layers of the retina, where pockets of lipoproteins and debris develop 
between the RPE and choroid within the inner collagenous layer of the Bruch’s membrane, leading 
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to impermeable mounds. With this, essential nutrients and oxygen from the choroid cannot as 
readily reach the RPE causing RPE cell death and subsequent photoreceptor cell death, leading to 
geographic atrophy and eventual central vision loss. The exact cause of drusen formation and the 
RPE loss is unknown, but several genome-wide associated studies (GWAS) have been conducted, 
particularly among European-American patients over 60 years old diagnosed with dry AMD, to find 
commonalities in their genetic patterns.32 The most frequent genetic trend among these patients 
included a variant in CFH where a tyrosine is switched for a histidine at position 402 in the AA 
sequence (Y402H).33 Complement factor H (CFH) protein, is locally secreted by the RPE, and acts 
as the soluble regulator in an important immune process called the complement system where the 
ultimate goal is to initiate cell death on invading pathogens.34 CFH works to prevent accidental cell 
death initiation on host cells by stopping activation of the alternative pathway of complement on 
their surfaces. The Y402H mutation decreases CFH protein’s ability to bind to glycosaminoglycans, 
which are concentrated in the Bruch’s membrane.35 The possession of this risk allele of CFH 
increases the likelihood of dry AMD pathogenesis by a factor of 4.6 and 7.4 for those heterozygous 
and homozygous for the allele, respectively.36  

Both LCA2 and dry AMD are examples of retinal degenerative diseases that are associated 
with genetic mutations or risk variants, respectively, which affect outer retinal cells like the RPE and 
photoreceptors. Diseases like these can benefit greatly from gene therapy strategies, where viral 
capsids can deliver the correct form of the affected gene to a target cell for functional restoration 
and/or gene augmentation.  
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Figure 1.3.2 Cell death during retinal degeneration. Presented here is an example of what retinal 
degeneration can look like between the neuronal layers. Here we see reduced numbers of neurons 
creating gaps in the visual field where photons are no longer being captured. Often, remaining 
neurons and RPE are dysfunctional. Retinal degenerative diseases can also see a reduced number of 
RPE cells, breaking the blood retinal barrier and leading to neovascularization between the retinal 
neurons. Some of these blood vessels are known to advance cell death or even leak fluids. Figure 
created with Biorender.com (2026) 

 

1.4 Limitations of AAV2 Delivery in the Retina 
 

1.4.1 Heparan Sulfate Binding Motif on AAV Serotype 2 
 

Currently, subretinal injection is the most utilized surgical procedure for delivery of AAV capsids 
to the outer retina for in vivo studies in the context of retinal diseases.37,38 This is primarily due to 
the fact that currently available AAV serotypes cannot reach the RPE following IVT 
administration.38-40 The subretinal delivery requires creation of a fluid “bleb” between the 
photoreceptor and RPE, disrupting the interdigitation of the photoreceptor outer segments and the 
RPE apical processes.41 There have also been several cases of chorioretinal atrophy following 
subretinal delivery of Luxturna (voretigene neparvovec-rzyl; Spark Therapeutics), the first FDA 
approved gene therapy for an inherited retinal disease which uses an AAV2 vector delivering a 
functional copy of RPE65 to treat RPE65-associated Leber congenital amaurosis.42-48 Furthermore, 
the therapeutic reach of subretinal injection is spatially limited. The vector transduction has been 
shown to be confined primarily to the area of retinal detachment (the bleb) rather than achieving 
pan retinal transduction.49,50 Lastly, the complexity of subretinal surgery necessitates general 
anesthesia and specialized vitreoretinal training for the surgeon.38,51,52  

The alternative, less damaging surgical delivery method is intravitreal injection (IVT) where the 
needle remains within the vitreous, avoiding direct contact with the retina. This is an outpatient 
procedure that requires less training for the ocular surgeon.25 Since the vector is delivered into the 
vitreous, this approach offers the potential for pan-retinal transduction, in contrast with the localized 
treatment area of a subretinal bleb.40 However, a significant barrier to IVT efficacy of AAV delivery 
to the outer retina is the internal limiting membrane (ILM).53 The AAV serotype 2 capsid, most used 
for retinal therapy, has a binding domain with high affinity for HSPGs.54,55 HPSGs are heavily 
concentrated in the ILM, acting as a ‘sink’ that sequesters viral particles and prevents their migration 
into the outer retina.9,53,56  

 



 10 

1.4.2 AAV2 Capsid Based Library Synthesis for High-Throughput Screening 
Method 
 

Binding property differences, or tropism differences, of various AAV serotypes have been a 
limitation in several early studies of AAV transduction for other tissues. AAV1 and AAV6 have 
been proven to show better tropism for muscle tissue compared to AAV2.57 Scientists began to 
utilize advantageous structural regions of different capsids and combine them to create hybrid 
capsids. In this way, creating a hybrid capsid of AAV2 with selected AAV1 domains had been 
proven to increase the capsid’s tropism for muscle.58 However, it is important to note that making 
structural changes to a capsid can also negatively affect several other aspects like packaging 
capability, timing of transgene expression, and intracellular trafficking.59,60 AAV capsids have a 
history of inducing immune responses in animal models and patients, especially when higher doses, 
or viral titers, are used, which can have harmful effects.5,61,62 Optimizing an AAV capsid for 
therapeutic treatment is a complex process and involves lengthy in vivo testing for efficacy. 
Additionally, safety profiling is necessary before any capsid is used in a clinical setting. 

There is preserved homology between AAV serotypes’ structures, however, variable regions I-IX 
are defined as outer surface loops that differ between serotypes responsible for cell surface receptor, 
AAVR, interaction which AAVs rely on for cell entry. Due to variability within loops I-IX, each 
serotype interacts with AAVR a little differently.8 While the nature of the transduction and binding 
properties are not entirely characterized, AAV serotype 2 has been shown to have tropism to the 
highest number of retinal cells overall compared to other serotypes.63,64 This does not necessarily 
correlate to AAV2 being the best serotype for retinal delivery. AAV5, AAV8 and AAV9 are all being 
explored in the retinal therapy space due to high photoreceptor tropism with a subretinal 
delivery.53,65 However, AAV2 surpasses other serotypes in RPE tropism, putting a significant 
number of inherited retinal dystrophies in line for therapeutic development with this. Here, there is a 
balance between all aspects needed to create a capsid capable of reduced ILM binding, but 
maintained or enhanced cell-specific tropism.  

One strategy for cell-specific targeting or optimized transduction of AAV capsids is conducting 
a high-throughput screening of capsid libraries. AAV2, proven to have better transduction results 
within the retina, has been used in various capsid modification studies. In successful efforts to 
reduce neutralizing antibody binding, polyethylene glycol (PEG) chains have been added to AAV2 
while maintaining transduction efficiency. PEG is additionally advantageous due to its non-
immunogenic and non-toxic properties.66 An alternative method, using biotinylation of the AAV, 
has increased cell surface binding and transduction efficiency dramatically. Biotin has a high affinity 
to streptavidin, so when a biotinylated AAV capsid is coupled with a streptavidin-EGF (epidermal 
growth factor) conjugate, there is enhanced binding of the capsid to cells with EGFR (EGF 
receptor) within the extracellular matrix.7 These are just some examples of capsid structure 
engineering strategies that can enhance viral performance in different contexts.  
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Two individual studies separately identified a region of AAV2 that binds to HSPG: AA585 and 
AA588, which fall between or adjacent to loops IV and VII-IX.9,67 Within these studies, researchers 
mutated these two specific arginine residues and tested the capsid on heparin-agarose. They proved 
that these sequence changes did not affect any other aspect of the capsid performance but 
successfully reduced heparin binding. Another study with the same goal, added an RGD motif to 
after AA587, creating an exposed loop on the outer surface of AAV2.10 68Transduction efficiency 
dramatically increased for cells that AAV2 could not originally transduce. Although these many 
strategies were effective, all these engineered capsids did not surpass transduction patterns and 
overall coverage of wildtype AAV2.  

Capsid engineering possibilities are not limitless. If too large a peptide is added to the capsid 
sequence within the VP1-3 region, the peptide can interfere with capsid synthesis. Across several 
studies, a peptide insertion between 6 to 10 amino acids (AAs) has been proven to produce the best 
results.69-71 Moreover, AAs interact with each other, so it is essential to determine an optimal peptide 
sequence where neighboring AAs are not disrupting the overall capsid function desired. Many of 
these AA interactions are unpredictable before peptide formation and characterization.  

In a notable study by Muller et al. 2003, the researchers set out to combat the HSPG binding of 
AAV2 and utilize all of the learned advantages and disadvantages in the above strategies to create a 
novel capsid.69 With knowledge of the HSPG binding residues and the optimal length of peptide 
insertions necessary for proper capsid synthesis, Muller et al. created a library of AAV2 capsids with 
randomized 7-AA peptide insertions after AA587. The insertion is flanked by spacers on either side, 
glycine at the 5’ end and alanine at the 3’ end. This method was modeled after the phage display 
peptide library tool, which is an established method for discovering binding motifs, mostly 
performed with 7-mer or 12-mer peptides. Muller et al.’s peptide library strategically produced 
capsids that prevent arginine-arginine interactions on the outer surface of the capsid at the HSPG 
binding motif. Altering capsid tropism for cell targeted gene therapy has widely expanded because of 
this study.  
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Figure 1.4.2.1 Engineered AAV2 capsid variant from randomized 7-mer peptide library. Pictured is a single 
variant from the randomized 7-AA peptide insertion library with an AAV2 capsid sequence based, 
adapted from the Muller et al. 2003 study. (Top) AAV2 capsid colored in red-orange with inserted, 
repeating outer surface loops colored in blue. Higher magnification of the HSPG binding motif 
region shows the insertion at the arginine residue AA588. (Bottom) DNA sequence of the insertion 
site shown in black. Red-orange AA sequences flank the blue AA sequence of a random 7-mer 
peptide insertion. 

 

The full potential of capsid engineering for retinal gene therapy expands very far, particularly in 
the context of non-invasive delivery routes that could broaden both the therapeutic targets and the 
patient population who might benefit. A clinically meaningful question is whether a single structural 
modification to the AAV2 capsid surface is sufficient to overcome the ILM barrier and improve 
tropism toward the RPE from the vitreous. Building on the foundation described in this chapter, the 
work presented in this dissertation applies a similar approach to identify AAV2 capsid variants 
capable of overcoming the ILM barrier and achieving RPE transduction following IVT delivery. 
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Chapter 2 High-throughput screening of structurally 
variable AAV capsids yields a capsid capable of RPE 
transduction following intravitreal delivery 
 

2.1 Introduction 
 

With the largest limitation of RPE transduction following IVT delivery being anatomical 
barriers like HSPG binding, it would be most effective to structurally alter the AAV capsid surface 
to improve delivery efficiency. In the past, capsid engineering studies have been able to overcome 
this obstacle in vitro. Despite proven reduction to HSPG binding in heparin agarose models and even 
in vivo murine models, many studies have not been able to preserve wildtype transduction efficiency 
in the same capacity.9,72,73 

Previously published AAV2-7mer library screening results, involving a directed evolution 
strategy, resulted in identification of a novel AAV2-based capsid, called 7m8, capable of 
photoreceptor transduction with IVT delivery in mice and NHP.39 Directed evolution is a method 
that simulates natural selection within controlled parameters and rapid progression between stages. 
Using a capsid library and defined selection criteria, best-performing candidates are isolated and 
subject to iterative rounds of mutations and filtered selection. This can lead to identification of a 
capsid with desired properties, including enhanced cell-specific tropism, tissue migration, and 
safety.74 With IVT injection, AAV2.7m8 was capable of posterior tissue migration and efficient 
transduction of inner and outer retinal neurons. Photoreceptor transduction was shown in this 
study39, however, therapeutic applications with an IVT injection and PR transduction have not yet 
been accomplished. This study shows that capsid modifications for improved performance is a 
valuable tool for the future of disease treatment. Following this screening by Dalkara et al., 
AAV2.7m8 became the benchmark AAV2-based capsid for retinal degenerative gene therapy.  

Although, AAV2.7m8’s transduction capacity is impressive and a large step forward in 
capsid delivery within the ocular disease context, RPE transduction with IVT delivery continues to 
be a gap in the field. To overcome this, we employed capsid engineering to alter the outer surface 
structure of AAV2, AAV4 and AAV5 and screened these capsids in vivo. Filtering for capsids with 
reduced HSPG binding and evident RPE transduction can bring us closer to an impactful vehicle 
for gene therapy. The development of a capsid capable of safe, efficient RPE transduction via IVT 
injection would dramatically improve the clinical treatment of inherited retinal diseases. 

 

2.2 Results 
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2.2.1 AAV Library Screening in Mouse, NHP, and Canine for Novel Capsid 
Discovery 
 

Utilizing the same AAV2-7mer library39,72,75, we completed a high-throughput screening in 
mouse, NHP, and canine eyes to find an AAV2-based capsid capable of efficient RPE transduction 
following IVT administration in both mouse and a larger species, with the goal of identifying a 
variant with translational potential for human gene therapy. The AAV2-7mer library has a 10 AA 
(AA) string inserted between AA587 and AA588, which is known to interfere with the HSPG 
binding motif of the capsid.34 The first 2 AAs are consistently Leucine and Alanine while the last AA 
is always Alanine. These 3 AAs tether the inserted loop to the outer surface of the AAV2 capsid. 
The true variable region is the 7 AA string between these linker residues. With 20 possible AAs at 
each of the 7 positions (207), the library possesses a theoretical diversity of 1.28x109 unique variants. 
While the library was generated using standard triple transfection methods10, the actual complexity 
of the packaged library used in this study was not empirically determined via deep sequencing. While 
previous studies utilizing similar production scales have reported library titers as high as 1013 viral 
genomes36, the functional diversity (number of unique clones) is constrained by the transfection 
efficiency of the producer cells. We completed one round of in vivo screening in four mouse eyes and 
two macaque eyes to select variants with enhanced RPE tropism. The canine screening included 5 
rounds of directed evolution to hone in one a top performing variant. 

Figure 2.2.1.1A illustrates the recovery metrics from NHP RPE sections which exhibited a 
broad range of total recovered reads, varying from 11 to 9,880 per sample. In most sections, the 
population was dominated by a single top-performing variant, which accounted for 89.6-92.7% of 
total reads. This dominance was not observed in the nasal sections from both left and right eyes 
with 22 and 23 PCR cycles, respectively. The low read count for the nasal section from the right eye 
with 23 PCR cycles is likely due to loss of cell recovery during tissue processing. 

Figure 2.2.1.1B presents the parallel screening results from the mouse eyes (N=4, P168 
littermate males). In contrast to the robust recovery in NHPs, the mouse samples yielded 
significantly lower total read counts, ranging from 6 to 68 reads per eye. Lower read counts reflect 
biological differences in the number of total RPE transduction events compared to an NHP. 
Despite this limited recovery, the top-performing variants exhibited a similar pattern of dominance 
within the retrieved pool. However, the magnitude of this dominance (percent abundance of total 
reads) was lower than that observed in the NHP samples. This reduced convergence is likely 
attributable to the stochastic effects inherent in sampling such a small total number of recovered 
variants. 
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Figure 2.2.1.1. Next-generation sequencing recovery metrics from mouse and NHP RPE DNA post-IVT 
injection of AAV2-7mer library (A) NHP rectangular RPE sections divided by nasal, temporal, 
superior, inferior and left and right eyes. (B) Mouse eyes divided by individual mouse (1 or 2) and 
left and right eyes. Next-generation sequencing provides read counts of each variant (“# Reads of 
Top Variant”), ranked from highest to lowest. Percent of total occurrences of each top variant 
within # of total recovered reads for each sample is listed under “%.” 

 

 

 Canine library screening data acquisition was conducted differently. The AAV2-7mer library 
underwent 5 rounds of injections in single eyes, with the alternate eye serving as an internal control. 
For each subsequent injection, or round, the extracted DNA from retinal tissue, inclusive of the 
RPE layer, was repackaged and cloned into plasmids for AAV production. By round 5, the 
performance of “LAHQDTTKNA” was enhanced drastically and highly outperformed the other 
capsid variants delivered. This variant was ranked as the third highest performing capsid from the 
NHP screening and second highest performing capsid from the mouse screening. Being the only 
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capsid that appeared in the NGS results for all three species, AAV2.LAHQDTTKNA was included 
to be further tested at a higher concentration in mice, driving expression of reporter gene, GFP. 
Surprisingly, shown in Figure 2.2.3.1., this capsid did not display preserved RPE transduction in 
mice. However, it is important to note that the only other variant between the top 4 further tested in 
mice that displayed RPE transduction was AAV2.LTHQDTTKNA which is only 1 AA different 
from AAV2.LAHQDTTKNA.  

 The directed evolution NGS metrics are displayed for reference in figure 2.2.1.2. Besides 
AAV2.LAHQDTTKNA, there is minimal overlap of top 5 ranked capsid variants in between 
rounds of screenings. AAV2.LAHQDTTKNA consistently remained the top performing capsid 
throughout each round, while “LAISDQTKHA” appears as top 2 in round 2 and top 3 in round 5, 
increasing in enrichment from 238 reads to 668 reads, respectively. “LAKANQNTPA” also 
increases in read number from round 1 to 3, peaking at top 3 by round 3 and then plunging in read 
number in subsequent rounds. There are multiple factors at play in what constitutes a top 
performing capsid variant besides retinal neuron layer migration and RPE cell surface binding. As 
stated in Chapter 1.4.2 and 2.3, the packaging ability differs across different capsids depending on 
the structure. While capsids are packaged at different concentration each round, some may 
outperform others resulting in a higher overall concentration in the final solution and ultimately 
stronger RPE transduction. It is possible that AAV2.LAHQDTTKNA has a high packaging score 
alongside its ability to traverse the retina and bind to RPE cells. Despite this capsid’s dramatic 
increase in performance in canines, it only appears as the top performing capsid within the temporal 
region of the left eye in NHP, while AAV2.LTHQDTTKNA surpasses AAV2.LAHQDTTKNA in 
the NHP final ranking. Due to the almost identical structure of both capsids, it is possible that there 
is competitive inhibition of LAHQDTTKNA in the NHP screening, however, this was not tested. 
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Figure 2.2.1.2. Next-generation sequencing recovery metrics from canine RPE DNA after 5 rounds of IVT 
injection of AAV2-7mer library Next-generation sequencing provides read counts of each variant (“# 
Reads of Top Variant”), ranked from highest to lowest. After 5 rounds of directed evolution of 
AAV2-7mer library injected canine eyes, the top performing variant was LAHQDTTKNA, 
displayed in the bar plot. Each subsequent round shows increasing read numbers for this variant as 
selection progressed. Percent of total occurrences of each top variant within # of total recovered 
reads for each sample is listed under “%.” 

 

2.2.2 Alternative AAV Library Screenings in Mouse  
 
 In addition to the AAV2-7mer library, alternative sequence changes of VP3 were made to 
create two more AAV2-based libraries. The AAV2.LoopSwap588 library does not have any peptide 
insertions, but instead three outer surface loops are altered. Within the AA sequence, every 
combination of monomers is assembled at AA585-589, AA591-594, and AA597 to generate a 
library. With more variable AA positions compared to the AAV2-7mer library, the theoretical 
diversity of AAV2.LoopSwap588 is 2.05 x 1013 variants.  
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Figure 2.2.2.1 AAV2.LoopSwap588 library design template. Every AA possibility is listed below the AA 
position within VP3 of a wildtype AAV2 capsid. 

 

 

With the same concept of loop altering, the AAV2.LoopSwap453 library contained combinations of 
monomers at AA446-447, AA449-451, and AA454-459, with a theoretical diversity of 4.1 x 1014 

variants. 

 

Figure 2.2.2.2 AAV2.LoopSwap453 library design template. Every AA possibility is listed below the AA 
position within VP3 of a wildtype AAV2 capsid. 
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The residues altered in the AAV2.LoopSwap588 library encompass the HSPG binding motif of the 
capsid. This approach is an alternative method to reducing HSPG binding of AAV2 but preserving 
the existing AA content of the capsid rather than adding an outer surface loop, like with the AAV2-
7mer library.  

Some advantages are present with other AAV serotypes like AAV4, AAV5 and AAV8 which can 
withstand neutralization of antibodies better than AAV1-6. In addition, AAV4 and AAV5 utilize a 
different mechanism than AAV2 for cell surface binding.76 These two serotypes require sialic acid 
binding for cell transduction and their cell surface structure homology with AAV2 is only 60%.77 In 
fact, they both do not bind HSPG entirely but have high tropism to retinal cells.78 It has been shown 
previously that if HSPG binding is induced in AAV5, then it generates high affinity to HSPG and 
does not demonstrate the same level of neutralizing antibodies, while maintaining a high packaging 
titer.79 Finally, several studies have tested overall retinal tropism of both AAV4 and AAV5. One 
particular study created a recombinant AAV, where AAV2 and AAV4 were combined to create a 
hybrid capsid, which increased tropism for RPE cells in rat, dog, and NHP following a subretinal 
delivery.80 Another study similarly combined AAV2 and AAV5, resulting in 70% RPE cell 
transduction in mouse embryonic stem cell-derived RPE compared to all other AAVs tested, like 
AAV2/8, AAV2/8, and ShH10 (derived from AAV6 for Müller glia selectivity).81 For these capsid 
performance reasons, libraries were generated using an AAV4 and AAV5 backbone where a peptide 
insertion was added within VP3. The insertion sites of the peptide sequence and the length of the 
linkers differed between each 7mer library. The AAV4-7mer library insertion was at AA586 and the 
AAV5-7mer library insertion was at AA576 with “TG” and “GLS” as the upstream and downstream 
linkers, respectively, for both libraries. The theoretical diversity remained the same for all 7-mer 
libraries as the number of variable AAs remained as seven. 

 

Figure 2.2.2.3 AAV4-7mer library design template. Every AA possibility is listed below the AA 
position within VP3 of a wildtype AAV2 capsid. 
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Figure 2.2.2.4 AAV5-7mer library design template. Every AA possibility is listed below the AA 
position within VP3 of a wildtype AAV2 capsid. 

 

All four additional libraries were intravitreally injected and analyzed after 3 weeks for RPE 
transduction. From the extracted DNA from RPE tissue of injected eyes, the only other libraries 
that were recovered with PCR amplification were AAV2.LoopSwap453 (AAV2.LS453) and 
AAV2.LoopSwap588 (AAV2.LS588), where the intensity of the DNA bands appeared higher than 
that of the AAV2-7mer library (Figure 2.2.2.5).  
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Figure 2.2.2.5 AAV library PCR amplification and gel electrophoresis of DNA extracted from RPE cells of 
injected mouse eyes. With primers amplifying the capsid sequence of all the libraries injected in the 
screening, only AAV2.LS453 OD RPE #2, AAV2.LS588 OD RPE #2, and AAV2.LS453 OS RPE 
#1 showed capsid amplification. AAV2.7mer is used as a positive control group. 

 

Subsequent next-generation sequencing was performed to visualize AA sequences of the recovered 
capsid variants within the RPE tissue. Sequences were ranked by read count like the AAV2-7mer 
library screening. Due to more consistent recovery of capsid variants within the RPE layer following 
AAV2.LS453 injections, the top 4 ranked variants were re-packaged individually for further analysis. 
However, following packaging with CAG-GFP there was no GFP+ RPE identified in any of the 
injected mouse eyes (N=4, per vector; data not shown). With low evidence of this loop swap library 
transducing RPE cells with an IVT injection, we chose not to move forward with testing the 
AAV2.LS588 library and proceed with the successful candidates from the AAV2-7mer library 
screening.  

 

 

Figure 2.2.2.6 Next-generation sequencing recovery metrics from mouse RPE DNA post-IVT injection of 
AAV2.LS453 library. Mouse eyes divided by individual mouse (1 or 2) and left and right eyes. Next-
generation sequencing provides read counts of each variant (“# Reads of Top Variant”), ranked 
from highest to lowest. Percent of total occurrences of each top variant within # of total recovered 
reads for each sample is listed under “%.” 
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2.2.3 Candidate Selection and Functional Validation Strategy of Variant 3 
 

To identify the most robust vectors, we cross-referenced the next-generation (NGS) datasets 
from the NHP and mouse screenings. Our analysis revealed a striking overlap in the highest-ranking 
variant between species. The top-performing candidate, with the insertion LANQEHVKNA, was 
consistent across both models, yielding 19,051 reads in NHP samples and 31 reads in mouse 
samples, where there is an exponential decrease in reads for each subsequent variant in the ranking. 
Based on these rankings, we selected four lead candidates for functional validation. These included 
the consensus top performer and three additional high-ranking variants: LANQEHVKNA (top 
performer, shared candidate between NHP and mouse), LAHQDTTKNA (shared candidate 
between all species), LATKQPTSNA (top 3 from mouse screening), and LTHQDTTKNA (top 2 
from NHP screening, with one AA difference from top candidate from canine screening). 

To evaluate the transduction profiles of these capsids, each variant was packaged with a GFP 
reporter gene driven by either the ubiquitous CAG promoter or the RPE-specific BEST1 promoter. 
Equal numbers of male and female mice (n = 4-12 per group, P60-88) received IVT injections of 
these candidate vectors. Following a 3-week expression period, eyes were enucleated and processed 
as RPE flat mounts to quantify the percentage of GFP+ cells. We designated the top-performing 
peptide candidate, LANQEHVKNA, as Variant 3 (AAV2.Var3). The additional three high-ranking 
variants were evaluated (Figure 2.2.3.1), however, all displayed very poor retinal transduction. Only 
LTHQDTTKNA-CAG-GFP resulted in some peripheral RPE transduction, an unexpected result 
since this variant did not appear in the mouse screening results; however, LTHQDTTKNA was the 
second highest ranked variant from the primate screening. After conducting qualitative analyses 
across all injected eyes using fluorescence microscopy, <10 GFP+ RPE cells were observed in all 
samples injected with AAV2.LATKQPTSNA and AAV2.LAHQDTTKNA. Overall, 
AAV2.LTHQDTTKNA displayed GFP+ RPE cells at around 50% compared to that of 
AAV2.Var3, proving that AAV2.Var3 remained the top performing candidate. To evaluate 
AAV2.Var3’s specific tropism for the outer retina, we compared its transduction profile against 
AAV2.7m8, a capsid known to transduce photoreceptors via IVT delivery but with minimal to no 
efficacy in the RPE, especially in primate.39  

 

 

Vector Titer 

AAV2.LAHQDTTKNA-CAG-GFP 5.06 x 1014 vg/mL (1.012 x 1012 vg per eye) 

AAV2.LATKQPTSNA-CAG-GFP 3.18 x 1014 vg/mL (6.36 x 1011 vg per eye) 

AAV2.LTHQDTTKNA-CAG-GFP 6.39 x 1014 vg/mL (1.278 x 1012 vg per eye) 
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Figure 2.2.3.1 Comparison of RPE transduction efficiency following IVT injection between high-ranking 
candidates: AAV2.LAHQDTTKNA, AAV2.LATKQPTSNA, and AAV2.LTHQDTTKNA All 
capsids were packaged with CAG promoter driving expression of reporter gene, GFP. Injections of 
each vector were repeated in 4 mice (8 eyes) for GFP expression analysis. Flat mounts for each 
construct display poor GFP expression in retina and RPE tissue, compared to AAV2.Var3 (Figure 
2.2.3.3).  

A critical consideration in the clinical translation of AAV-based gene therapies is vector 
purity, as the presence of empty capsids, or those lacking nucleic acids, has been associated with 
increased immunogenicity and reduction of the efficacy of treatment.82-84 Empty capsids retain the 
full antigenic surface of the AAV capsid and are capable of producing an immune response to the 
DNA-containing capsids, yet contribute no therapeutic benefit. An increased empty-to-full capsid 
ratio may reduce transduction efficiency by competing with full capsids for cellular entry and 
receptor binding.85 To characterize the purity of our vector preparations prior to in vivo delivery, a 
mass photometry assay was performed on both AAV2.Var3-CAG-GFP (1.52 x 1014 vg/mL) and 
AAV2.Var3-BEST1-GFP (7.44 x 1014 vg/mL) stock solutions produced. Analysis of AAV2.Var3-
CAG-GFP revealed that 92.8% of particles were full capsids, with only 7.2% empty and no 
ambiguous particles detected (N=1,283 particles). Similarly, AAV2.Var3-BEST1-GFP yielded 92.4% 
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full capsids and 7.6% empty (N=1,345 particles). These capsid numbers likely exceed those reported 
for some clinical-grade AAV preparations and indicate that the immunogenic and dose-associated 
risks with empty capsid contamination are minimal in the injection solutions used in this study.82 A 
limitation with this experiment is a lack of AAV2.7m8 capsid data for comparison. 

 

 

Figure 2.2.3.2 Quantification of empty AAV capsids in injection-ready solution. AAV2.Var3-CAG-GFP 
(right) and AAV2.Var3-BEST1-GFP (left) mass photometry data shows a very low empty-to-full 
capsid ratio. More than 92% of AAV capsids contain genetic material within the aliquot assayed in 
the figure. The dark blue region (3,800-5,000 kDa) includes all full capsids, while the light blue 
region (3,000-3,800 kDa) encompasses all empty capsids. The large peak around 750 kDa likely 
represents residual host cell proteins (HEK293). 

 

Figure 2.2.3.3 presents representative retinal and RPE flat mounts (oriented with the 
injection site superior). As expected, retinal flat mounts demonstrated GFP expression for both 
vectors, confirming successful IVT delivery and inner retinal transduction. However, RPE flat 
mounts revealed a divergence in tropism. AAV2.Var3 mediated distinct GFP expression in the RPE, 
particularly in the periphery near the injection site, as well as in the ventral and temporal quadrants. 
In contrast, AAV2.7m8 failed to yield GFP expression in the RPE layer. High-magnification (20X) 
analysis confirmed these observations. Scanning of the AAV2.7m8 posterior eyecups exposing the 
RPE layer identified negligible transduction, limited to a single cluster of approximately 18 isolated 
GFP+ cells in the temporal-ventral region in the representative sample display and a range of 1-409 
GFP+ cells for the entire treatment group overall. AAV2.Var3 induced RPE expression 
characterized by a "tiling" pattern, where large patches of neighboring cells expressed GFP. This 
phenotype was consistent across samples using both CAG promoter [3.04 x 1011 vector genomes 
(vg) delivered per eye] and BEST1 promoter (1.49 x 1012 vg delivered per eye).  Peripheral RPE 
transduction was detected in every injected sample driven by both promoter types. 
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Cross-sectional analysis of each retina including the RPE layer further elucidated each 
vector’s transduction profiles (Figure 2.2.3.3). AAV2.7m8 transduced the ganglion cell layer (GCL) 
and inner nuclear layer (INL) with IVT injection, but no RPE cells. AAV2.Var3 displayed poor 
GCL and moderate INL transduction with IVT injection, but strong RPE transduction. Phalloidin 
was used as a counterstain to label actin filaments. AAV2.Var3-injected eyes displayed a reduction in 
phalloidin around the external limiting membrane (ELM).  

The last row in Figure 2.2.3.3A displays a subretinal injection of AAV2.Var3 with CAG 
promoter driving expression of GFP. Here there is widespread GFP expression in the central, mid-
periphery, and periphery of the dorsal, nasal, and temporal quadrants of the mouse eye. Cross-
sectional analysis of the retina following subretinal injection shows GFP expression in more retinal 
neurons than with the IVT injection. GCL, amacrine cells, horizontal cells, and photoreceptor all 
display strong GFP expression. Figure 2.2.3.3B quantifies these findings of GFP expression in RPE 
cells, demonstrating higher expression in AAV2.Var3-injected eyes.  

 

Figure 2.2.3.3 Comparison of RPE transduction efficiency following IVT injection between AAV2.Var3-CAG-
GFP and AAV2.7m8-CAG-GFP, including subretinal delivery of AAV2.Var3-CAG-GFP (A) Top row: 
AAV2.7m8-CAG-GFP, IVT injection; Middle row: AAV2.Var3-CAG-GFP, IVT injection; Bottom 
row: AAV2.Var3-CAG-GFP, subretinal injection; all imaged at 3 weeks post injection. Retinal and 
posterior eyecup flat mounts of left eyes show GFP expression in retinal neurons and RPE. A 
zoomed in image of posterior eyecup flat mount shows GFP expression in individual RPE cells. 
Separation of retina from posterior eyecup is a histological artifact of enucleation and dissection, but 
retina remained attached at the optic nerve and ora serrata. (B) AAV2.Var3-CAG-GFP (N=14) 
shows a 7-fold increase in the average number of RPE cells per eye with GFP expression compared 
to AAV2.7m8-CAG-GFP (N=7). AAV2.Var3-BEST1-GFP (N=10) shows increased expression 
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compared to AAV2.7m8-BEST1-GFP (N=3) but a much lower average number than AAV2.Var3-
CAG-GFP despite a comparable range of titers. Data shown as mean (SD).  

 

2.2.4 Translational Validation of RPE Transduction of Variant 3 in NHP Eye 
 
 To test the clinical translatability of our vector to primates, we administrated Variant 3 
packaged with the RPE-specific promoter, BEST1, driving expression of reporter gene, GFP, to the 
NHP Macaca mulatta (rhesus macaque). The NHP right eye and left eye were injected on the same 
day. The right eye was injected with 150 µL of 3.5 x 1013 vg/mL (5.8 x 1012 vg). The left eye was 
injected with 150 µL containing 43 µL of 3.5 x 1013 vg/mL (1.5 x 1012 vg) and 107 µL of Balanced 
Salt Solution. A predicted 130-135 µL volume likely entered the eyes during the procedure. The 
NHP received intramuscular steroid injections starting 3 days prior to the AAV injection and 
continued until eye inflammation went down. Color fundus, red-free fundus, fluorescein 
angiography, fundus autofluorescence, spectral domain optical coherence tomography (SD-OCT) 
and photopic electroretinograms did not show any signs of toxicity and abnormalities one week and 
twelve weeks after injections (Figure 2.2.4.1).  
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Figure 2.2.4.1 Rhesus macaque injected with AAV2.Var3-BEST1-GFP in both eyes did not exhibit clinical 
signs of retinal toxicity or ocular inflammation The color (A) and red-free fundus images (B) show normal 
anatomy of the macula and arcade vessels without exudation and no optic nerve swelling. 
Fluorescein angiography showed normal retinal vasculature without leakage. SD-OCT imaging of 
the macula (E) and optic nerve (F) showed normal foveal contour without cystoid macular edema 
and no optic nerve edema. Anterior segment OCT (G) showed normal cornea without edema 
without debris in the aqueous humor. Photopic full field ERG using single flash (H) and flicker (I) 
were within normal range at all timepoints.       

 

 Three months post-injection of AAV2.Var3-BEST1-GFP, both eyes were enucleated and 
fixed for imaging of the RPE cells. Each retina was separated into 4 quadrants: dorsal, nasal, 
temporal, and ventral. The macula region was also separated out for analysis. The right eye showed 
the most GFP+ RPE cells with very high expression in the periphery for all 4 quadrants (2448.91 x 
2448.91 µm image of dorsal periphery shown, Figure 2.2.4.2A). Another peripheral region on the 
nasal quadrant is shown (Figure 3F and G, 2448.91 x 2448.91 µm and 319.45 x 319.45 µm regions). 
Mid peripheral regions also showed many GFP+ RPE cells with the number of GFP+ cells 
decreasing closer to the central retina, where the nasal mid periphery is shown (Figure 2.2.4.2C and 
D, 2448.91 x 2448.91 µm and 319.45 x 319.45 µm regions). The macula did not show any GFP, 
shown in a 2448.91 x 2448.91 µm region (Figure 2.2.4.2E). The left eye had significantly less GFP+ 
RPE cells with only low expression seen in the dorsal periphery. All other regions, including the 
macula, did not have visible expression of GFP in the RPE. One limitation in this experiment was 
that quantitative analysis of NHP RPE using our manual cell counting method was not conducted. 
However, qualitative analysis and intensity density comparison between nine equally distributed, 
319.45 x 319.45 µm subregions with symmetrical eccentricities of the right eye was conducted and 
revealed an estimated 10-20% RPE transduction rate. The subregions included one at the macula, 
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four at the periphery of each quadrant, and four at the mid periphery of each quadrant. Overall, 
transduction patterns of AAV2.Var3 are similar in mouse and NHP, giving this novel capsid high 
translatability.  

 

Figure 2.2.4.2 Peripheral and mid peripheral GFP expression in high titer AAV2.Var3-BEST1-GFP delivery 
in right NHP eye (A-D, F-G) Dorsal periphery, nasal mid periphery, and nasal periphery show high 
levels of GFP expression in RPE cells. Counter-stain with phalloidin is used to negate auto-
fluorescence. (E) Macular region of the right eye does not show any GFP+ RPE. The flat mount 
diagram (top) displays the localization of the images acquired. 

 

2.3 Discussion 
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Intravitreal injection has historically failed to efficiently target the RPE. The ILM acts as a 
physical barrier, trapping naturally occurring AAV serotypes via high-affinity interactions with 
HSPGs, particularly for AAV2, which is the backbone of most clinical retinal vectors. In this 
chapter, we show that structural modifications of the AAV2 capsid surface can overcome these 
barriers in both mouse and NHP.  

In Kern et al. 2003, scientists tested several AAV2-based mutant capsids and analyzed 
infectivity, packaging, and binding of each. Capsids that encompassed mutations within the same 
residues altered in AAV2.LoopSwap453 (mutant #10 and #11) had a low ratio of the number of 
capsids to the number of infectious particles, giving it a good infectivity score, a low ratio of capsids 
to viral genomes, giving it a great packaging score, and lastly, more than 80% binding to HeLa cells 
and a heparin-agarose column.67 Studies have shown that residues altered within this library (AA440-
458) interact with other outer surface loops to increase stability for capsid packaging. Lastly, 
mutations between 448-451, 454 have been shown to reduce HSPG binding, making induced 
variability within these regions a strategy for achieving enhanced capsid transduction.1 However, the 
loop swap libraries and AAV4/AAV5 libraries were unsuccessful in RPE transduction. This could 
have been partially due to no NHP data acquired for comparison. Without identifying variants that 
were conserved in RPE tropism between species, there is less likelihood for high performance from 
just one round of high-throughput screening. Instead, by inserting a 10-AA peptide to the outer 
surface of the AAV2 capsid at the HSPG binding locus (AA588), RPE transduction following IVT 
delivery was dramatically improved with AAV2.Var3 in mice and NHP. Within loop IV of VP3, 
AAs R585 and R588 interact and have high HSPG binding affinity.9,56,67,86 Addition of the 7mer at 
AA588 prevents arginine binding. Also, the Variant 3 sequence “LANQEHVKNA” does not 
contain arginine and possesses a neutral charge and acidic properties. Such properties directly affect 
how the capsid binds to cell surface receptors and undergoes intracellular trafficking.59,60 A lack of 
arginine on the AAV capsid has been proven in previous studies to reduce HSPG binding.67 This 
design aligns with prior work showing that altering AAV2 HSPG binding can change retinal tropism 
and improve outer retinal penetration from the vitreous.  

 AAV2.Var3-CAG-GFP and AAV2.Var3-BEST1-GFP were IVT injected into mouse eyes 
and reached on average 10% of the total number of RPE cells in the mouse eye. Substantial 
similarity in NHP RPE transduction was seen, with a comparable level of expression within the 
epithelium. This level of RPE coverage is novel given that previously recorded RPE transduction 
from the vitreous has been negligible. This RPE transduction was achieved without mechanically 
detaching the retina from the RPE. One limitation regarding the overall assessment of the 
transduction patterns of these vectors and the other high-ranking vectors was a lack of a true control 
group, or an AAV capsid established to display no migration past the ILM or no RPE tropism. 
Including this data may have illuminated any potential false positive data, for example any accidental 
retinal detachments during the surgical procedure that may have allowed the capsids to reach the 
RPE cells more easily. 
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AAV2.Var3 consistently produced higher transduction and transgene expression in the 
peripheral retina compared to central regions in both mouse and NHP. This peripherally biased 
pattern is consistent with regions where the ILM is thinner, or the retinal periphery.87 However, it is 
unclear why the same peripherally biased pattern is observed in mice, where the thickness of the 
ILM is more homogenous.88 Additionally, there have been reports of increased ILM thickness in 
disease models, which could signify that the RPE transduction efficiency is reduced in rd12 mice 
compared to initial AAV2.Var3 RPE transduction quantification assays with C57BL/6 mice.89,90 
Future work would be needed to determine whether modifying the injection parameters or capsid 
design can allow for better AAV migration across the ILM and improved RPE transduction closer 
to the macular region. 

While we have not confirmed whether improved RPE transduction with AAV2.Var3 is a 
direct result of reduced heparan sulfate binding, our findings suggest that the peptide insertion likely 
disrupts the HSPG binding. Precise interactions can be elucidated using cryogenic electron 
microscopy. There is also a need for further analysis of the migration patterns seen with 
AAV2.Var3, like whether peripheral transduction is a result of different extracellular matrix cues in 
the periphery. 

 While library screenings and directed evolution studies have been conducted before, most 
efforts have focused on enhancing photoreceptor transduction. By conducting this screening in both 
mice and NHP, we were able to establish top-performing candidates shared between both species, 
which increases confidence in translational potential. This approach of extensive functional testing 
in the mouse model evades the scale and cost that would have been required to perform equivalent 
functional testing primarily in NHP. In conclusion, Variant 3 represents a significant step forward in 
vector engineering, offering a viable IVT platform for RPE-targeted gene therapy that achieves both 
barrier penetration and therapeutic efficacy while avoiding surgical damage and associated localized 
atrophy with a subretinal delivery. 

 

2.4 Materials and Methods 
 

2.4.1 AAV Library Generation 
 

The combinatorial variant library (CVL) was constructed by Twist Bioscience. A sequence-
verified clonal gene is used as a linear template which covers all constant regions of the library. Once 
verified, the template is amplified out of a prepared plasmid prior to construction. For the variable 
region, the template is split into multiple sections where oligo variants are designed for each section 
in pools of a few thousand each. Every oligo variant is explicitly designed at the DNA level to reflect 
the AA diversity requested. No degenerate synthesis is used to construct variable regions. The oligo 
variants from each section of the variable region are then combinatorially assembled using Twist 
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Bioscience's proprietary Seamless Assembly method, generating a variable domain of up to 1010-1011 
unique sequences (based on theoretical diversity of the design). Once constructed, the variable 
domain is assembled into the template at the specified position, amplified using a minimal number 
of PCR cycles, and verified by NGS. Plasmid backbone sequences were altered for improved ITRs, 
then packaged and purified at the University of California, Berkeley. Final titers of packaged libraries 
were 7.26 x 1014 vg/mL for AAV2-7mer, 3.52 x 1013 vg/mL for AAV4-7mer, 2.03 x 1012 vg/mL for 
AAV5-7mer, 5.4 x 1013 vg/mL for AAV2.LoopSwap453, and 7.9 x 1013 for AAV2.LoopSwap588. 

 

2.4.2 AAV Intravitreal Injection 
 

All animal procedures were approved by the Institutional Animal Care and Use Committee 
of the University of California, Berkeley or the University of California, Davis. All animal 
experiments were conducted in accordance with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research. All animal procedures also abide by all Arrive guidelines as stated: 
https://arriveguidelines.org. 

Mice were intraperitoneally injected with a well-mixed combination of ketamine 
hydrochloride (100mg/kg) and xylazine (10mg/kg). When the mice were fully anesthetized, topical 
eye drops of 0.5% proparacaine, 1% tropicamide, and 2.5% phenylephrine were added to the surface 
of the eyes for 3 minutes each. To maintain lubrication of the cornea and to better visualize the 
target injection site, GenTeal Tears Lubricant Eye Ointment was applied generously to the surface 
of the eyes. Using a sharp 30-G needle, a hole was made at the dorsal pole of the eye right behind 
the ora serrata line. Immediately after, a blunt-ended 32-G Hamilton syringe was put through the 
hole to inject 1-2 µL of AAV2-7mer library in the vitreous space, ensuring not to nick the lens or 
stab the retina. Intraocular bleeding is a good indication that the retina has been stabbed. The 
Hamilton syringe was kept in the eye for 5 seconds after injection to reduce the amount of AAV 
that may flow back out of the hole. Tobramycin drops (Somerset Therapeutics LLC, NDC 70069-
131-01) were added to the surface of the eye for 3 minutes following AAV IVT delivery. Soothe 
Lubricant Eye Ointment (Bausch + Lomb) was generously added to the surface of the eye until the 
mouse fully recovered and woke up from anesthesia. For all experiments, an equal distribution of 
female and male mice was used, unless otherwise stated. 

One rhesus macaque (Macaca mulatta), one years old, was injected in both eyes through the 
IVT route. Both eyes received 150 μL of the AAV2.Var3-BEST1-GFP. The right eye and the left 
eye received 5.8x1012 and 1.5x1012 viral genomes, respectively. The AAV2.Var3-BEST1-GFP was 
injected undiluted in the right eye and diluted in BSS (Alcon, Fort Worth, TX, USA) in the left eye. 
Diluted and non-diluted AAV2.Var3-BEST1-GFP were loaded into a 0.5 mL low dead space Luer 
lock syringe (Air-Tite Products, Virginia Beach, VA, USA) using a 30G x1” BD PrecisionGlide 
needle (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and capped with a BD Syringe 
Tip Cap (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Low dead-space syringes 

https://arriveguidelines.org/
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were used to optimize the volume that enters the vitreous space of the eye. Syringes were then 
stored on ice until injections. Prior injection, the animal was sedated with ketamine hydrochloride 
(5–30 mg/kg), midazolam (0.1 mg/kg), and dexmedetomidine (0.05–0.07515 mg/kg) 
intramuscularly and were medically monitored by a California National Primate Research Center 
(CNPRC) veterinarian and trained technician. While sedated and after eyes were dilated, the eyes 
were prepared and draped in the usual sterile fashion for ophthalmic surgery. An operating 
microscope was used in conjunction with a flat contact lens, two 25-gauge pars plana trocars placed 
superiorly, and a light pipe for visualization. While focusing on the macula, the needle was 
introduced through the second trocar and advanced near the macular surface and the virus was 
injected in the vitreous just above the macular surface. The trocars were removed, and topical 
antibiotic ointment was applied before the animal was taken to recover. 

The rhesus macaque was born and kept at the CNPRC which is accredited by the 
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. 
This study was approved by and performed according to the Institutional Animal Care and Use 
Committee (IACUC protocol #23774) of the University of California – Davis and the National 
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, respectively.  

 

2.4.3 Next-Generation Sequencing for AAV2-7mer Library Screening 
 

Two NHP eyes, 4 mouse eyes, and 5 canine eyes were injected with the AAV2-7mer library. 
For NHP and mouse this was a single-round, low-N exploratory screening where a reduced number 
of animals was used due to this being an early-stage experiment for candidate nomination. After IVT 
injection of the AAV2-7mer library, we waited 3 weeks in mice to evaluate DNA expression. Then, 
we enucleated all 4 eyes and extracted DNA from the posterior eyecup (RPE, choroid, sclera) for 
subsequent processing. NHP eyes were enucleated for analysis 17 days after injection. Twelve total 
rectangular sections of RPE were extracted from different quadrants of each eye, primarily the right 
eye. Only two sections were taken from the left eye (nasal and temporal). DNA was purified for 
NGS from each of the 12 NHP sections. For canines, this was a 5-round directed evolution 
screening where 1 eye was used each round in one dog, leaving the contralateral eye as an internal 
control.  

We used primers to amplify just the capsid sequence of the AAV library and ran the 
amplified DNA on a gel to visualize the presence of the AAV library in our sample. If there was 
some amount of AAV library present (or a band was visualized), the band on the gel was extracted 
and purified. A much smaller 300 base pair region was amplified using PCR and then purified. NHP 
samples underwent a range of 21-23 PCR cycles. These smaller fragments of the AAV capsid region 
were inclusive of the variable region of the library. This DNA was submitted for NGS. 
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NGS data displayed the DNA sequence of each capsid variant amplified from the RPE of 
each sample and the read count which corresponds to the number of occurrences of each variant in 
the sample. A higher read count indicates a higher relative abundance of the variant from the 
isolated DNA. The AAV capsids were not replication competent, so PCR amplification allowed for 
detection of capsids within the RPE layer.  

Using a python script, the 10-base pair sequence prefix of the 7mer variable region was 
located within each read allowing each subsequent 30-base pair region (the variable region) to be 
detected and quantified. Quantitatively ranked variants were outputted, listing the 30-base pair 
sequence and read count in order from highest to lowest. This represented the list of variants that 
most likely transduced RPE cells in the injected eyes, where higher read counts corresponded to 
more abundance of the variant within the sample. Several variants from the NHP and canine 
screening reoccurred within the list, so after calculating the read count totals for each variant, the list 
was consolidated and illustrated to include the top 50 performing variants in Figure 2.2.1.1. The top 
50 performing variants were used for analysis and comparison overall for mouse and canine data as 
well, where the “# of Total Recovered Reads” reflects the data from this subset.  

 

2.4.4 RPE Imaging and Cell Quantification 
 

Each eyeball sample was dissected to remove the anterior half of the eyeball, lens, and 
vitreous. Then, 4 cuts were made towards the center to allow the eyecup to flatten using established 
flat mount procedures.49,91,92 Keeping track of the dorsal pole, the retina was carefully separated from 
the posterior eyecup. The flattened retina and posterior eyecup were mounted on a SuperFrost Plus 
microscope slide, using VectaShield Mounting Media with Phalloidin. Using Zeiss LSM 710 Laser 
Scanning Confocal Microscope with a 10x objective lens, each flat-mounted posterior eye cup was 
imaged RPE-side facing the lens. The flat mount was imaged by doing a 13 x 13 tile scan with Z-
stack acquisition. The pixel dimensions were set to 2048 x 2048 with averaging 2 and scan speed of 
8. The flat-mounted retina was simply used as a control for AAV constructs injected with a CAG 
promoter. If the retina did not show green fluorescence, then the RPE sample was not analyzed due 
to a possibly improper AAV injection. 

Within ImageJ, maximum intensity projections were generated for each image. ROI 1-Click 
Tool was used to manually count each green, fluorescent RPE cell to minimize inaccuracies in 
quantification due to low GFP-positive (GFP+) RPE counts for some samples. RPE cells were 
identified as hexagonal shaped cells with a nucleus. Anything that looked green that did not fit this 
criterion was excluded from counting. Each cohort’s cell counts were averaged.
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Chapter 3 Novel AAV capsid delivery of therapeutic gene, 
hRPE65, to RPE65-deficient, rd12 mice 
 

3.1 Introduction 
 

Inherited retinal diseases caused by loss-of-function mutations in the RPE65 gene represent 
a compelling target for gene therapy, as restoration of a single, functional enzyme within the RPE is 
sufficient to reconstitute the visual cycle and halt photoreceptor degeneration. The development of 
safe and effective delivery strategies for such therapy remains a central challenge in the field. It is 
important to find a strategy that minimizes surgical risk while maximizing retinal coverage.  

Preclinical efficacy for LCA2 gene therapy was established in canine models, where the 
subretinal delivery of an AAV2 vector packaging a functional RPE65 gene encoding the retinoid 
isomerohydrolase RPE65 protein resulted in rapid and sustained restoration of visual function.18 
These findings paved the way for the development of Luxturna, the first FDA approved gene 
therapy in vivo treatment of any disease.42-48 Clinical results have been beneficial, with treated patients 
demonstrating improved visual function, most notably an increase in light sensitivity of up to 
10,000-fold that is sustained for several years.93-96 Despite this clinical triumph, the reliance on 
subretinal injection presents significant limitations to the widespread adoption and safety of retinal 
gene therapy.   

The spontaneously arising rd12 mouse model for LCA2 has created an avenue for 
therapeutic testing in this disease. These mice possess an autosomal recessive mutation where 
cytosine at cDNA position 130 in the Rpe65 gene is replaced with thymine, resulting in an early stop 
codon. Like human patients, the RPE65 enzyme is dysfunctional. Without functioning RPE65, the 
rd12 mice lack an intact visual cycle, preventing the regeneration of 11-cis-retinal for light sensitivity 
in the photoreceptor outer segments. This leads to rapid cone degeneration beginning at P14 and 
significantly diminished ERG responses.11,19,97,98  

Several studies have been previously published, with AAV vectors delivering a normal copy 
of RPE65 or Rpe65 to rd12 mice for functional rescue. However, these studies were performed using 
a subretinal injection. To date, functional rescue in rd12 mice using IVT administration has not been 
demonstrated. In the last chapter, we identified an AAV2-based capsid, AAV2.Var3, capable of 
transducing the RPE following IVT delivery. We use AAV2.Var3 to express the therapeutic cDNA, 
hRPE65, in RPE cells. In this way, we can test the therapeutic efficacy of this novel AAV capsid 
variant in the rd12 mouse, a model for LCA2. 
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3.2 Results 
 

3.2.1 AAV2.Var3-CAG-hRPE65 and AAV2.Var3-BEST1-hRPE65 Intravitreal 
Injection at P14 for rd12 hRPE65 Expression and Visual Cycle Function 
Rescue 
 
 Efficient peripheral RPE transduction of AAV2.Var3 with IVT delivery in both mouse and 
NHP drove further experiments to package AAV2.Var3 with therapeutic gene, hRPE65, for 
treatment of rd12 mice. AAV2.Var3 with CAG (1.28 x 1014 vg/mL concentration, 2.56 x 1011 vg 
delivered per eye) and BEST1 (2.05 x 1014 vg/mL concentration, 4.1 x 1011 vg delivered per eye) was 
used to deliver non-mutated hRPE65 at P14 for functional RPE65 expression and visual cycle 
function preservation in rd12 mice. 

Our control mice included uninjected, AAV2.Var3-CAG-GFP, AAV2.Var3-BEST1-GFP 
and PBS -injected mice. For complete restoration of functional RPE65 and 11-cis-retinal in 
photoreceptor outer segments, we waited 8 weeks before expression and visual function analyses. 
The injection site was at the dorsal region oriented at the top of each image (Figure 3.2.1.1). 
Immunohistochemistry using anti-RPE65 showed peripheral expression of RPE65 protein in treated 
eyes with similar transduction patterns as the GFP expression experiment. Untreated eyes showed 
no RPE65 protein expression throughout the flat mount (Figure 3.2.1.1A). Autofluorescence from 
RPE nuclei is shown, a common histological artifact from a lack of melanosomes in the nuclei 
compared to the RPE cytoplasm.  

Western blot data collected from different cohorts of mice (P14+56) show RPE65 protein 
present in hRPE65 treated cohorts and the BEST1-GFP treated cohort (Figure 3.2.1.1C). The top 
band at 65 kDa, or non-truncated RPE65, is quantified and compared relative to rd12 uninjected 
mice in the corresponding bar graph. Statistically significant increase in RPE65 expression is seen for 
the BEST1-hRPE65 treated cohort compared to rd12 uninjected (***P=0.001), CAG-GFP injected 
(***P=0.001), BEST1-GFP injected (*P=0.027), and CAG-hRPE65 injected (**P=0.005) mice. The 
CAG-hRPE65 treated cohort displayed a statistically significant increase in RPE65 protein presence 
compared to the CAG-GFP injected cohort (*P=0.019). Double bands in the 65 kDa region is likely 
due to non-specific binding of anti-RPE65. Faint levels of RPE65 protein presence in control 
groups may be a result of antibody binding to residual, truncated RPE65 in the rd12 mouse model.  

To collect a biochemical readout of restored, functional RPE65 enzymes in rd12 mice, we 
conducted high-performance liquid chromatography (HPLC) to quantify syn-11-cis-retinal oxime and 
all-trans-retinyl ester in untreated and treated rd12 mice 8-12 weeks after treatment. Figure 3.2.1.1B 
shows a strong correlation between treatment and reduced accumulation of all-trans-retinyl ester. 
Uninjected rd12 mice (N=4) demonstrated a high all-trans-retinyl ester peak and no syn-11-cis-retinal 
oxime (a chemically stabilized 11-cis-retinal derivative) peak, meaning that there was an 
overaccumulation of the retinyl ester and no conversion into 11-cis-retinal. For rd12 CAG/BEST1-
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GFP treated cohorts (N=4/N=3), there is a comparably high peak for all-trans-retinyl ester and no 
peak for syn-11-cis-retinal. This is important to note because the photopic ERG recordings showed 
an improved A and B wave amplitudes in response to 3 and 10 cds/m2 light flash (Figure 3.2.1.1), 
but the HPLC data shows that there is no detectable 11-cis-retinal present in these cohorts. For the 
CAG/BEST1-hRPE65 treated cohorts (N=4/N=4), there was a much lower all-trans-retinyl ester 
peak and trace amounts of 11-cis-retinal in some of the treated mice. Figure 3.2.1.1B displays 
nmol/eye of each molecule, with a statistically significant reduction of all-trans-retinyl ester in 
AAV2.Var3-CAG-hRPE65 treated mice (*P=0.029).  
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Figure 3.2.1.1 AAV-induced RPE65 expression and correlating retinoid levels (A) Red shows anti-RPE65 
staining for RPE65 protein expression and cyan shows anti-ZO-1 for junctions between RPE. 
Wildtype C57BL/6 sample shows widespread RPE65 expression as expected. Uninjected rd12 
sample 8 weeks after treatment starting time point shows zero RPE65 expression. Autofluorescent 
regions within the RPE nuclei are seen. Sample treated with AAV2.Var3-CAG-hRPE65 shows 
patches of RPE65 expression in the periphery. (P14+60 = AAV injection at P14 + enucleation at 
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P60, noted in Figure 4A). (B) Representative, offset HPLC traces show sustained accumulation of 
all-trans-retinyl ester, labeled A, and no measurable amount of syn-11-cis-retinal oxime, labeled B, in 
both cohorts entirely for single, control representative samples. For the single representative 
AAV2.Var3-CAG-hRPE65 trace and AAV2.Var3-BEST1-hRPE65 trace, there was less 
accumulation of all-trans-retinyl ester and trace amounts of syn-11-cis-retinal oxime. Bar plots of 
retinyl ester and syn 11-cis-retinal oxime (nmol/eye) for each cohort show a statistically significant 
reduction in the accumulation of all-trans-retinyl ester for the AAV2.Var3-CAG-hRPE65 treated 
cohort compared to the AAV2.Var3-CAG-GFP treated cohort, *P=0.029. (C) Western blot bands 
show RPE65 protein present in hRPE65 treated cohorts and the BEST1-GFP treated cohort. 
Statistically significant increase in RPE65 expression is seen for the BEST1-hRPE65 treated cohort 
compared to rd12 uninjected (***P=0.001), CAG-GFP injected (***P=0.001), BEST1-GFP injected 
(*P=0.027), and CAG-hRPE65 injected (**P=0.005) mice. The CAG-hRPE65 treated cohort 
displayed a statistically significant increase in RPE65 protein presence compared to the CAG-GFP 
injected cohort (*P=0.019). Statistics conducted using one-way ANOVA with Tukey’s HSD post-
hoc multiple comparison test. Data shown as mean (SD). 

 

 

3.2.2 Photopic Visual Function Measured 8 Weeks Post-Injection  
 
 To determine whether the increased retinoid expression led to functional recovery of 
photoreceptors, we performed ERGs with two flash intensities, 3 cds/m2 and 10 cds/m2 . Being able 
to visualize A-wave responses from photoreceptors and B-wave responses from inner retinal 
neurons would display that not only is 11-cis-retinal being generated downstream from all-trans-
retinyl in the visual cycle, but also the light-sensitive chromophore is functional in generating an 
electrophysiological response. Trace amounts of visual chromophore are regenerated from the 
AAV-mediated delivery of hRPE65, where the amount is below a threshold of detection with the 
HPLC-based retinoid analyses. Here, the photopic ERG responses were recorded to test if there is 
an electrophysiological improvement that is quantifiable. 

In C57BL/6 mice from this study, B-wave amplitudes in photopic conditions ranged from 
60-90 µV in response to 3 cds/m2  and 60-150 µV in response to 10 cds/m2 flashes. The uninjected 
rd12 mice in our study displayed B-wave amplitudes between a range of 7-12 µV in response to 3 
cds/m2  and 17-28 µV in response to 10 cds/m2 flashes. Eight weeks after treatment, photopic ERG 
displayed an increase in B-wave amplitudes for all treated cohorts including CAG/BEST1-GFP and 
CAG/BEST1-hRPE65, between 12-26 µV in response to 3 cds/m2 and 17-48 µV in response to 10 
cds/m2 flashes. The AAV2.Var3-BEST1-hRPE65 treated cohort (N=8, Figure 3.2.2.1) displayed the 
largest increase in B-wave amplitudes in response to both light intensities compared to all other 
injected cohorts, with no statistical significance. Increased B-wave amplitudes in GFP-treated rd12 
mice were observed despite no therapeutic gene expression and no functional RPE65 present. 
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Alternatively, the PBS-injected cohort displayed reduced B-wave amplitudes in comparison to rd12 
uninjected mice, indicating a rescue phenotype is observed in all AAV2.Var3 injected cohorts only. 
A-wave amplitudes were not recorded clearly and could not be quantified due to high levels of 
background noise, reducing the consistency of a baseline amplitude for all measurements. 

 

Figure 3.2.2.1 Photopic ERG amplitudes 8 weeks after P14 treatment of rd12 model with PBS, AAV2.Var3-
CAG-hRPE65, AAV2.Var3-BEST1-hRPE65, AAV2.Var3-CAG-GFP, and AAV2.Var3-BEST1-
GFP (A) Photopic ERG waveforms averaged for rd12 mice injected with PBS, CAG-Rpe65, 
BEST1-Rpe65, CAG.GFP, and BEST1.GFP compared with the uninjected rd12 control mice. The 
bottom trace corresponds to the voltage responses to a 3.0 cds/m2 light flash. The top trace 
corresponds to the voltage responses to a 10 cds/m2 light flash. The light flash occurs at the 0 
milliseconds (ms) timepoint and persists for 4 ms. Scale bars provided for amplitude in µV on the y-
axis and time in ms on the x-axis. (B) Average B-wave amplitudes of each cohort is plotted for 
comparison. No significance is present for the increase in B-wave amplitudes following AAV 
treatment compared to the uninjected rd12 cohort. The largest increase is seen in the AAV2.Var3-
BEST1-hRPE65 treated cohort compared to the uninjected rd12 mice after a 3 cds/m2 light flash, 
P=0.0541, with two-way ANOVA with repeated measures for flash intensity with Tukey’s HSD 
post-hoc test (no significance). Data shown as mean (SEM). (C) Wildtype C57BL/6 photopic ERG 
waveforms averaged for the same light flash intensities. Scale bars provided for amplitude in µV and 
time in milliseconds. 
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Figure 3.2.2.2 provides selected individual HPLC traces for each cohort collected for 
retinoid quantification. Distinct blue arrows in the figure indicate all-trans-retinyl ester and syn-11-cis-
retinal oxime peaks within the traces. Most notably, there is a small visible peak present for syn-11-
cis-retinal oxime within all hRPE65 treated samples, but no visible peak for all control samples. 
These peaks were below the quantifiable threshold in nanomoles except one of the AAV2.Var3-
BEST1-hRPE65 treated mice (R43) which showed the highest detectable level of syn-11-cis-retinal 
oxime, shown in the bar graph (Figure 3.2.1.1B) Corresponding ERG recording under photopic 
conditions are shown for each of the representative HPLC traces. These ERG recordings are from 
singular eyes treated with the indicated vector. From Figure 3.2.2.1, the uninjected rd12 mice 
displayed B-wave amplitudes between a range of 7-12 µV in response to 3 cds/m2  and 17-28 µV in 
response to 10 cds/m2 flashes. Visible syn 11-cis-retinal oxime peaks at around 23 minutes are seen in 
slightly improved B-wave amplitudes for the hRPE65 treated eyes, 50 µV for CAG-hRPE65 and 65 
µV for BEST1-hRPE65. However, despite a lack of a visible syn 11-cis-retinal oxime peak for the 
CAG-GFP treated eye, there is a notable 41 µV B-wave amplitude following a 10 cds/m2 flash. The 
BEST1-GFP treated eye show undetectable B-wave amplitudes for both light flash intensities, 
consistent with the lack of a syn 11-cis-retinal oxime peak. On average, the photopic ERG results 
showed maintained or improved B-wave amplitudes, even for both GFP treated cohorts. However, 
PBS treated mice had attenuated B-waves. Figure 3.2.2.2 is an example of variability between 
injections, where the representative BEST1-GFP treated eye is not consistent with the trend seen in 
the rest of the cohort. However, the CAG-GFP treated eye shows this B-wave amplitude 
improvement. Either the occurrence of an ocular surface penetration during the injection or the 
presence of a viral capsid within the retinal layers may be producing the minor rescue phenotype. 
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Figure 3.2.2.2 HPLC retinoid quantification with corresponding photopic ERG recordings (A) Rd12 mice eyes 
were analyzed for retinoid quantification of all-trans-retinyl ester and 11-cis-retinal oxime (pmol/eye) 
for each cohort. (B) Most hRPE65 treated cohorts had samples with trace levels of 11-cis-retinal 
oxime represented by peaks, but these were below threshold and thus not quantifiable. R1: 
C57BL/6 wildtype, R15: rd12 AAV2.Var3-CAG-GFP treated, R19: AAV2.Var3-BEST1-GFP 
treated, R39: AAV2.Var3-CAG-hRPE65 treated, R43: AAV2.Var3-BEST1-hRPE65 treated. (C) 
Single mouse eye ERG recordings from corresponding HPLC samples in B.  

 

3.2.3 Scotopic Visual Function Measured 8 Weeks Post-Injection  
 

Rod function may have interference with the photopic ERG waves recorded, since rd12 
mice have slower degeneration of rods than cones.97 Additionally, just 2% of mouse photoreceptors 
are cones making rod-derived signal in photopic ERG inevitable.99 To partially mitigate this 
possibility, scotopic ERG, measuring rod-mediated responses under dark-adapted conditions, was 
performed in parallel, allowing rod and cone contributions to retinal function to be assessed 
independently and providing a more complete picture of photoreceptor rescue across both cell 
types. We measured response to dim light flash levels of 0.01, 0.1, and 1 cds/m2 after overnight dark 
adaption. AAV2.Var3-CAG-hRPE65 and AAV2.Var3-BEST1-hRPE65 both displayed increased A-
wave and B-wave amplitudes on average 8 weeks after IVT injection, compared to the rd12 
uninjected, PBS and GFP treated cohorts. The AAV2.Var3-CAG-GFP treated group exhibited an 
increase in A-wave amplitudes in Figure 3.2.3.1B, however, like the photopic ERG recording, there 
is reduced consistency of a baseline recording for this group and all other control groups. The 
hRPE65 treated cohorts displayed the largest reduction in background noise and most reliable 
baseline recording. The explanation for reduced background noise in hRPR65 treated cohorts in 
unclear. 

C57BL/6 mice from this study had A-wave amplitudes between 43-75 µV (0.01 cds/m2), 99-
104 µV (0.1 cds/m2), and 183-376 µV (1 cds/m2). The wildtype C57BL/6 B-wave amplitudes 
occurred between 247-468 µV (0.01 cds/m2), 501-532 µV (0.1 cds/m2), and 487-670 µV (1 cds/m2). 
The uninjected rd12 mice had no quantifiable A-wave amplitudes. However, the uninjected rd12 B-
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wave amplitudes ranged between 18-30 µV (0.01 cds/m2), 13-19 µV (0.1 cds/m2), and 24-49 µV (1 
cds/m2). Notably, from the B-wave amplitudes, statistical significance was seen for the AAV2.Var3-
CAG-hRPE65 treated cohort compared to uninjected (***P<0.0001), PBS treated (*P=0.0425), and 
AAV2.Var3-BEST1-GFP treated (***P=0.0007) rd12 mice where the response ranged from 23-70 
µV and the AAV2.Var3-BEST1-hRPE65 treated cohort compared to uninjected rd12 mice 
(*P=0.0145) where the response ranged from 25-37 µV after a 0.1 cds/m2 flash. The difference in 
mean between the AAV2.Var3-CAG-hRPE65 treated cohort and the rd12 uninjected cohort was 
approximately 42 µV for the 0.01 cds/m2 flash, 35 µV for the 0.1 cds/m2 flash, and 50 µV for the 1.0 
cds/m2 flash.  

 

Figure 3.2.3.1 Improved scotopic ERG amplitudes 8 weeks after P14 treatment of rd12 model with 
AAV2.Var3-CAG-hRPE65 and AAV2.Var3-BEST1-hRPE65 (A) Scotopic ERG waves plotted for 
comparison between uninjected and PBS, CAG-GFP, BEST1-GFP, CAG-hRPE65, BEST1-
hRPE65 treated rd12 mice when tested at 0.01, 0.1, and 1.0 cds/m2 light flashes. The light flash 
occurs at the 0 milliseconds (ms) timepoint and persists for 4 ms. (B) A-wave amplitudes increased 
on average for the CAG-hRPE65 treated cohort at all flash intensities compared to the uninjected 
rd12 and CAG-GFP /BEST1-GFP-injected cohorts. No significant pairwise differences identified. 
B-wave amplitudes increased on average for both hRPE65-treated cohorts at all flash intensities. 
Statistical significance was seen for the AAV2.Var3-CAG-hRPE65 treated cohort compared to 
uninjected (***P<0.0001), PBS treated (*P=0.0425), and AAV2.Var3-BEST1-GFP treated 
(***P=0.0007) rd12 mice and the AAV2.Var3-BEST1-hRPE65 treated cohort compared to 
uninjected rd12 mice (*P=0.0145). Statistics conducted with two-way ANOVA with repeated 
measures for flash intensity with Tukey’s HSD post-hoc test. Data shown as mean (SEM). (C) 
Wildtype C57BL/6 scotopic ERG waveforms averaged for the same light flash intensities. Scale bars 
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provided for amplitude in µV and time in milliseconds. 

 

3.2.4 Measuring Cone Survival After Restored hRPE65 Expression  
 

To determine if the observed functional recovery correlated with structural preservation, we 
quantified medium wavelength (MW) -opsins and short wavelength (SW) -opsins as a measure for 
cone survival. In rd12 mice, cone degeneration begins at P14 and progresses past P90. Cone 
degeneration is not equally spread across the retina, but rather occurs predominantly in the nasal and 
ventral quadrants of the retina while dorsal and temporal quadrant cones are highly preserved.100 In 
addition, MW-opsin cones are equally distributed across the mouse retina, while SW-opsin is found 
mostly nasal and ventral, from histology performed in C57BL/6 retina shown in Figure 3.2.4.1A.  

 Due to the high number of overall cones in the mouse retina, we quantified using 13 
subareas in the retina, 3 in each quadrant and 1 at the optic nerve. Each of the subareas was a 304.5 
µm x 304.5 µm square which is roughly 5% of the surface area of an entire mouse retina. With 13 
sub-square images, we quantified about 65% of the total retina to get representative quantification of 
the cone distribution. For each of the 3 collected images in each quadrant we took an image at the 
periphery, midperiphery, and central retina. Our results indicated that the overall highest increase in 
cone survival was observed at the midperiphery of the dorsal quadrant which is nearest to the 
injection site. However, no other correlation with eccentricity and cone survival was seen following 
AAV2.Var3-CAG-hRPE65 and AAV2.Var3-BEST1-hRPE65 treatment. There was a slight increase 
in SW-opsin cone survival for our AAV2.Var3-BEST1-hRPE65 treated cohort, with a lot of 
variability between retinas. Despite a statistically significant increase in RPE65 expression in 
AAV2.Var3-BEST1-hRPE65 treated mice, no correlation was found between enzyme restoration 
and cone survival. High levels of opsin mis localization to the inner segments in all cohorts was 
observed. 
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Figure 3.2.4.1 Cone quantification 8 weeks after P14 treatment of rd12 model with PBS, AAV2.Var3-CAG-
hRPE65 and AAV2.Var3-BEST1-Rpe65 (A) Flat mounted retinas from C57BL/6 mouse, rd12 
uninjected (N=4), PBS (N=3), CAG- (N=6), and BEST1- (N=5) hRPE65 treated cohorts display 
cone landscape 8 weeks post-treatment. Nasal quadrant images (319.45 x 319.45 µm) display 
comparison of SW-opsin and MW-opsin distribution between control and treatment groups. (B) 
Cone quantification data based on SW-opsin and MW-opsin antibody probed cones is averaged. The 
y-axis displays the number of individual cones quantified with a fluorescent marker. Quantification 
data shows similar distribution of opsins across all groups with no statistical significance in cone 
survival. Data shown as mean (SD). 

 

3.2.5 Assessing Light-Responsive Behavior of Mice After Restored RPE65 
Expression 
 
 After slight improvements in visual function displayed by ERG results, it was important to 
assess whether the small improvements in voltage response of photoreceptors and inner retinal 
neurons are correlated with behavioral changes in response to light. In other words, behavior assays 
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can show whether cellular-level changes are enough to enhance the visual experience of the animal 
being treated, especially when the treatment model is not a human that can verbalize their visual 
experience. A two-chamber box is used in this assay where the two chambers are separated by a wall 
with a small opening for a mouse to crawl through. The assay helps determine if the mouse can see 
light at a specific luminance level based on if the mouse is avoiding the chamber that is lit. A 
habituation stage is performed before the experimental run to determine which chamber the mouse 
naturally prefers to be on. It is important to note that mice biologically prefer to be in dim or dark 
environments where they are not exposed to potential predators.  

 In Figure 3.2.5.1, there was no evidence that the minor improvements in visual function 
from the ERG correlated with behavioral changes in light avoidance. The luminance level of the 
light delivered to the two-chamber box was equivalent to that of the average bright office light. 
Despite some restored expression of the RPE65 enzyme within peripheral photoreceptors, a 
statistically significant increase in RPE65 protein expression, and a demonstrated reduced 
accumulation of all-trans-retinyl ester, these changes were not enough to affect the visual experience 
of the mice treated. The luminance levels for the ERG assays ranged from 0.01-10 cds/m2 which, 
while not directly interchangeable, roughly equate to a range of 0.001-1000 lux. For the light 
avoidance assay, using a 900-lux luminance level elicits a photopic response, while most of the 
improved visual function with hRPE65 treatment was seen with scotopic vision. A limitation within 
this assay was not testing a range of luminance levels below 900-lux for analysis of behavior 
response changes. It is also important to note that uninjected rd12 mice have a level of light 
perception that remains despite degeneration progressing. This is evident from the B-wave 
amplitude in response to 10 cds/m2 light in Figure 3.2.2.1 where this luminance is roughly in the 
same range as that delivered for the light avoidance assay.  
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Figure 3.2.5.1 Light avoidance of rd12 mice in a two-chamber box at 3-, 6-, and 8-weeks post-treatment with 
AAV2.Var3-CAG-hRPE65, AAV2.Var3-BEST1-hRPE65, and PBS (A) 3 weeks post-treatment 
AAV2.Var3-BEST1-hRPE65 (N=4) had the highest change in preferred side with the lowest 
variation between samples. Rd12 uninjected (N=5), PBS (N=4), and AAV2.Var3-CAG-hRPE65 
injected (N=3) had reduced change in preferred side in. (B) 6 weeks post-treatment change in 
preferred side reduced overall with no statistical significance between cohorts. (C) 8 weeks post-
treatment no significant light avoidance behavior was observed. (D) Combined data from 3-, 6-, and 
8-weeks post-treatment shows no statistical significance in change in time spent on preferred side of 
the box. Data shown as mean (SD).  

 

   

3.3  Discussion 
 

Therapeutic capabilities of the novel capsid, AAV2.Var3, are outlined in this series of 
functional and expression-based assays. In general, transgene expression levels are not always 
replicated between capsids used, transgenes packaged, and cell type targeted. With multiple variables 
at play, like intracellular trafficking and protein translation, expression can vary. Experiments shown 
in this chapter give confidence that transgene expression is similar when both AAV2.Var3-
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CAG/BEST1-GFP and AAV2.Var3-CAG/BEST1-hRPE65 are delivered. Approximately 10% of 
RPE cells expressing functional RPE65, based on quantification results from GFP expression 
quantification (Figure 2.2.2.2). Subsequently, 11-cis-retinal production in rd12 mice was determined 
to be around 15% of that in C57BL/6 wildtype mice and all-trans-retinyl ester accumulation was 
reduced by almost half compared to that of rd12 uninjected mice. Concomitant minor 
improvements in the ERG results is consistent with prior LCA2 gene therapy studies where modest 
biochemical rescue was sufficient to produce meaningful improvements in visual function.17,52  

Restored light-sensitive chromophore leads to improved photopic and scotopic ERG 
responses to dim light flashes between 0.01 cds/m2 and 10 cds/m2. Notably, there are improvements 
in scotopic ERG responses within the hRPE65-treated cohorts. At 0.1 cds/m2 light flash, there was 
a statistically significant improvement in the B-wave amplitude for the AAV2.Var3-CAG-hRPE65 
treated cohort (*P=0.0103). Alternatively, AAV2.Var3-BEST1-hRPE65 showed increased SW-opsin 
cone survival. These findings mimic clinical observations of RPE65-LCA patients experiencing 
functional improvements and increased light sensitivity while underlying retinal degeneration 
continues.53 

Despite the greater success of RPE transduction with AAV2.Var3-CAG-GFP, our 
therapeutic gene delivery assays display consistently improved protein expression, visual function, 
and cone survival with AAV2.Var3-BEST1-hRPE65. This underscores the importance of combining 
capsid engineering with cell-specific promoters to optimize efficacy. Prior studies have shown that 
using cell-specific promoters in a therapeutic context can minimize off-target effects and enhance 
therapeutic gene expression.101  

These results shed light on the limitations present with anatomical barriers in RPE 
transduction with IVT injection. Although 10% RPE transduction efficiency is a drastic step 
forward in the field of IVT delivery, there is still much to be investigated regarding increasing 
efficiency. Current studies continue to explore dual-therapy options; however, few have overcome 
the ability to bypass all retinal neurons with one singular capsid, making AAV2.Var3 novel.11,31 
Additionally, transduction efficiency is not near the level achieved with a subretinal injection, making 
the more invasive subretinal administration method the preferred route for the most efficient 
therapy. It is worth acknowledging, however, that IVT delivery is associated with greater 
inflammatory response compared to subretinal injection. Vectors delivered to the subretinal space 
are more shielded from systemic immune protection, while IVT injection can trigger innate immune 
responses and can increase the risk of infiltration of neutralizing antibodies.102,103 
Immunosuppressive regimens are usually necessary to mitigate these effects.104 However, a shift 
towards delivery that does not damage retinal tissue is essential. Unlike the subretinal surgery, IVT 
injection is an outpatient procedure. Not only would IVT delivery be less invasive, but also it 
requires far less surgical training making it far more accessible to patients.49,105 The clinical 
implications of AAV2.Var3 are significant for all RPE-associated inherited retinal diseases and 
would advance the field of retinal gene therapy worldwide. 



 50 

 

3.4 Materials and Methods 
 

3.4.1 Immunohistochemistry for Cone Quantification and RPE65 Expression 
 

Eyes were enucleated 8 weeks post-treatment and fixed in 10% formalin for 1 hour at 4ºC. 
Eyes were washed with PBS 3 times and stored at 4ºC until the immunohistochemistry protocol was 
performed. Eyes were dissected to separate the retina and posterior eyecup; both were flattened with 
4 evenly spaced cuts. Using a 24-well plate, the tissue was washed 3 times with 1 mL PBS + 0.5% 
TritonX-100. The blocking buffer was 1 mL 5% Normal Donkey Serum incubated with the tissue 
for 1 hour at 4ºC.  

For cone quantification, primary antibody staining was performed using 1:500 Anti-Opsin 
Red/Green rabbit polyclonal (Merck Millipore AB5405, Lot: 4218891) and 1:500 Anti-Opn1SW 
goat polyclonal (Santa Cruz Biotechnology SC-14363, Lot: L0811) overnight, followed by 3 washes 
with 1 mL PBS + 0.5% TritonX-100. Secondary antibody staining was performed for 1 hour using 
1:500 Donkey Anti-Rabbit Alexa Fluor 594 (Invitrogen A-21207, Lot: 2145022) and 1:500 Donkey 
Anti-Goat IgG (H+L) Alexa Fluor 647 (Invitrogen A-21447, Lot: 2841625). All tissue was washed 3 
times with PBS prior to mounting on a microscope slide. Using a 20x objective lens on a laser 
scanning confocal microscope (Zeiss LSM 990 AxioObserver), 13 images (304.5 µm x 304.5 µm) are 
acquired equidistant from each other, one image at the optic nerve and 3 images for each “petal” of 
the retinal flat mount. Z-stack acquisition was done within the photoreceptor outer segment layer. 
Using ImageJ Analyze Particles feature, each cone outer segment was quantified.   

For RPE65 expression visualization, primary antibody staining was performed using 1:500 
Anti-RPE65 rabbit polyclonal (Invitrogen PA5-78414, Lot: ZK4558857) and 1:500 Anti-ZO-1 
mouse monoclonal (Invitrogen 33-9100, Lot: AD410752) overnight, followed by 3 washes with 1 
mL PBS + 0.5% TritonX-100. Secondary antibody staining was performed for 1 hour using 1:500 
Donkey Anti-Rabbit Alexa Fluor 488 (Invitrogen A-21206, Lot: 2072687) and 1:500 Donkey Anti-
Mouse Alexa Fluor 594 (Invitrogen A-21203, Lot: 2069656). All tissue was washed 3 times with PBS 
prior to mounting on a microscope slide. Using a 10x objective lens on the same laser scanning 
confocal microscope, a 13 x 13 tile scan was done for the entire flat-mounted posterior eyecup. Z-
stack acquisition was done to account for uneven surfaces due to mounting within the RPE layer.  

 

3.4.2 11-cis-retinal Quantification 
 

We conducted HPLC to quantify syn-11-cis-retinal oxime and all-trans-retinyl ester in 
untreated and treated rd12 mice 8-12 weeks after treatment. Left eyes of all cohorts were processed 
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for retinoid analyses, while right eyes were kept for cone quantification and RPE65 
immunohistochemical expression analysis. Mice were dark adapted for 2 days prior to enucleation to 
stabilize 11-cis-retinal levels. C57BL/6 mice were used as a positive control for standard levels of 
each molecule. All retinoid analyses were performed under dim red light using the methods in 
Golczak et al., 2010 and Engfer et al. 2025.106,107 The 11-cis-retinal in crude eye homogenates was 
chemically stabilized as 11-cis-retinal oxime via treatment with hydroxylamine prior to retinoid 
extraction and analysis on an Infinity II series LC instrument (Agilent, Santa Clara, CA) with an 
attached Agilent Rx-SIL column (cat #: 880975-901, Neta Scientific, Hainesport, NJ). Retinoid 
peaks that were below the threshold for automatic peak integration were counted as undetectable 
(0). Areas under the peaks were multiplied by conversion factors derived from standard curves for 
all-trans-retinyl esters and syn-11-cis-retinal oxime, all dissolved in hexanes, to quantify each retinoid 
in units of pmol/eye. 

 

3.4.3 Western Blot for RPE65 Protein Quantification 
 
 Two mouse eyecups from each mouse were pooled and placed in 1X cell lysis buffer (Cell 
Signaling Technology #98035) with 1:100 protease & phosphatase inhibitor cocktail. After brief 
sonication until complete homogenization, the samples were centrifuged at 16,000 rcf for 20 
minutes at 4ºC. Supernatants were collected for protein quantification using the Pierce BCA Protein 
Assay Kit (Thermo Fisher, 23225). For each sample, 20 µg of protein are combined with loading dye 
(4X Laemmli [BioRad #1610747] + 1:20 2-mercaptoethanol) and water for a total volume of 20 µL. 
After boiling the samples at 100ºC for 5 minutes, they are loaded into a 10% Mini Protean TGX Gel 
(BioRad, #4561034) and ran for 1 hour. Gels are transferred to a PVDF membrane (BioRad, 
#1620174) for 1 hour. The membrane was blocked for 1 hour using TBS blocking buffer (Licor, 
#NC1660550). Primary antibodies, anti-RPE65 (Invitrogen, #PA5-78414; Lot: 79745935) and anti-
beta-Actin (Cell Signaling Technology, #3700TS; Lot: 23), were incubated overnight at 4ºC at a 
1:1000 concentration to equal parts 1X TBS and Licor Intercept TBS blocking buffer. Secondary 
antibodies, IRDye® 800CW Goat anti-Mouse IgG (Licor, #926-32210) and IRDye® 680RD Goat 
anti-Rabbit IgG (Licor, #926-68071), were incubated for 1 hour at room temperature at a 1:10000 
concentration to equal parts 1X TBS and Licor Intercept TBS blocking buffer. Three washes for 5 
minutes each with TBS-T were performed after each antibody incubation period. Membranes were 
imaged using a Licor Infrared Odyssey Imaging System. Acquired images were converted to 8-bit 
greyscale and inverted. RPE65 and beta-Actin bands were quantified at 65 kDa and 42 kDa, 
respectively. A histogram was generated for each lane inclusive of all samples within one molecular 
weight area. The peaks of the histogram are determined by contrast intensity within ImageJ, using 
the Gels > Plot lanes tool. The area under each peak was measured and normalized to the control to 
quantify relative RPE65 protein expression compared to rd12 uninjected controls.  
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3.4.4 Electroretinogram and Ophthalmic Imaging Protocol 
 

Mice were anesthetized using 100 mg/kg ketamine hydrochloride and 10 mg/kg xylazine. 
Approximately 50 µL drops of proparacaine, tropicamide, and phenylephrine were added separately 
to the surface of both eyes, letting each sit for 3 minutes. Drops were removed after 3 minutes with 
surgical spears. GenTeal(R) Tears Lubricant Eye Ointment was minimally applied to the surface of 
the eye. Using surgical spears doused in 70% ethanol, the electrode surfaces were wiped clean of any 
debris. The anesthetized mouse was placed onto the heated Celeris surface, keeping the head and 
front legs on the raised pedestal. The hind legs and tail were positioned as straight as possible, 
preventing the back from being hunched. After placing a minimal amount of GenTeal Tears on the 
electrode surface, the electrodes were placed onto the corneas of the mouse, leaving approximately 1 
mm of space and not applying any pressure to the eye. Impedance values were recorded (4-10K). 
We ran the “Phototopic ERG + OPs” (OP = oscillatory potential) protocol using the default 
settings from Diagnosys. This protocol collected responses to a 3 cds/m2 flash and a 10 cds/m2 
flash. Results give strong cone responses without over saturation. This also surpasses the level of 
over saturation for rod photoreceptors. For scotopic ERG data collection, we ran the “Dark 
Adapted ERG + OPs” protocol using the default settings from Diagnosys. Results displayed include 
standard full field responses to 0.01 cds/m2, 0.1 cds/m2 and 1.0 cds/m2 flashes, giving rod responses 
without cone activation. Flicker and OP responses were not used in the ERG results and analysis. 
Data was graphed using Igor.  

For rhesus macaque, while the animal was sedated, the eyes were dilated using tropicamide 
ophthalmic solution (Somerset Therapeutics, Hollywood, FL, USA) and phenylephrine 
hydrochloride ophthalmic solution (Paragon BioTeck, Portland, OR, USA) in preparation for 
electroretinogram and ophthalmic imaging acquisition. The RETevet device (LKC Technologies, 
Inc., Gaithersburg, MD, USA) was used. Photopic ERGs responses were captured using a 3 cds/m2 
flash; a 30 hertz (Hz) photopic flicker response was also obtained at that light intensity. 
Measurements were recorded and presented using the manufacturer’s software. Spectral-domain 
optical coherence tomography (SD- OCT) images were obtained using Heidelberg Explorer 
software (version 1.8.6.0; Heidelberg Engineering, Heidelberg, Germany). Last, macaques were 
photographed to obtain color fundus photography images using a Canon CF-1 Retinal Camera with 
a 50-degree wide-angle lens. 

 

3.4.5 Passive Light Avoidance Assay for Behavioral Analysis 
 

Mice habituated to a two-compartment box (Colbourn Instruments, USA) for 15 minutes in   
the dark. A floodlight was attached to their preferred compartment. For 15 minutes at a time, mice 
were recorded and tracked on which compartment they ventured into, initiating the timer once the 
mouse entered their preferred compartment. A low light intensity of 900 lux was illuminated into the 
preferred compartment every time the mouse entered. Mice were tracked using sensors at the base 
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of the box to track the time spent on each side. The experimenter was masked to all cohorts.  The 
change of side preference was quantified based on the change in time a mouse spends on its initially 
preferred side (determined during the habituation trial) between habituation and the experimental 
trial. A positive value indicates that the animal spent less time on its previously preferred side during 
the experimental trial, suggesting light avoidance. A negative value indicates that the animal spent 
more time on the initially preferred side during the experimental trial, implying that light had no 
effect on avoidance.  

 

3.4.6 Statistical Analysis 
 

Data is represented as mean ± SD unless otherwise stated. Cohorts were analyzed using one-
way ANOVA followed by Tukey’s post hoc multiple comparison test to compare treatment groups 
for GFP+ RPE quantification, western blot, and HPLC data. For electroretinogram data, two-way 
repeated measures ANOVA were conducted. Each eye was treated as an independent sample, 
except for western blot where 2 eyes pooled were treated as one sample. Statistical tests were 
completed using Python scripts (Python version 3.10, run in Spyder IDE within the 
Anaconda.Navigator distribution; NumPy, Pandas libraries). Statistical significance threshold was set 
to P < 0.05.  
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Chapter 4 Conclusions 
 
 The overall findings of this thesis address one of the largest limitations of ocular gene 
therapy. For decades, IVT delivery of AAV capsids has not been able to achieve efficient RPE 
transduction. Through just one round of a high-throughput screening encompassing 1.28 x 109 AAV 
capsid variants in both mouse and non-human primate, this work uncovered a novel capsid that 
accomplishes this goal. AAV2.Var3 contains a 10 AA peptide insertion (LANQEHVKNA) at 
AA588 which disrupts the HSPG binding residue of the capsid. This resulted in 10% RPE 
transduction efficiency proven in both mouse and NHP. With 2.56-4.1 x 1011 vg in mouse and 5.8 x 
1012 in NHP delivered, there is four-quadrant expression of the transgene, as opposed to subretinal 
delivery where expression tends to remain localized to the bleb region. The current benchmark 
AAV2-based capsid, AAV2.7m8, efficiently transduces inner retinal neurons and achieves a variable 
level of photoreceptor transduction with IVT injection. When it comes to RPE transduction, 
AAV2.7m8 is highly inconsistent and at its best it is not at the level of AAV2.Var3 within this study. 
The most impactful finding is that the transduction patterns of AAV2.Var3 in mouse are mimicked 
when delivered to NHP. Although the number of vector genomes delivered in NHP is higher than 
in mouse, the volumes are high disproportionate. The volume of the average adult mouse vitreous 
humor is 4-5 µL while for an NHP macaque it can be 2 mL.108 This makes the macaque’s vitreous 
space 400 times that of the mouse, however, the number of vector genomes delivered is only 12 
times higher for the macaque compared to the mouse. Titer plays a large role in AAV therapeutics, 
where higher titers can result in higher immune reactivity, so achieving optimal transduction with the 
lowest possible titer is crucial. According to the US Food and Drug Administration, approximately 
1.5 x 1011 vg are delivered with the subretinal delivery of Luxturna. The dose demonstrated in this 
study for the NHP IVT delivery is 34 times higher than Luxturna’s, however, the subretinal space 
can retain a volume of around 35 µL on average making the delivery space 57 times smaller than the 
vitreous space. Accounting for capsid leakage out of the injection hole or through the trabecular 
meshwork to the anterior chamber, the difference in dose delivery is not proportionate. This 
demonstrates that the vector genomes delivered with AAV2.Var3-BEST1-GFP to the NHP eye are 
not dramatically increased to optimize efficiency. However, it is important to note that the left eye 
treated with AAV2.Var3 at a lower dose (1.5 x 1012 vg) did not display GFP expression within the 
RPE layer, making the optimal delivery dosage around 5.8 x 1012 vg.  

 AAV2.Var3 seemingly traversed the retinal neuron to transduce RPE cells, without any dual 
therapy of enzymes to modify the ILM barrier. The peptide insertion is what is hypothesized to 
allow for better migration past the ILM with reduced HSPG binding. The outer surface structural 
modifications of the AAV capsid favors RPE cell entry and transgene expression, equally in mouse 
and NHP. The strong peripheral transduction pattern shows that there may be anatomical 
differences at play that make peripheral transduction easier than in the central retina. Presumably the 
thickness of the ILM is what determines AAV2.Var3 diffusion. However, ILM properties need to be 
further investigated as there is not much evidence regarding large thickness differences in the central 
vs. peripheral mouse ILM.  
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 The therapeutic relevance of this capsid was validated with several expression and functional 
assays in rd12 mice. Between capsid migration, cell surface tropism, intracellular trafficking, 
transgene expression, and protein translation, not all AAV capsid perform the same way. It is 
important to validate the various steps of capsid performance to demonstrate therapeutic 
capabilities. In this way, we were able to show that AAV2.Var3 can efficiently express hRPE65 in 
peripheral RPE cells the same way GFP expression was illustrated. Following this, there was proven 
RPE65 expression in treated mice was shown on western blots. Lastly, the functional assessments 
using photopic and scotopic ERG show that slight changes in photoreceptor and inner retinal 
neuron performance can be seen with the treatment of hRPE65. While transduction efficiency 
remains below what subretinal injection can achieve, our capsid displays a level of therapeutic rescue 
with IVT delivery that has not been shown before.  

 The clinical implications of AAV2.Var3 extend beyond LCA2 patients, but rather various 
inherited retinal diseases that affect the RPE, like dry AMD, choroideremia, and bestrophinopathies. 
Each of these diseases is correlated with mutations in RPE-specific gene expression. These are 
highly prevalent diseases, affecting millions of people worldwide. Patients with these diseases would 
benefit greatly from AAV-mediated gene therapy, which may only require a singular injection every 
10 years.109-111 IVT delivery would greatly diminish the possibility of retinal iatrogenic damage, the 
need for general anesthesia during surgery, and the need for additional surgical training programs. 
This would widely expand the population of individuals that can be treated with this therapy. While 
AAV production remains expensive, these factors bring us closer to making this type of therapy 
more available.  

Overall, we are most excited to demonstrate cross species consistency of AAV2.Var3 RPE 
transduction in this study. Without signs of toxicity or ocular inflammation across all 12 weeks of 
post-surgical observation, there is high translatability of this novel capsid. There is a strong need for 
more characterization of this capsid to discover the limiting factors. For now, we are compelled that 
the capsid is a large step forward in the field of AAV-mediated gene therapy for retinal degenerative 
diseases and see a future of IVT delivery for patients. 
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