Immune responses to AAV gene therapy
in the ocular compartment

Michael James Robert Whitehead
Department of Clinical Neuroscience, University of Cambridge
Supervisors: Dr. Patrick Yu Wai Man, Professor Keith Martin

This dissertation is submitted for the degree of
Doctor of Philosophy

Queens’ College

2021

I would like to dedicate this thesis to my late grandfather, Luc Matthews.

Declaration

I hereby declare that except where specific reference is made to the work of others, the
contents of this dissertation are original and have not been submitted in whole or in part
for consideration for any other degree or qualification in this, or any other University. This
dissertation is the result of my own work and does not include work done in collaboration,
except where specifically indicated in the text. This dissertation does not exceed the word limit
specified by the School of Clinical Medicine Degree Committee. This work was supported
by tthe Novo Nordisk Research Foundation UK (G103197), Addenbrookes Charitable Trust
(G104080 & G109216), and the National Eye Research Council (G104353). The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of the
dissertation.
The following publications were part of my PhD training and were published before submitting this dissertation:
Whitehead M, Osborne A, Yu-Wai-Man P, Martin K. Humoral immune responses to AAV
gene therapy in the ocular compartment. Biological Reviews of the Cambridge Philosophical
Society. 2021 Apr. DOI: 10.1111/brv.12718.
Michael James Robert Whitehead
2021

Acknowledgements

Firstly, I would like to acknowledge my supervisors, Dr. Patrick Yu Wai Man and Professor Keith Martin, for their support and guidance throughout my doctoral studies. I would also
like to thank Dr. Andy Osborne for all his technical training and assistance, especially during
the early years of my PhD. I am grateful to my two assessors, Dr. Caroline Gray-Williams
and Dr. Dominik Fischer, for giving up their time to review my thesis and conduct the viva
voce examination. A big thanks to Dr. Katie Hall at the Van Geest Building for keeping everything shipshape in the lab! I would also like to acknowledge my parents, Belinda Whitehead
and Rob Whitehead, for their ongoing support and encouragement throughout my PhD. A big
thank you to my brother Chris Whitehead, whose comparatively stratospheric trajectory in life
has proven a worthwhile source of personal motivation. You may have a house, but at least I
have a motorbike. I would like to acknowledge the University of Cambridge Official Rick and
Morty Fan Club TM (Russell, Popescu, Albrow-Owen et. al.) whose memes and general good
sense of humour have proven a welcome intermission from the more monotonous aspects of
life as a PhD student. A big thank you also to the Cam Boys (Russell, MacIver, Camp, Smyth
and Gallagher). We have had a lot of fun over the last few years and I look forward to our next
0% ABV themed excursion should the COVID-19 crisis allow it. I would like to acknowledge
two South African chaps, Doug Van Niekerk and Josh Subel, for being absolutely solid mates,
and of course for their introduction to some of the lesser known Queens’ traditions. I would
also like to thank my grandparents, Roger Whitehead and Jenny Whitehead, for providing me
frequent safe refuge on Sunday afternoons to enjoy a spot of afternoon tea and biscuits. A big
thank you to Elaine Matthews whose inspirational Zoom capabilities really made me chuckle
on several occasions. I would like to acknowledge Chester (the cat) for being a lovable fluffball when I most needed it. And lastly I would like to thank Taylor Gorske for putting up with
me through thick and thin. I’m so proud of you and can’t wait to see what the future has in
store for us.

Abstract

Adeno-associated virus (AAV) is a viral vector that can be used to deliver therapeutic
genes to diseased cells in the eye. Whilst some consider the eye to be an immuneprivileged
organ, recent reports have begun to suggest that injection of AAV may elicit local and systemic
immune activation. The objective of this thesis was to further our understanding of the nature
of the immune response to intraocularly-delivered AAV vectors, and to develop strategies to
achieve repeated gene transfer (i.e. successful follow-on injections) to the inner retina.
A literature review was conducted into the role that pre-existing and induced neutralising antibody responses may play in the context of ocular gene therapy. This concluded that
a multifaceted/comprehensive approach may be required to circumvent anti-capsid humoral
immunity and enable repeated gene transfer in humans. As such, two possible components of
this strategy were tested in this thesis.
First, a capsid mutagenesis strategy was tested in which certain capsid residues, termed
phosphodegrons, were mutated to attenuate cytosolic degradation of AAV. This was to enable robust transduction of the murine retina at low vector dose and thereby circumvent the
generation of neutralising antibodies that is associated with injection of high doses of AAV.
In fact, it was found that phosphodegron mutant AAV serotype 2 (AAV2) resulted in higher
levels of immune activation across all tested parameters vs. wild-type AAV2, including neutralising and total AAV binding antibody levels, microglia activation, Muller glia activation,
CD4+ and CD8+ T-cell infiltration into the retina, splenic germinal center B-cell activation
and class-switching, and activation of conventional dendritic cells. Mechanistically, it was
shown that the capsids demonstrated reduced binding affinity to the AAV2 primary receptor,
heparan sulphate proteoglycan, and as such it was suggested that reduced sequestration of virions in the heparan-rich inner limiting membrane may increase cellular infection levels in the
retina, thereby increasing overall immune activation. The phosphodegron mutant capsids also
demonstrated that a slight escape from anti-AAV2 neutralising serum, suggesting they may be
more refractory to pre-existing neutralising antibodies in seropositive patients.
Second, an assessment was made as to whether perioperative administration of immunosuppressive glucocorticoid steroids would circumvent immune responses to AAV. It was found
that prednisolone was effective at reducing anti-AAV neutralising and total AAV binding anti-

v
body titres. This effect may have occurred via the inhibition of splenic germinal center B-cell
reactions and class-switching of immunoglobulin antibody isotypes, and reducing follicular
helper T-cell levels. Despite the reduction in NAb and TAb titres, it was found that perioperative prednisolone administration was insufficient to enable repeated gene transfer following
a second eye injection of AAV2. Interestingly, repeated bilateral AAV2 injections may have
resulted in a slight reduction in electrophysiological activity in the retina compared to mice
who received two control PBS injections.
In conclusion, this thesis highlighted novel aspects of phosphodegron mutant AAV2 immunobiology and identified a possible utility for the administration of prednisolone as a tool
for enabling repeated gene transfer of AAV gene therapy vectors.
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Abstract

Viral vectors can be utilised to deliver therapeutic genes to diseased cells. Adeno-associated
virus (AAV) is a commonly used viral vector that is favoured for its ability to infect a wide
range of tissues whilst displaying limited toxicity and immunogenicity. Most humans harbour
anti-AAV neutralising antibodies (NAbs) due to subclinical infections by wild-type virus during infancy and these pre-existing NAbs can limit the efficiency of gene transfer depending on
the target cell type, route of administration and choice of serotype. Vector administration can
also result in de novo NAb synthesis that could limit the opportunity for repeated gene transfer
to diseased sites. A number of strategies have been described in preclinical models that could
circumvent NAb responses in humans, however, the successful translation of these innovations
into the clinical arena has been limited. Here, a comprehensive review of the humoral immune
response to AAV gene therapy in the ocular compartment is provided. Basic AAV biology and
clinical application, the role of pre-existing and induced NAbs, and possible approaches to
overcoming antibody responses is covered. To conclude, a framework for a comprehensive
strategy for circumventing humoral immune responses to AAV is proposed.

1.3

General introduction to AAV gene therapy

Adeno-associated virus (AAV) is a non-enveloped Parvovirus that was originally identified as a contaminant in adenoviral cultures [1]. The virus exhibits a T=1 icosahedral shape
with a 25nm diameter [2]. AAV capsid proteins contain a ssDNA genome [3] flanked by inverted terminal repeats (ITRs) [4]. Transcription mapping of the genome of AAV2 reveals
three overlapping mRNA molecules that are produced from three promoters, namely, p5, p19
and p40 [5]. The p5 and p19 promoters are known to mediate expression of rep genes required
for AAV DNA replication and packaging of genetic cargo into AAV particles [6], whereas the
p40 promoter drives transcription of cap gene mRNA, which is alternatively spliced to yield
three distinct protein products, VP1, VP2 and VP3 in a 1:1:10 ratio respectively [7]. p40 also
mediates expression of assembly-activating protein (AAP) in a different open reading frame
(ORF) [8]. AAP is not present in mature AAV capsids, but it is known to play a key role in
enabling production of high titre AAV preps for certain serotypes [9].
To produce recombinant AAV (rAAV) for gene therapy, the rep/cap genes are removed and
replaced with a therapeutic gene and a promoter sequence to drive expression. The maximum
size of a genetic sequence that can be packaged into AAV is around 4.4kbp, which limits the
application of the vector to diseases requiring the delivery of large gene expression cassettes
exceeding this capacity [10]. When rAAV genomes enter the cell nuclei, second-strand syn-
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thesis occurs that converts a linear ssDNA molecule into a dsDNA episome, thus enabling the
synthesis of therapeutic constructs [11]. Achieving nuclear transfer of AAV genetic cargo is a
complex multistep process, however. First, the virus must bind to a cell and undergo endocytosis by utilising a number of primary receptors and co-receptors, many of which have not yet
been identified [12]. AAV then ’escapes’ from the endosome as it acidifies and it is thought
to be trafficked to the nucleus via a nuclear localisation sequence (NLS) on the VP1 and VP2
capsid monomers [13]. Recent studies have shown that nuclear import of rAAV is mediated by
nuclear pore complexes (NPCs) and this process is dependent upon interactions with importinα [14]. After nuclear import, rAAV capsids uncoat, thereby releasing their genetic cargo into
the target cell [15].

1.4

Successes in AAV clinical trials

A number of successful clinical trials have now demonstrated the potential of using AAV
as a gene transfer device for therapeutic purposes. AAV is an attractive vector for human
gene therapy beneffitting from several advantages. First, it is largely non-integrating, thereby
reducing the risk of insertional mutagenesis via the disruption of tumour suppressor genes,
which is a major concern for lentiviral gene therapies, for example [16]. Second, AAV can be
used to target a very broad range of cell types as a number of different serotypes exist, each
with a unique tissue tropism [17]. Whilst the packaging capacity of AAV is relatively limited,
it is thought to induce long-term transgene expression in both dividing and non-dividing cells
[18]. Finally, although there is an emerging body of evidence implicating a negative impact
of humoral and cellular immune responses on AAV-mediated gene transfer, AAV is largely
considered a safe vector for human gene therapy, especially when delivered locally close to
the site of pathology, such as the vitreous cavity of the eye [19].
Here a number of examples of the application of AAV for human gene therapy will be highlighted. SB-FIX (NCT02695160; phase I trial) is a zinc finger nuclease therapeutic delivered
by systemic injection of AAV2/6 (AAV6 capsid with AAV2 ITR-containing gene expression
cassette) that aims to edit the factor IX gene in patients with haemophilia B [20]. DTX301
(NCT03636438; phase I/II trial) is an AAV8-based gene therapy to treat ornithine transcarbamylase (OTC) deficiency via systemic delivery, and it has shown an acceptable safety profile
and some indication of therapeutic efficacy in the nine patients that have been treated to date
[21]. FLT190 (NCT04040049; phase I/II trial) is an AAV8-based gene therapy delivered by
intravenous infusion for the treatment of Fabry disease, which is a lysosomal storage disease
caused by deficiency of the enzyme alpha-galactosidase A. FLT190 has shown long-term therapeutic efficacy in animals models and patients are currently being recruited for the clinical
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trial [22]. AAV2/8-hCARp-hCNGB3 is a retinal gene therapy to treat achromatopsia, a rare
and inherited form of congenital colour blindness (NCT03001310; phase I/II trial) [23].
The above examples highlight the broad utility of AAV as a gene transfer device. To date,
the application of gene therapy has focussed on the treatment of rare and inherited genetic
diseases. More recently, this technology has been extended to complex diseases and the eye
has been at the forefront of these therapeutic innovations. There are now several reports of
gene therapy being used to deliver anti-VEGF (vascular endothelial growth factor) agents to
treat exudative (wet) age-related macular degeneration, and in many instances, mutagenised
capsids are used to enhance the delivery of their genetic cargo [24]. Whilst these developments
are still in the nascent stages of clinical development (phases I/II), they provide an interesting proof-of-concept for the broader application of AAV gene therapy therapy to late-onset
neurodegenerative disorders that affect an increasingly large number of individuals in rapidly
ageing populations in the developed world [25].
In addition to the number of AAV gene therapies currently in early-stage clinical trials,
three programmes have demonstrated efficacy in phase III studies. Zolgensma (onasemnogene abeparvovec-xioi) was approved by the USA FDA in 2019 for the treatment of spinal
muscular atrophy (SMA) in patients harbouring biallelic mutations in the smn1 gene. The
therapy utilises the AAV9 serotype, which is unique in its ability to cross the blood-brain
barrier (BBB), to deliver cDNA encoding the smn1 gene under control of the CAG promoter
[26]. In one study, participants demonstrated remarkable improvements in motor function and
quality-of-life, with 11/12 patients achieving full head control and two patients even walking
independently [27, 28]. Luxturna (voretigene neparvovec) is an AAV2-based gene therapy
for biallelic (homozygous or compound heterozygous) mutations in the rpe65 gene, such as
Leber’s Congenital Amaurosis type 2 (LCA2). RPE56 encodes a critical enzyme essential for
phototransduction (process that converts energy contained in a photon of light to biochemical signals) to that mediates the transition of all-trans-retinyl esters to 11-cis-retinol [29]. In
an open-label, randomised phase III study, no therapy-related serious adverse events or unacceptable immune responses occurred, whilst 65% of treated patients demonstrated improvements in visual function [30]. Further assessment has corroborated the safety of the approach,
demonstrating that Luxturna can deliver benefits to patients up to four years after administration [31]. In summary, the successful gene therapy programme for LCA2 illustrates the
merits of AAV-mediated gene delivery to the outer retina by subretinal injection, providing the
impetus for other programs targeting disorders affecting photoreceptors and retinal pigment
epithelium (RPE). Programs targeting the inner retina, and specifically the retinal ganglion
cell (RGC) layer, have also demonstrated promising results for the amelioration of genetic
disease. Lenadogene (GS010) is an AAV2-based treatment for Leber’s Hereditary Optic Neu-
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ropathy (LHON), which is is the most common cause of mitochondrial blindness, affecting
at least 1 in 35,000 of the population. The majority of patients carry one of three point mitochondrial DNA (mtDNA) mutations (m3460A>G in MTDN1, m.11778G>A in MTND4,
and m.14484T>C in MTND6), which all affect genes encoding subunits of the mitochondrial
respiratory chain complex I [32]. In a phase III study, Lenadogene treatment resulted in improvements in best-corrected visual acuity (BCVA) with an increase of 26 Early Treatment
Diabetic Retinopathy Study (ETDRS) letters were seen in the treated eyes at 96 weeks following intravitreal injection, which is more than what would be expected from the natural
history of LHON [33]. Further, a secondary analysis of a phase I/II trial of patients receiving
Lenadogene showed the treatment was safe and well-tolerated, with mostly mild and transient
intraocular inflammation in the anterior chamber and vitreous [34]. Overall the Lenadogene
trials demonstrate the potential of AAV-mediated gene transfer to the inner retina. However,
the unexpected observation that the unilateral intravitreal injections given to patients resulted
in improvements in visual acuity in the contralateral (untreated) eye is something that warrants
further investigation [33].

1.5
1.5.1

Immune responses to AAV - key considerations
How are immune responses initiated?

An organism mounts an immune response to protect themselves against foreign protein structures, termed antigens, that they deem to be detrimental to their survival. Immune
responses can be classified as innate or adaptive. In an innate immune response, pathogenassociated molecular patterns (PAMPs) are recognised by pattern recognition receptors (PRRs).
This drives a rapid and non-specific response that does not induce any immunological memory [35]. During a wild-type AAV infection, PRRs can recognise viral nucleic acids and
membrane glycoproteins, which leads to nuclear factor κB (NFκB) and interferon regulatory
factor (IRF) activation and synthesis of proinflammatory cytokines and type I interferons respectively [36]. Adaptive immunity arises after the innate immune response and results in the
development of ’immunological memory’, which allows the organism to mount a faster and
more efficient immune response when encountering the antigen for the second time. Adaptive
immunity begins with the presentation of a particular antigen by an antigen presenting cell
(APC) to T and B lymphocytes. These cells are then activated, and undergo clonal expansion (this refers to the proliferation of T and B cells that are specific to the particular antigen
that has been recognised). This is followed by T and B cell differentiation into effector cells
(CD4+ or CD8+ T-cells, or plasma cells (PCs)) which act to eliminate the antigen via the de-
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struction of virally-infected cells or de novo antibody synthesis [37–39]. Finally, a population
of memory T and B cells are able to quickly recognise the antigen if the organism encounters
it a second time [40].

1.5.2

Is AAV non-pathogenic and non-immunogenic?

Until recently, wild-type AAV was not generally considered to be associated with any
known human pathology. This is considered a key factor given that up to 90% of people are
thought to be asymptomatically infected with AAV throughout their lifetimes [41]. However,
recent evidence has arisen that has suggested a role for wild-type AAV2 in the development of
hepatocellular carcinoma (HCC). The authors observed AAV2 genome integration in 11/194
HCC samples tested, and concluded that wild-type AAV2 may have been a causative factor via
oncogenic insertional mutagenesis [42]. It should be emphasised however, that their findings
related to wild-type AAV2 and in later publications, the authors sought to insist that their
findings should not be confounded with the use of rAAV gene therapies in the clinic [43].
Given the inherent similarities between wild-type AAV2 and rAAV2 however, more research
into the possibility of oncogenic genome insertion is needed.
As mentioned, a key factor underpinning the progress of AAV-based gene therapy into
the clinic is the safety profile of the vector. Depending on the route of administration, choice
of serotype and dosage used, rAAV exhibits a relatively tolerable safety profile when compared to other gene transfer devices like adenovirus and lentivirus [44]. A number of theories have been suggested to explain why wild-type and rAAV appears to be relatively nonimmunogenic. First, most AAV serotypes may be poor transducers of professional APCs,
such as dendritic cells, and may only result in minimal upregulation of major histocompatibility complex (MHC; key molecular player in the presentation of antigens to the immune
system) proteins in target cell types. This has been demonstrated in a number of publications
investigating immune-competent sites like the liver and muscle [45, 46], however, there is little
literature to support this claim in sites generally considered more immuneprivileged, like the
eye and central nervous system (CNS). A second theory suggests that a lack of viral DNA in
rAAV vectors reduces recognition by PRRs. Whilst the removal of cap genes from rAAV particles obviates the in vivo proliferation of the virus, thereby avoiding amplification of capsid
antigens, this theory does not explain why rAAV is less immunogenic than adenoviral vectors,
for example, which also have the genes required for capsid replication removed [47].
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Innate immune responses to AAV

Innate immune responses against AAV have recently been implicated as a possible cause
for the toxicities that have been observed in gene therapy clinical trials. Innate immunity can
be driven by anti-capsid and anti-nucleic acid pathways. It is now recognised that anti-capsid
responses are likely derived via toll-like receptor 2 (TLR2) signalling, which is expressed
on the cell surface [48]. TLR9 signalling is responsible for the recognition of viral DNA
sequences, and endosomal TLR9 has been implicated in the sensing of unmethylated CpG
motifs in dendritic cell types [49]. Further, upregulation of TLR9 has been correlated with
improved antigen presentation to the naiive CD8+ T-cells with MHC class I molecules, and
signalling of this receptor with myeloid differentiating factor 88 (MyD88) has been implicated
as a key pathway instigating immune responses against transgenes in the liver and muscle
[50, 51].
It has been established that the inhibition of key molecular players in the pathways mediating activation of the innate immune response can prevent anti-AAV CD8+ cytotoxic T-cell
responses. Here, inhibition of TLR9 and type I interferon signalling has been shown to attenuate anti-AAV2 CD8+ T-cell induction [49], and blockage of type I interferons with monoclonal antibody therapy has demonstrated reduced cross-priming of anti-AAV8 CD8+ T-cells
by plasmacytoid dendritic cells (pDCs) [52]. Innate immunity against dsRNA molecules was
also recently identified by Shao et. al. in 2018. Their findings implicated AAV ITR-driven
dsRNA synthesis as a cause of type I interferon expression in transduced hepatocytes and also
demonstrated that inhibition of MDA5 (a cytoplasmic RNA sensor) improved transgene expression in these cells [53]. This study in particular highlights the evolving understanding of
innate immunity against AAV vectors but also provides a tangible example of how clarifying
the molecular mechanisms underpinning AAV immunity can improve efficacy in preclinical
and clinical studies.

1.5.4

Cellular immune responses to AAV

The innate immune response is clearly linked to the development of cellular immunity
against AAV vectors. Cellular immunity can be pre-existing (arises before administration of
therapy; likely via asymptomatic infections by wild-type AAV) or arise de novo from the
administration of an AAV gene therapy.
1.5.4.1

Pre-existing cellular immunity to AAV

Pre-existing cellular immunity to AAV is thought to arise during infancy following a
wild-type AAV infection, which was recently evidenced by flow cytometry analysis demon-
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strating a memory T-cell phenotype (i.e. expression of differentiation markers) in subjects’
lymphocyte populations. These memory T-cells expressed interferon-γ (IFNγ), interleukin-2
(IL2) and tumour necrosis factor-α (TNFα) and exhibit a cytotoxic phenotype (induce apoptosis of AAV infected cells) as demonstrated by expression of granzyme B and CD107a [54].
Whilst anti-AAV T-cells exhibit high cross-reactivity and demonstrate responses to a variety of AAV serotypes [55, 56], the exact role of pre-existing cellular immunity is not wellunderstood, and it is noted that the patterns of T-cell reactivity to AAV in gene therapy trials
differ from those seen during a typical viral infection. As Verdera et. al. suggest, this observation may reflect the fact that the mode of administration of AAV gene therapies is the injection
of a large number of non-replicating recombinant vectors into the body, which does not match
that of an ongoing viral infection with replicating virions [54]. More research is required here
to further understanding of this aspect of cellular immunity against AAV which may be useful
to inform inclusion and exclusion criteria in clinical trials, for example.
1.5.4.2

Induction of anti-AAV cellular immune responses

As discussed previously, a cellular immune response is mounted against AAV antigens
following administration when APCs present immunogenic capsid proteins to cytotoxic CD8+
T-cells via MHC class I. These capsid-specific T-cells are now directed against AAV infected cells and can induce their apoptosis via cell-mediated cytotoxicity. This effectively
clears AAV-transduced cells and thereby decreases expression of a particular transgene product [57, 58]. Presentation of viral capsid proteins on MHC class II can also occur which results
in the activation of CD4+ T-cells, which are known to mediate both cellular and humoral immunity in response to AAV gene therapy [59]. One of the first examples of cellular immunity
against AAV2 in the clinic was seen during haemophilia B gene therapy trials. After an initial
intravenous infusion of 2E12 gc (genome copies)/kg AAV2 carrying a functional copy of the
factor IX (FIX) gene, transgene expression reached levels around 10% of that seen in healthy
controls. After four weeks however, FIX levels decreased to baseline levels in tandem with
an increase in liver transaminase levels in which an anti-AAV2 capsid T-cell response was implicated [60]. Later studies confirmed this CD8+ T-cell response using ELISPOT assays and
flow cytometry in response to transduction of the liver, and showed that the T-cell response
was directed against the AAV2 capsid protein [58]. In clinical trials investigating intramuscular delivery however, anti-AAV cellular immune responses have been observed, yet these have
not apparently attenuated transgene expression as has been seen in liver gene transfer studies
[61, 62]. A number of factors may underpin these differences, including the serotype used
(AAV1 was used in the muscle gene transfer studies cited above), the route of administration
used, the number of viral particles administered, and the immune status of the enrolled pa-
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tients at baseline (i.e. when initially recruited to the study). One interesting study did identify
the infiltration of regulatory T-cells into the transduced foci and the development of the “exhausted” T-cell phenotype - one that is usually associated with tolerance of viral antigens and
chronic viral infections - in which signalling via the programmed cell death protein-1 (PD1)
and it’s cognate ligand PDL-1 was implicated [63].
Anti-capsid cellular immune responses can clearly have a detrimental impact on the efficacy of AAV gene therapy. Anti-transgene cellular responses have also been noted involving
both CD4+ and CD8+ T-cells. As with anti-capsid CD8+ responses, anti-transgene cellular
immunity can decrease transgene expression of AAV transduced cells via cell-mediated cytotoxicity mechanisms [64]. A number of factors have been implicated as key mediators of
anti-transgene cellular immunity, including the route of administration, choice of promoter,
frequency of CpG-rich sequences, and secretion of the transgene product [54]. In the clinic
however, anti-transgene cellular immune responses have only been observed in rare cases,
usually in trials utilising the intramuscular delivery route, such as anti-Dystrophin T-cells in
Duchenne’s Muscular Dystrophy (DMD) trials, for example [65]. More recently, however, this
effect has also been observed in organs considered to be more immuneprivileged. In a clinical
study investigating mucopolysaccharidosis type IIIB, anti-transgene T-cells were documented
following intracranial delivery of AAV5 [66].

1.6

Humoral immune responses to AAV

There is a clear role for the innate and cellular arms of the immune system in limiting the
efficacy of AAV-based gene transfer strategies. It is now well-established that the generation
of antibodies against various viral components also represents a significant barrier for AAV
gene therapy. This section will review the role of the humoral immune response in terms of
pre-existing humoral immunity and the induction of anti-vector antibody responses. Understanding the fundamental biological concepts underpinning the production of antibodies and
the mechanisms of neutralising antibodies is key to deriving counterstrategies.

1.6.1

How are antibodies produced?

Antibodies are glycosylated proteins that can be presented on the surface of B-cells (and
act as antigen receptors (B-cell receptors)) or secreted by B-cells so they can bind to and
neutralise target proteins. Antibodies are composed of two “light” and two “heavy” chains
which are linked by disulphide bonds. At the N-terminus on an antibody are the hypervariable
regions which determine antigen specificity. Five classes of antibodies have been described
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(IgM, IgD, IgG, IgA, IgE), each varying according to their respective C-terminal domains,
termed Fc regions. Fc regions mediate the effector functions of antibodies, for instance, when
facilitating antibody-dependent cell-mediated cytotoxicity by recruiting CD8+ T-cells [67].
Immature B-cells originate from the bone marrow in adult humans. They derive from
haematopoeitic stem cells into pro-B-cells, then pre-B-cells and immature B-cells. This development follows rearrangement of immunoglobulin heavy and light chains on the cell surface, resulting in expression of an antigen-specific IgM B-cell receptor [68]. Mature B-cells
migrate to the spleen where they are activated by an antigen-presenting dendritic cell (DC)
via interactions with the B-cell receptor and helper signals from a specialised CD4+ T-cell
subset called follicular helper T-cells (Thf). Antigen binding to B-cell receptors activates gene
expression changes and internalisation of the antigen into an endosome. Antigen proteins
are subsequently degraded and presented on the B-cell surface by MHC class II molecules,
which facilitates interactions with Tfh helper CD4+ T-cells [69]. Some activated B-cells develop into plasmablasts without entering the B-cell follicles within the spleen. Others return
to the follicles where they undergo affinity maturation of antigen-binding sites (via somatic
hypermutation (SHM)) and immunoglobulin class switching (via class-switch recombination
(CSR)) to generate high affinity antibody producing plasma cells and memory B-cells with
a diverse set of effector functions. Here, SHM induces point mutations in antigen-binding
regions to enable selection of high affinity clones whilst CSR replaces DNA sequences that
dictate isotype. The latter permits the generation of antibodies with various effector functions
without altering their antigenic specificity. These plasma cells home to the bone marrow and
produce antibodies independently of further antigen exposure [70–72].

1.6.2

How do antibodies neutralise AAV?

Despite the relevance of pre-existing and induced humoral immunity against AAV, the
precise mechanisms by which antibodies neutralise AAV have yet to be elucidated. Here the
main mechanisms that antibodies utilise to neutralise viral infections will be summarised.
Antibodies can have a neutralising or binding (non-neutralising) function. A neutralising
antibody is defined as one that is capable of inhibiting the infectivity or pathogenesis of a
virus. Binding, or non-neutralising antibodies, are thought to lack neutralising activity but
may be involved in the recruitment of immune cells and the induction of antibody-dependent
cellular cytotoxicity (ADCC) [73].
Some NAbs can impede a virus by inhibiting its function prior to its binding to a cell. IgA
and IgM antibodies can induce aggregation of certain types of bacteria, and some IgG antibodies have exhibited this function in the context of polio virus infections, for example [74].
Other antibodies appear to induce loss-of-function conformational changes in their targets that
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destabilises their capsid structures. This has been demonstrated with NAb against Sinbis virus
[75] and human immunodeficiency virus-1 (HIV-1) [76].
NAbs can also interfere with the attachment of viruses to cells. For example, NAbs can
bind to HIV-1 gp120 and thereby prevent the binding of the virus to its cognate receptor, CD4
[77]. This mechanism, thought to occur due to steric interference between virus cell-binding
ligands and cell surface receptors, has also been shown to apply to flavivirus [78], parvovirus
[79] and rotavirus [80].
Other NAbs may interfere with enveloped viruses like HIV-1 post-attachment by preventing fusion of viral and endosomal membranes once the virus enter its target cell [81]. Nonenveloped viruses enter cells via endocytosis and must ’escape’ from endosomes in order to
prevent their degradation in lysosomes. Antibodies against polio virus have been shown to
destabilise capsid proteins so that the virus cannot escape from the endosome [82].
NAbs may also interfere with other essential viral intracellular processes. For instance,
some NAbs against human papilloma virus have been shown to prevent trafficking of viral
DNA to the nucleus [83]. Recently, a novel mechanism of intracellular virus neutralisation
was described in which a cytosolic antibody receptor, called Trim21, binds to antibody-coated
adenoviruses and facilitates its proteasomal degradation [84].
Clearly, NAbs can utilise a number of mechanisms to neutralise virus infections. However,
an understanding of how NAbs interact with AAV is very limited, and only a few studies have
investigated this aspect of gene therapy. A correlation between the levels of NAbs and IgG
titres has been established [41], and it appears that IgG1, IgG2, and IgM are the main subtypes
that are correlated with anti-AAV NAbs [85]. However, it has not yet been characterised which
subtype is primarily responsible for neutralising activity against AAV as opposed to binding
activity against AAV. One paper has shown that NAbs are associated with the accumulation
of AAV in the lymphoid organs, whilst binding antibodies have been shown to increase transduction of the liver, highlighting the possibility that certain subclasses of antibody may be
capable of partially redirecting vector tropism [86]. Further, interactions between humoral
immune responses and complement pathways have also been identified. In an in vivo study,
mouse models deficient in complement receptor 1/2 and complement component 3 demonstrated a delayed antibody response to AAV2 vectors and significantly lower terminal NAb
titres compared to wild-type controls [87]. Interactions between Ig subtypes and the cellular
immune system have also been observed, with one study highlighting a possible correlation
between IgG3 antibody levels and the development of T-cell reactivity against AAV capsid
proteins [88].
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Pre-existing humoral immunity to AAV

The prevalence of patients’ seropositivity (the harbouring of antibodies against an antigen) varies substantially depending upon the particular serotype in question and the geography
in which the study was conducted [89, 90]. In studies examining people from four continents, the prevalence of NAbs against AAV1/2 ranged from 30-60%, which was greater than
the 15-30% ranges observed for AAV7/8/9, and the 2% seropositivity seen for AAV4 [90].
These disparities may reflect the possibility of wild-type infections by a particular serotype,
given that pre-existing humoral immunity, much like pre-existing cellular immunity described
above, is thought to arise from asymptomatic wild-type AAV infections throughout a patient’s
lifetime. Anti-AAV NAbs are also known to be highly cross-reactive, and patients are often
observed to harbour NAbs against most, if not all, AAV serotypes; a finding that may reflect
the conservation of epitope binding regions across different AAV serotypes [91].
In most liver gene transfer studies, AAV serotypes 2 and 8 have been utilised, however,
in a recent clinical trial investigating haemophilia B, AAV5 was used. Of the ten participants
included in the trial, none were deemed to have pre-existing NAbs against AAV5, and although
some did demonstrate anti-AAV5 IgG and IgM, this had no detectable impact on the efficiency
of gene transfer [92]. These findings have been corroborated by reports from Drygalski et. al.
who used a highly sensitive Luciferase-based NAb assay to identify low anti-AAV5 NAb titres
in haemophilia B patients undergoing gene therapy-based FIX replacement. They also showed
that these low levels of NAbs had no observable effect on the outcome of gene transfer in these
patients. In this way, they were able to identify a new opportunity to include anti-AAV5 NAb
seropositive patients in the clinical trial who were previously ineligible [93].
An alternative route of administration for gene therapy-based treatment of haemophilia B
involves the injection of AAV vectors into the muscle. In 2003, rAAV vectors were used to
deliver a functional copy of the FIX gene into male participants with severe haemophilia B.
No evidence of local or systemic toxicity to the vector were observed up to 40 months postinjection, and the presence of antibodies directed against FIX protein were also not detected.
In contrast to liver gene transfer studies that would be conducted in the proceeding years, the
presence of anti-AAV NAbs in these patients did not have an apparent impact on the efficiency
of gene transfer to the muscle [94].
Further, another study investigated the possibility of utilising intrathecal injections as a
treatment for mucopolysaccharidosis type III. The prevalence of NAbs against AAV2 and
AAV9 was assessed in the sera and cerebrospinal fluid (CSF) of healthy volunteers and enrolled patients. In the sera, anti-AAV2 NAbs were detected at a higher level than anti-AAV9
NAbs, and overall levels of both anti-AAV2 and -AAV9 NAbs were higher in the sera than
CSF. Upon vector administration via intrathecal delivery (which involves injection of a vector-
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containing solution into the spinal canal such that it reaches the CSF), the presence of these
pre-existing NAbs did impact the efficiency of gene transfer, but did not completely block
transduction [95]. In a non-human primate study, the detection of pre-existing NAbs at a 1:128
titre did not have any apparent effect on the efficacy of gene transfer when an AAV9.GFP gene
therapy was used [96]. Taken together, these findings highlight the immuneprivileged status
of the CNS and demonstrate a role for the blood-brain-barrier in limiting the transfer of NAbs
from the systemic circulation into the CSF.
Studies utilising non-human primate models have demonstrated that pre-existing NAbs
against AAV may limit the efficiency of transgene expression following an intravitreal injection (IVT). Pre-existing sera NAb titres of 1:10 or greater were found to reduce transgene
expression, although some animals with 1:25-1:100 NAb levels still exhibited some degree
of retinal transduction [97]. Data emerging from clinical trials, however, has suggested that
pre-existing sera NAb titres may not represent a significant barrier to effective transduction
of the retina via IVT. In one study, 2/5 patients demonstrated improvements in visual acuity following administration of an AAV-based treatment for LHON, in spite of the fact they
harbored sera NAb titres of 1:5,120 and 1:20,480 at baseline [98]. Further, in a follow-up
study to this trial, the same investigators showed that, of the 14 patients enrolled in the clinical
study, the four that demonstrated the greatest increases in visual acuity also had the highest
(1:20,480) NAb titres at baseline [99]. By contrast, a clinical trial investigating AAV2.sFLT1
(soluble FMS-like tyrosine kinase-1, an anti-VEGF agent) IVT gene therapy for neovascular age-related macular degeneration (nAMD) showed that pre-existing NAb titres of 1:400
appeared sufficient to preclude effective vector administration and transduction of the retina.
sFLT1 protein expression was also blocked in patients with 1:3,200 NAb titres but no evidence
of vector neutralisation was seen in the patient with a baseline titre of 1:100 [100].

1.6.4

Induction of anti-AAV humoral immune responses

Pre-existing antibodies to AAV represent a key barrier to successful gene transfer in
seropositive individuals. A related issue is whether the administration of AAV induces a robust
NAb response that precludes re-administration of a gene therapy. The importance of repeated
gene transfer varies according to the route of administration and target organ, however, the
ability to re-administer a gene therapy is a clinically relevant consideration for most, if not all,
in vivo gene therapy programmes. Administration to young adults suffering from haemophilia,
for example, is faced with the problem that the liver is a dividing tissue, leading to dilution of
transgene expression over time. Further, as discussed above, CD8+ T-cell responses may clear
transduced cells from target organs, especially after systemic or intramuscular delivery, again
leading to reduced transgene expression over time. In addition, whilst many gene therapy
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programs are targeting monogenic recessive disorders, there is an increasing interest in developing AAV constructs for diseases exhibiting complex aetiologies. In these diseases, multiple
pathogenic pathways are involved which may require sequential administration of different
gene therapies. There is also the possibility that an initial gene therapy injection is sufficient
to induce a robust NAb response but insufficient to rescue a clinical phenotype. Lastly, it is
possible that methylation of viral promoter sequences may occur years after AAV administration, which may lead to transgenic silencing. In these scenarios, a repeat injection of AAV
could be used to circumvent reduced therapeutic transgene expression and maximise clinical
benefit. Therefore, a discussion of the possibility of NAb induction and possible strategies to
circumvent these responses is warranted. In this section, NAb responses following administration of AAV to the liver, skeletal muscle and CNS will be summarised. A detailed analysis
of NAb induction observed in ocular gene therapy trials is then provided.
1.6.4.1

Gene therapy trials targeting the liver and skeletal muscle

A number of clinical studies have reported increased anti-AAV NAb levels after vector
administration to target the liver and skeletal muscle. In summary, these reports suggest that
these two routes of administration lead to elevated NAb titres, which, in some cases, were
observed up to 52 weeks after vector infusion. Further, the utilisation of immunosuppression
in two of the trials discussed below did not appear to be sufficient to abrogate anti-capsid NAb
responses. Given the role that pre-existing NAbs may play in limiting the effectiveness of
gene transfer, the induction of NAbs in these trials may represent a possible barrier to vector
re-administration in these individuals, which may limit the clinical utility of gene therapy. A
summary of humoral immune responses in clinical trials targeting the liver and skeletal muscle
for human gene therapy is provided in the table below.
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Table 1.1: Summary of humoral immune responses in clinical trials targeting the liver and
skeletal muscle for human gene therapy
Reference

[60]
[101]
[94]
[62]
[61]
[102]
[103]
[104]

[105]

Disease

Therapy

Haemophilia
AAV2.FIX
B
Haemophilia
scAAV2/8.FIX
B
Haemophilia
AAV2.FIX
B
AAT
AAV2.AAT
deficiency
AAT
AAV2.AAT
deficiency
AAT
AAV1.AAT
deficiency
LPL
AAV1.AAT
deficiency
LPL
AAV2.LPL(S447X)
deficiency
LPL
deficiency

AAV2.LPL(S447X)

Delivery

IS

Patients with
increased
Nabs

Intravenous

None

7/7

Intravenous

None

6/6

Intramuscular None

8/8

Intramuscular

n/a

12/12

Intramuscular

n/a

12/12

Intramuscular

n/a

9/9

Intramuscular None
CyA,
MMF
CyA,
Intramuscular MMF,
Pred

Intramuscular

8/8
14/14

5/5

AAV = adeno-associated virus; scAAV, self-complemetary AAV; FIX = factor 9; AAT = α1-antitrypsin;
LPL (S447X) = low density lipoprotein variant harbouring single point mutation; IS = immunosuppression; CyA = cyclosporin A (T-cell inhibitor); MMF = mycophenolate mofetil (T- and B-cell inhibitor);
Pred = prednisolone (steroid immunosuppressant); NAb, neutralising antibody.
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Gene therapy trials targeting the central nervous system

Gene delivery to the CNS can be achieved via systemic vector delivery provided an appropriate AAV serotype [106] (or mutated AAV capsid [107, 108]) is used. As outlined potential
of gene transfer for treating diseases affecting the CNS has been demonstrated in the context
of SMA, and an FDA-approved therapy (Zolgensma) now exists for the condition which uses
AAV9 expressing survival motor neuron-1 (SMN-1).
The earliest clinical trials investigating SMA gene therapy via systemic delivery did not
report the induction of antibodies against either the AAV9 capsid protein or the SMN-1 transgene [27, 109, 110]. Similarly, a study conducted in non-human primates and piglets did
not report the development of humoral immune responses against capsid proteins or transgene products, in spite of the observation of severe toxicity following high-dose intravenous
administration of an AAV9 variant, AAVhu68, carrying the SMN-1 transgene [111].
An alternative route of delivery to the CNS is intrathecal delivery. A study investigating intrathecal delivery of AAV9 as a possible treatment for mucopolysaccharidosis type III showed
that vector administration induced a robust systemic humoral immune response against AAV9
capsids, despite all dogs demonstrating undetectable levels of anti-AAV9 NAbs at baseline.
Eight days after vector administration, NAb titres were greater than 1:1,000. Interesting correlations between systemic and corresponding CSF NAb titres were also observed and appeared
to be dependent upon the presence of inflammation in the CSF. In the absence of inflammation,
CSF samples were negative or had NAb titres of <1:10, however, in dogs exhibiting signs of
inflammation in the CNS, NAb titres of 1:100-1:1,000 were seen, suggesting that the presence
of inflammation may compromise the integrity of the BBB [95].
Injections can also be performed directly into the brain in order to transfer genes to the
CNS. One non-human primate study examined injections of AAV9 expressing acid sphingomyelinase (ASM) into the cerebromedullary (CM) space of a Niemann-Pick disease type A
model (a lysosomal storage disease). Slight increases in anti-AAV9 NAb levels were seen in
both the sera (1:400-1:800) and CSF (1:100-1:200) at one and three month timepoints respectively in response to vector administration [112].
Overall, the results of non-human primate studies and clinical trials investigating the induction of NAbs following delivery to the CNS indicate possible differences to other modes of
administration. Principally, that pre-existing sera NAb titres appear to have less of an impact
in neutralising vector administration, likely due to the impermeability of the BBB.
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Gene therapy trials targeting the eye

The eye has been at the forefront of gene therapy research for a number of reasons.
First, its compartmentalised nature and tightly-regulated transport of molecules across the
blood-retinal-barrier (BRB) reduces the risk of vector leaking into the systemic circulation,
thereby mitigating a significant regulatory/safety concern [113]. Second, the eye is relatively
accessible for vector administration, and several well-characterised routes of delivery, such
as IVTs and subretinal injections (SRTs) are available for ophthalmologists. Third, a number
of non-invasive tools can be used to assess clinical endpoints for a particular therapy, such as
electroretinography (ERG) and optical coherence tomography (OCT). Anatomically, the eye is
also smaller than other organs, such as the brain, which obviates the need for high vector doses
to achieve robust transduction of target cell types. Lastly, the eye is generally considered to
have an ’immuneprivileged’ status and generally exhibits lower immune responses than other
organs. As mentioned, this is in part is due to the impermeability of the BRB to humoral
and cellular arms of the immune system which has been shown to limit access of circulating
anti-capsid antibodies into the eye [114]. The phenomenon may also be accounted for by a
process called anterior chamber-associated immune deviation (ACAID). During ACAID, immunogenic antigens induce a tolerogenic immune response that involves regulatory T-cell and
anti-inflammatory M2 macrophage induction, and increases synthesis of anti-inflammatory
cytokines [115–118]. An overview of the clinical studies reporting NAb titres for SRT and
IVT gene therapies is in the table below.

19

Humoral immune responses to AAV gene therapy in the ocular compartment

Table 1.2: Summary of humoral immune responses in clinical trials utilising SRT and IVT for
human gene therapy

Reference

Disease

[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[98]
[99]
[34]
[100]

LCA2
LCA2
LCA2
LCA2
LCA2
LCA2
LCA2
LCA2
RP
nAMD
nAMD
LHON
LHON
LHON
LHON
nAMD

Therapy

Delivery

AAV2.hRPE65
AAV2.hRPE65
AAV2.hRPE65
AAV2.hRPE65
AAV2.hRPE65v2
AAV2.hRPE65v2
AAV2.hRPE65v2
AAV4.RPE65
AAV2.hMERTK
AAV2.sFLT1
AAV2.sFLT1
AAV2.ND4
AAV2.P1ND4v2
AAV2.P1ND4v2
AAV2.ND4
AAV2.sFLT1

SRT
SRT
SRT
SRT
SRT
SRT
SRT*
SRT
SRT
SRT
SRT
IVT
IVT
IVT
IVT
IVT

IS

Oral pred
Oral pred
n/a
Topical pred
Oral pred
Oral pred
Oral pred
Oral pred
None
Topical pred
Topical pred
Oral pred
None
None
None
None

Patients
with
increased
NAbs
0/3
6/12
1/3
6/14
1/3
2/12
0/3
2/9
2/6
2/9
3/21**
0/9
1/5
2/14
14/15
7/19

AAV, adeno-associated virus; LCA2 = Leber’s congenital amaurosis type II; RP = retinitis pigmentosa;
nAMD = neovascular age-related macular degeneration; LHON = Leberâs hereditary optic neuropathy; RPE65 = retinal pigment epithelium-65; RPE65v2 = retinal pigment epithelium-65 with enhanced
Kozak sequence; MERTK = c-Mer protooncogene tyrosine kinase; sFLT1 = soluble FMS-like tyrosine kinase; ND4 = NADH dehydrogenase subunit 4; P1ND4v2 = NADH dehydrogenase subunit 4
containing mitochondrial targeting sequence; SRT = subretinal injection; IVT = intravitreal injection;
IS = immunosuppression; NAb, neutralising antibody. * Participants received an SRT of AAV2 into
the contralateral eye. **In this study, 3/9 patients seroconverted after receiving IVT of AAV2 (for the
remaining 12 patients, NAb titres were not reported).
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1.6.4.3.1 Gene delivery to the outer retina by subretinal injection
A gene therapy
for rpe65 mutations was approved by the FDA in 2018. Efforts to develop an AAV-based gene
therapy for LCA2 have helped to improve our understanding of AAV vector immunobiology
when delivered into the subretinal space. These studies showed that the immuneprivileged
status of the eye, and the relatively non-immunogenic properties of AAV as a vector did not
necessarily circumvent immune responses to vector administration.
Initial testing of humoral immune responses in C57BL/6 mouse models showed that a significant systemic antibody response against AAV capsid proteins could be induced by SRT. It
was also found however, that the induction of systemic humoral immunity did not preclude
vector readministration into the ipsilateral eye [131]. The authors later characterised a deviant
immune response upon SRT of AAV two years later, and highlighted similarities to ACAID.
Here, the generation of a population of immunosuppressive Th2-type T-cells were reported
post-SRT and were identified as potential mediators of the immune deviation mechanism observed [132]. These data would contrast with later reports which demonstrated SRT of AAV2
did not result in a detectable increase in NAb levels. This may reflect the discrepancy in AAV
serotypes used by the two investigators, however [133].
In 2008, the first report of AAV2.hRPE65.hRPE65 (used an RPE65 promoter) gene delivery to the subretinal space as therapy for LCA2 were published by researchers from University
College London, however, only three patients were included in this study. None of the enrolled
patients developed humoral immunity against AAV2 following vector administration, and sera
NAb titres were either undetectable or <1:7 at baseline throughout the 12 month follow-up period [119].
Later reports examined the long-term safety of AAV2.hRPE65.hRPE65 gene therapy for
LCA2, and provided evidence that intraocular inflammation and immune responses occurred
when higher doses of vector were used. The study also highlighted a potential humoral immune response against AAV2. In 3/4 of patients receiving low dose AAV2, circulating NAb
titres increased from 1:1-1:4 to 1:2-1:16 throughout the three year follow-up period. In the
remaining patient in the low dose group, NAb titres increased from 1:512 to 1:1,024 between
baseline and 4 months. In the high dose group, four patients showed no changes in NAb levels
throughout the study period. In two patients, however, vector administration apparently induced a humoral immune response. In one patient, NAb levels increased from 1:2 to 1:1,024
between baseline and four months follow-up, and in the other, an increase from 1:4 at baseline
to 1:125 after four weeks was observed. In both of these patients, an asymptomatic episode
of posterior intraocular inflammation was correlative with NAb titre increases. Throughout
the study however, no anti-RPE65 transgene NAbs were detected. Crucially, this clinical trial
demonstrated that humoral immune responses could be induced against AAV2 capsids even
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when a prophylactic oral glucocorticoid immunosuppressive drug regimen was given to patients before and after vector administration [120].
Other studies investigating SRT delivery of AAV2.CB.hRPE65 (chicken β -actin promoter)
for LCA2 gene therapy have reported similar results. In a phase I trial conducted by researchers from the University of Pennsylvania, humoral immune responses were measured
at baseline, and days 14 & 90. Whilst 2/3 patients did not demonstrate an anti-vector NAb
response, one patient exhibited a 7.5-fold increase in their 90-day antibody titre compared to
baseline levels, however, this did not correlate with AAV2 capsid-specific reactivity of peripheral lymphocytes in which no changes were observed in any patients between baseline and
days 14 or 90. In this study, anti-transgene NAb induction was not reported [121].
In a long-term assessment of the safety and efficacy of AAV2.CB.hRPE65, humoral immune responses were measured throughout a three-year follow-up period. 8/14 patients enrolled in the study actually demonstrated a decline in anti-AAV2 NAb titres throughout the
study, whilst 6/14 demonstrated increases in NAb titres vs. baseline. 5/6 of these patients
showed modest changes of around 1.2 to 2.0-fold increases. In the remaining patient however,
a nine-fold increase was seen, but this did not apparently correlate with their NAb titre observed at baseline. Indeed, across all cohorts tested, no apparent correlation between AAV2
dosages and anti-AAV2 antibody titres was evident [122]. Interestingly, in the University of
Pennsylvania studies [121, 122], no patients were given prophylactic glucocorticoid immunosuppressants, and this did not have an apparent effect on the induction of humoral immunity
when compared to patients enrolled in the University College London trials [119, 120].
In a phase I trial published in 2008 (sponsored by Spark Therapeutics), AAV2.CB.hRPE65v2
(voretigene neparvovec (Luxturna)) SRT administration was found to induce an anti-AAV2
NAb response in 1/3 patients enrolled in the study. The levels of this patient’s NAbs were
elevated after 14 days, and did decrease by 30 days post-SRT but remained high compared to
baseline. No evidence of anti-RPE65 NAbs were observed in this study [123].
The safety and efficacy of AAV2.CB.hRPE65v2 was then further investigated in a phase
I dose escalation trial which introduced middle and high dose cohorts. In the middle dose
cohorts, 4/6 patients did not exhibit signs for an anti-AAV2 humoral immune response. In
2/6 patients however, significant increases in NAb levels were evident vs. baseline values. In
one patient, NAb levels rose from 1:100 at baseline to 1:1,000 at day 14, then decreased to
1:316 after one year. In another patient, NAb levels were 1:350 at baseline and day 14, but
then increased to 1:3,160 after 90 days. Perhaps unexpectedly, in the high dose cohort, no
evidence of a humoral immune response was detected in any of the three patients. It should be
noted however, that the two patients from the middle dose cohort who exhibited the greatest
increases in NAb levels also had the highest NAb levels at baseline. Therefore, it is possible
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that these patients had some pre-existing immunity to AAV2 that was sufficient to induce a
humoral immune response upon vector administration but not sufficient to be excluded from
the trial [124].
The investigators then tested whether readministration of AAV2.CB.hRPE65v2 resulted in
increased sera NAb levels. Of the three patients included in this follow-on trial, baseline NAb
levels were 1:1 to 1:3.16 and remained at these low levels in spite of vector administration into
the contralateral eye [125]. Notably, in all studies examining AAV2.CB.hRPE65v2, systemic
corticosteroid immunosuppressive treatment was given to patients to mitigate the occurrence
and severity of vector-mediated immune responses.
The majority of studies investigating gene therapy for LCA2 have utilised AAV2 for the
delivery of therapeutic transgenes. One study from the University of Nantes has utilised the
AAV4 serotype, however. Of the nine patients enrolled in this study, six did not exhibit any
detectable anti-AAV4 IgG at baseline or after vector administration. In two patients, a significant increase in anti-AAV4 IgG and NAb levels were seen. Here, NAb titres as high as
1:500 and 1:1,000 were seen as early as 14 days after the SRT of AAV4. In one patient, a NAb
titre of 1:50 was seen at baseline, but remained unchanged at 1:50 until 180 days follow-up,
indicating that a humoral immune response was not induced by AAV4 SRT in this patient. In
these studies, prednisolone glucocorticoids were administered daily one week before and after
the SRT fo AAV4 to prophylactically inhibit immune reactions to the vector [126].
Outside of LCA2, SRT of AAV vectors has been investigated for possible therapeutic
effects in other genetic eye disorders like retinitis pigmentosa. More recently, the platform has
also been applied to diseases with complex etiologies like nAMD.
Mutations in MER proto-oncogene tyrosine kinase (MERTK) cause retinitis pigmentosa.
MERTK aberrations disrupt phagocytic activity of RPE cells, which in turn causes degeneration of rod and cone photoreceptors. AAV2 has been used to deliver functional MERTK
genes into RPE cells via SRT. In a phase I study, 3/6 patients demonstrated improvements in
visual acuity and all patients exhibited acceptable safety profiles. In 2/6 patients, anti-AAV2
humoral immune responses were also recorded. In one patient, a 26-fold increase in NAb titre
was observed vs. baseline levels after ten days, which declined to a 16-fold increase after one
year post-SRT. In a second patient, an eight-fold increase in circulating NAbs was seen after
ten days, however, no data was reported for this patients NAb titres after one year of follow-up
[127].
The first reports of SRT gene therapy being used to treat nAMD in patients were published
in 2015. In this phase I study, nine patients were enrolled and administered rAAV2.sFLT1 via
SRT. The therapy was shown to reduce the requirement for ’rescue’ injections of intravitreal
anti-VEGF agents (Ranibizumab), whilst no drug-related adverse events were reported. Total
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anti-AAV2 and neutralising AAV2 antibodies were reported between baseline and one year
follow-up in six of the patients enrolled. In 4/6 patients, NAb titres remained unchanged at
<1:20 throughout the study. Patient 2’s NAb levels also remained unchanged at 1:20-1:100 at
baseline and throughout the study, possibly indicating that, although they harboured some preexisting immunity to AAV2, this did not lead to a significant humoral immune response upon
vector administration. In patient 6, a robust humoral immune response was evident, however.
This subject’s NAb titres were <1:20 at baseline and increased to 1:20-1:100 at three weeks,
and persisted at this level until 52 weeks [128].
Further testing of this gene therapy in a phase IIa study corroborated previous findings. Of
the 21 patients studied, nine displayed no anti-AAV2 NAbs at baseline, whilst 12 had titres
between 1:20-1:100. In 3/9 patients with no detectable NAbs at baseline, anti-AAV2 NAbs
were observed at completion of the study. In this publication however, the data on NAb levels
were not included, rendering analysis in this review challenging [129].
1.6.4.3.2 Gene delivery to the inner retina by intravitreal injection
IVT is a simpler route of delivery for AAV-based gene therapies. IVTs can be performed in an ophthalmologist’s office in a matter of minutes, and only requires topical analgesics for the injection.
IVTs are also necessary to target inner retinal cells, principally RGCs. Recently, evidence
has emerged suggesting that specific AAV serotypes can target the outer retina/photoreceptor
layer via IVT. This has increased the interest in this delivery route for treating common blinding disorders like nAMD and diabetic retinopathy [134, 135]. A number of preclinical and
clinical studies utilising IVTs of AAV gene therapies have now been completed. These have
highlighted similarities and differences between IVT and SRT in terms of the induction of
humoral immunity against AAV capsid proteins.
One of the earliest reports contrasting the induction of NAbs following SRT and IVT of
AAV2 was published in 2008 [133]. In a rodent model, it was shown that unilateral SRT did
not trigger a humoral immune response against AAV2 capsid proteins. As a result, subsequent
administration of AAV2 into the contralateral eye was permissible when delivered by SRT
and IVT, a finding that supported clinical studies investigating SRTs and contralateral eye
administration [125]. When an initial injection of AAV2 was delivered via IVT however, the
induction of humoral immunity was evident. The authors reported up to ten-fold increases in
total anti-AAV2 antibodies following IVT, a finding that correlated with the levels of NAbs
against AAV2 capsids. Upon readministration of AAV2 to the contralateral eye, the authors
found that SRT delivery resulted in robust transduction of the outer retina, however, they
observed diminished expression if the IVT delivery route was used for vector readministration
[133]. Their findings therefore highlighted possible differences between the immune deviation
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mechanisms employed by the vitreous cavity vs. the subretinal space, however, it should be
noted that their observation that SRT does not result in a humoral immune response is in partial
disagreement with some clinical [120–122] and preclinical studies [131, 132].
In non-human primate studies, further evidence has arisen that IVT may induce stronger
NAb responses than SRT. In 2015, Kotterman et. al. published data relating to the induction
of anti-AAV NAb following IVT of multiple serotypes and mutagenised capsid protein AAV
variants, and their analysis showed that IVT of all AAV variants caused a NAb response.
They tested AAV2, AAV5, AAV9, AAV7m8 (peptide insert mutant AAV) and AAV2 (Y-F
tyrosine mutant AAV2), all of which were found to elevate NAb levels from 1:1-1:100 at
baseline to 1:100-10,000 after the injection. In some of the non-human primates, NAb levels
were assessed over a period of seven months. All injected animals demonstrated consistent
NAb levels in the first three months proceeding IVT, but some showed a 2-5-fold decline after
three months. In general however, the persistence of elevated NAb titres for long periods after
gene therapy administration was observed. The authors also reported cross-reactivity of NAbs
generated against multiple AAV serotypes. Here, injection of AAV5 and AAV9 was found to
increase anti-AAV2 NAb levels, and IVTs of AAV2, AAV7m8 and AAV2(Y-F) induced antiAAV5, -AAV8 or -AAV9 humoral immune responses. The authors also noted an interesting
but non-significant trend in which higher pre-injection NAb titres correlated with a lesser foldchange between pre- and post-injection titres. It was postulated that this may be due to higher
rates of vector neutralisation which attenuated retinal transduction and antigen presentation to
the immune system [97].
In a comparable non-human primate study, IVT and SRT of AAV capsid mutant variants AAV7m8 and AAV8BP2 (9mer peptide insert into AAV8 capsid) were found to induce
humoral immune responses. Following IVT, AAV8BP2 increased sera NAb titres in 4/4 nonhuman primates from <1:3.16 to 1:10-100, and AAV7m8 IVT also elevated sera NAb levels
from <1:3.16-1:10 to 1:10 to 1:1,000. These increases therefore appeared to be slightly lower
than that observed by Kotterman et. al. [97], however, this discrepancy may be explained by
a multitude of confounding variables, such the different timepoints used in the study, difficulties in accurately titering AAV preps (rendering comparison between studies challenging) and
of course the use of different AAV serotypes/mutant capsids. This study also compared sera
NAb titres to vitreous NAb titres. After IVT of AAV8BP2, post-injection vitreous NAb titres
remained unchanged at <1:3.16 in all animals. Following AAV7m8 IVT however, vitreous
NAb levels rose from <1:3.16 to 1:100 in 2/6 non-human primates Interestingly, this study
also reported increases in NAb levels following SRT in some animals (1/3 after AAV8BP2
SRT and 4/4 after AAV7m8 SRT), a finding that reflects certain preclinical and clinical studies [120–122, 131, 132]but disagrees with the results of investigations utilising mouse models
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[133].
Reports detailing the induction of humoral immunity in clinical trials following IVT of
AAV-based gene therapies arose sometime after those utilising the SRT route of administration. In 2016, one study described the use of AAV2 expressing mitochondrial reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit 4 (ND4) as a possible treatment
for LHON. Patients enrolled in this clinical trial were given oral prednisolone for one week
prior to and eight weeks after the administration of the therapy. At baseline and six months
post-IVT, NAb titres in all patients remained unchanged and at levels below 1:20, however, it
should be noted that no improvements in visual acuity were observed in this study [130].
In the same year, the data from another clinical trial investigating LHON gene therapy
were published. In this study however, a self-complimentary AAV2 (scAAV2; contains dsDNA genome) harbouring tyrosine to phenylalanine substitutions and an ND4 gene expression cassette (AAV2.CBA.P1ND4v2) was utilised, and no immunosuppressants were given to
the five patients enrolled in the study. Only one patient experienced an increase in NAb levels
from 1:5 at baseline to 1:20 after seven days, which then decreased back to baseline levels
after 90 days follow-up. It should be noted however, that the other four patients enrolled exhibited very high (1:5,120-1:20,480) NAb levels at baseline, but this did not appear to inhibit
transduction efficiency/therapeutic efficacy in patients 4 a"Gene therapy for leber hereditary
optic neuropathy initial resultsnd 5 who had a baseline NAb titres of 1:5,120 and 1:20,480
respectively [98]. In the follow-up to these initial results, similar data were reported that corroborated previous findings [99]. In accordance with other studies investigating SRT of AAV
gene therapies [120–122], there was no obvious correlation between baseline NAb titres and
the induction of a humoral antibody response. For instance, patient 6 (received a ’medium’
dose IVT) showed an increase in NAb titre from 1:80 at baseline to 1:20,480 after seven days
which persisted throughout the one-year follow-up period. By contrast, patient 4, who had a
baseline NAb titre of 1:5,120 and also received a ’medium’ dose IVT of AAV2(Y-F), did not
demonstrate an increase in NAb levels, and in fact exhibited a titre of 1:1,280 at the one-year
timepoint. Further, whilst patient 3 had a baseline NAb titre of 1:5 and received a ’low’ dose
of AAV2, their titres increased to 1:20 after seven days then decreased to baseline levels after 90 days, patient 8 did not demonstrate a humoral immune response against AAV2 despite
receiving a ’medium’ dose IVT and having a baseline NAb titre of 1:5. Another comparison
between this study and the data reported by the SRT investigations is that the observation of a
significant humoral immune response (patient 6) correlated with an episode of anterior uveitis,
a finding similar to that reported by Bainbridge et. al. [99, 120].
This induction of humoral immune responses in a subset of patients administered with
AAV2 gene therapies in the absence of prophylactic immunosuppressants has also been shown
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in a phase I/II study investigating the use of AAV2.ND4 in LHON patients. In this trial, 13/15
patients presented with episodes of anterior uveitis and vitritis, two of which were administered immunosuppressants to counteract this ocular inflammation. The authors also concluded
that there was no observable correlation between the ocular inflammation score (OIS) and the
vector dose administered. They also reported no apparent association between the humoral
immune response and vector dose, nor the humoral immune response and OISs. Most patients
did demonstrate an increase in their NAb titres after the AAV2 IVT, however. 3/3 patients receiving the lowest dose (9E9 vector genomes/eye) had elevated NAb titres shortly after vector
administration which persisted throughout the 52-week follow-up period. 3/3 patients receiving 3E10 vector genomes/eye also showed increases in NAb titre levels between baseline
which largely persisted throughout the 96-week follow-up period. In patients who received
9E10 viral genomes/eye, however, the results were less clear, and whilst a transient increase
in NAb titres was observed in 5/6 patients, these resolved back to baseline levels in two cases,
but persisted until week 96 in the remaining three cases. Finally, in patients who received
1.8E11 viral genomes/eye, 3/3 showed elevated NAb titres shortly after receiving an IVT of
AAV2.ND4, however, these decreased back to baseline levels in one patient. Overall, this
study provided evidence that AAV2 IVTs may induce NAb responses, however, it should be
emphasised that these patients did not receive prophylactic immunosuppressant therapy [34].
Here, more research is required to understand whether glucocorticoid therapy is able to circumvent the induction of humoral immunity in patients receiving IVTs of AAV2 and what the
importance of this finding may be, for instance, in enabling readministration of the vector to
the ipsilateral or contralateral eye.
Whilst clinical studies utilising AAV2 IVT have mostly targeted genetic diseases, the approach has also been used to target nAMD. AAV2.sFLT1 (delivered by IVT) was studied in 19
patients, and 6/19 demonstrated substantial reductions in retinal oedema and improvements in
vision. There was some evidence of the induction of humoral immunity against AAV2, however, this was not associated with the vector dose administered. 6/6 patients in the low dose
groups (2E8-2E9 vector genomes/eye) showed no detectable increase in NAb levels. In patients who received 6E9 vector genomes/eye, 2/3 demonstrated anti-AAV2 NAb responses.
For patients in the first 2E10 cohort, one patient had a 1:3,200 baseline titre which rose to
1:25,000 after 12 weeks and then decreased to 1:12,800 after one year. In the other two patients, no NAbs were observed at baseline, but rose to 1:800 in one patient and 1:100-1:200
in another throughout the one-year follow-up period. In the other cohort of patients receiving
the highest dose of AAV2.sFLT1 (2E10 vector genomes/eye) 2/7 demonstrated increases in
NAb titres, with one patient’s levels increasing from zero at baseline to 1:200-1:400 throughout the follow-up period, and another’s increasing from 1:100 to 1:800-1:1,600 through the
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duration of the study. The utilisation of prophylactic immunosuppressants was not reported
in this study, however, topical steroids were used to treat episodes of pyrexia and intraocular
inflammation in two patients in the high-dose cohort [100].
1.6.4.3.3 Is the eye immuneprivileged to AAV gene therapies?
Despite the assumption that the eye is a relatively immuneprivileged environment and therefore favourable for
testing gene therapies, the above discussion highlights a number of key findings suggesting
that humoral immunity to AAV, either pre-existing via wild-type infection or induced by vector administration, may represent a significant hurdle for successful gene transfer to the inner
and outer retina. The number of patients enrolled in the clinical trials described above is
limited, reflecting the small patient populations for their respective indications. However, a
number of trends may be evident in the data. These patterns highlight unanswered questions
in the field and identify possible research questions for the future.
1. Only a subset of patients demonstrate increases in anti-AAV NAb levels after vector
administration via SRT [120, 129] or IVT [34, 100]. Some of these patients exhibit very
low/undetectable NAb titres at baseline, others had high NAb titres, yet evidence of the
induction of humoral immunity to AAV was occasionally observed in both cases postinjection. One possible explanation here is that patients that are seronegative at baseline
may harbour AAV reactive T-cells [58, 136] which facilitate a strong humoral immune
response upon vector administration.
2. One trend that is evident is that the significant increases in NAb levels observed in
some patients appear to correlate with episodes of intraocular inflammation. A number of studies investigating SRT [120] and IVT [34, 99, 100] have shown that the onset
of events such as vitritis and anterior uveitis was seen in patients who exhibited the
greatest changes in their NAb titres between baseline and the weeks/months proceeding
vector administration. It should also be noted that some of the patients who developed
intraocular inflammation had very low/undetectable NAbs at baseline. More research
is required here to understand why this subset of patients developed much stronger
NAb responses compared to other enrolled participants. Further, patients who developed high NAb titres and intraocular inflammation may be at increased risk of CD8+
T-cell infiltration into the retina and the clearance of transduced cells overtime, which
may eventually lead to the loss of therapeutic efficacy. This suggests patients who did
develop intraocular inflammation should be closely monitored for signs of diminished
transgene expression. In this regard, considering the apparent failure of AAV reactive
T-cells to recirculate in peripheral blood [36] (rendering their ex vivo analysis via blood
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sampling/ELISPOT assay challenging) episodes of intraocular inflammation could serve
as a surrogate biomarker for those patients most at risk of deleterious CD8+ T-cell infiltration into the retina.
3. There is no apparent correlation between baseline NAb titres and the magnitude of increase in NAb titre observed after vector administration. Of the patients that did exhibit
significant increases in NAb levels after SRT [120, 128, 129] and IVT [34, 99, 100], high
and low/undetectable baseline NAb titres were observed. This evidence may discount
a possible theory that high baseline NAb levels leads to rapid neutralisation of vectors
upon injection, which in turn precludes the presentation of their capsid proteins to the
immune system [97]. It also suggests that a ’primed’ immune system (i.e. one harbouring NAbs/B-cell epitopes against AAV) may not necessarily lead to stronger NAb
responses compared to a patient who has no detectable NAbs at baseline.
4. It is unclear whether AAV administration via SRT or IVT induces NAb responses in a
dose-dependent manner, which may simply reflect the small sample sizes used in these
studies. However, it is notable that two studies [124, 125] investigating SRT of AAV2
found no evidence of a dose-response effect. Further, in studies using IVT for vector
delivery, one reported higher frequencies of elevated NAb titres in the low dose group
than the medium dose group [99], and another detected NAb responses in both low and
high dose groups [34]. In the largest study reported in the literature, no NAb response
was reported in the low dose group, but equitable increases in NAb levels were seen in
the medium and high dose groups [100]. One possible explanation here is that delivery
of AAV above a certain threshold is sufficient to induce NAb production, but this might
not be further enhanced by administration of additional capsid antigens.
5. The administration of perioperative steroids may not be sufficient to attenuate production of anti-AAV NAbs. Of the 16 clinical studies highlighted in this review, seven
reported the use of oral prednisolone glucocorticoid steroids to prophylactically treat
the immunological complications of AAV gene transfer. Of these seven however, four
reported increased NAb levels in some of the patients enrolled, suggesting that steroid
therapy may not have been sufficient in circumventing humoral immunity in these individuals [120, 123, 124, 126].
6. Further research is required to understand how the induction of anti-AAV NAbs may
affect vector readministration in ocular gene therapy trials, especially for the IVT route
of delivery. Some of the studies discussed showed that high NAb titres can persist years
after delivery of AAV via SRT and IVT in a subset of patients [34, 100, 120, 122],
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and whilst most studies suggest high pre-existing sera NAb levels limit the efficiency of
gene transfer to the retina [97, 100], others showed that patients with high NAb titres
at baseline actually demonstrated the greatest therapeutic response to the gene therapy
[99]. In this regard, one possible line of investigation could be to determine the effect
that IVT or SRT AAV administration has on vector readministration via other routes,
e.g. intravenous infusion for liver indications. In the future, this may be pertinent to
patients who exhibit multiple morbidities affecting different organs and require several
gene therapy treatments.
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Figure 1.1: The humoral immune response in relation to ocular gene therapy

The humoral immune response in relation to ocular gene therapy. This review suggests that a subset of
patients develop anti-AAV NAbs after SRT or IVT of AAV, however, it is not clear whether this can be
circumvented via administration of perioperative systemic steroids. Further studies are needed to determine whether the induction of anti-AAV NAbs affects re-administration into the eye by IVT/SRT or into
other organs. In addition, the precise mechanisms utilised by AAV NAbs remain unknown, and more
research is needed to elucidate the basis of their neutralising activity. AAV, adeno-associated virus;
APC, antigen presenting cell; BP, bipolar cell; CSR, class switch recombination; GCL, ganglion cell
layer; IVT, intravitreal injection; MHC, major histocompatibility complex; NAb, neutralising antibody;
PC, plasma cell; PR, photoreceptor; RPE, retinal pigment epithelium; SHM, somatic hypermutation;
SRT, subretinal injection.
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Possible strategies to circumvent humoral immunity to
AAV

As discussed, an increasing body of evidence implicates a deleterious role for pre-existing
and induced NAbs in the context of retinal gene therapy. Further, it is unclear whether oral
prednisolone is effective at inhibiting NAb responses in patients enrolled in clinical trials.
This suggests that the development of strategies to circumvent humoral immunity to AAV will
likely be helpful in improving the outcomes of gene therapy trials. Here a number of possible
strategies that may be applicable to this problem will be described.

1.7.1

Overcoming pre-existing AAV NAbs

As outlined above, pre-existing NAbs against AAV represent a major hurdle to the successful application of gene transfer technologies, and may even have a detrimental effect in immuneprivileged sites like the CNS and retina. To overcome this problem, a number of approaches have been reported, including modifications to the vectors and the utilisation of clinical procedures.
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Table 1.3: Summary of possible strategies to circumvent pre-existing immunity to AAV

Strategy
Alter the
route of
administration

Advantages
Clinically translatable
approach

Disadvantages
May alter the pattern of
transduction, reducing
gene delivery to target
cell type or tissue.
Limited number of
routes of
administration
depending on the target
tissue

Translational barriers
Low: Possible to draw
on examples from other
clinical trials
demonstrating safe
vector delivery for a
given route for some
serotypes/organs

Use
alternative
AAV
vectors

Increasing number of
novel AAV vectors
identified which may
be effective at NAb
evasion. Increasing
understanding of AAV
epitopes is enabling
rational mutation of
antigenic regions could
be applied to any
vector. In vitro and in
vivo screens available
to identify resistant
vectors

Engineering novel
AAVs can expensive
and technicallychallenging, especially
when applying multiple
rounds of in vivo
selection. Novel AAVs
may be able to
circumvent NAbs but
may have unwanted
and unintended
properties such as high
toxicity

High: Extensive safety
and efficacy testing
likely required by
regulators to
demonstrate benefits of
novel capsid in
preclinical models and
patients. High
economic cost
associated with
regulated clinical trials

Chemical
modification of
AAV

Non-genetic
modifications require
relatively simple
chemistries amenable
to scalable
manufacturing

Data suggests limited
resistance of
PEGylated AAV to
NAbs. Limited number
of examples of other
biological polymers
applied to AAV to date

High: Safety of
biological polymers
may be established, but
extensive safety testing
would be required for
novel formulated
vectors
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Strategy

Advantages

Disadvantages

Translational barriers

Use decoy
capsids

Clinically translatable
if ’known’ serotype
(e.g. AAV2) decoy
capsids are used.
Possible to use
higher/lower ratio of
decoy:full capsids
depending on
pre-existing NAb titre

Inclusion of additional
decoy capsids may
increase immune
responses, possibly
resulting in (i) CD8+
T-cell activation and
destruction of
transduced cells and
(ii) stronger induction
of NAb responses.
Would require
production of more
AAV capsids which
could create a
manufacturing
bottleneck

Medium: AAV vectors
(e.g. AAV2 or 8) used
for decoys have
established safety
profiles in humans, but
some additional
safety/toxicity studies
may be required as
higher overall capsid
titres will be used

Plasmapheresis

Effective at reducing
pre-existing NAb levels
if multiple rounds are
used. Relatively
non-invasive and safe
procedure; routinely
used in other
applications to deplete
antibody levels

May not be effective if
pre-existing titres are
very high. ’Rebound’
phenomenon may limit
effectiveness and
possibility of repeated
use

Low: Routinely used
for treatment of
autoimmune
conditions. Relatively
safe and non-invasive
procedure
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Use broadacting
immunosuppressants

Advantages
Disadvantages
Possible to utilise
May be ineffective at
FDA-approved drugs to completely depleting
suppress immune
memory B-cells in the
responses; highly
bone marrow, which
translatable.
may be required to
Well-characterised
overcome humoral
safety and efficacy
immunity. Little
profiles and
evidence the approach
mechanisms-of-action
may enable vector
administration in spite
of reducing NAb levels
in pre-immunised
models

34

Translational barriers
Low: Many
immunosuppressants
are FDA-approved and
are routinely used in
patients. Many
immunosuppressants
have favourable
safety/toxicity profiles

AAV, adeno-associated virus; NAb, neutralising antibody; PEG, polyethylene glycol; IdeS, an
immunoglobulin-cleaving enzyme.
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Altering the route of administration

This strategy may be applied to certain gene therapies targeting certain organs/tissues.
For instance, it has been discussed how intramuscular [94] and intravenous [92] injections of
AAV can be used to treat haemophilia B. Data from one study would suggest that injections
into the muscle are less susceptible to the presence of pre-existing NAbs than intravenous infusions however, highlighting a possible strategy to administer AAV to haemophilia B patients
who would normally be excluded from clinical trials [94]. Similarly, intrathecal delivery of
AAV to the CSF has been shown to partially circumvent pre-existing anti-AAV9 NAbs [95],
suggesting this mode of administration may be preferable to systemic administration of AAV9
for delivering genes to the CNS [137]. However, it should be noted that altering the route of
administration may attenuate effective transduction and therapeutic efficacy in a target organ.
1.7.1.2

Use of alternative AAV vectors

In spite of the high rates of cross-reactivity exhibited by anti-AAV NAbs [89], alternative
AAV vectors with differing epitopes might be able to evade pre-existing or induced humoral
immunity. This may involve the utilisation of naturally-occurring AAV isolates or the engineering of novel AAV vectors.
Approximately 100 naturally-occurring AAVs have now been identified in humans and
non-human primates, each of which harbours a distinct tissue tropism, immunogenicity and
susceptibility to NAbs. AAVrh32.33, for example, was isolated from Rhesus macaque monkeys, and can transduce a variety of human cell types [138, 139], yet only 2% of humans are
thought to harbour pre-existing NAbs against the virus [90]. Whilst this may prove helpful
in circumventing humoral immunity, it should be noted that AAVrh32.33 may be highly immunogenic when injected intramuscularly, possibly limiting its application as a gene therapy
vector [139]. Another natural AAV isolate is AAVrh10, which has been shown to be largely
safe and effective at delivering genes to the central nervous system, lung, liver and heart in
animal models. One study reported that 21% of humans are seropositive for AAVrh10, and
harbour pre-existing NAbs against this virus, which is lower than that reported for AAV2 (2090% humans are seropositive), for example, suggesting AAVrh10 may be an effective means
of transferring genes to patients refractory to AAV2-based gene therapies [140].
Ancestral sequence reconstruction (ASR) via phylogenetic analysis of AAV capsid sequences has also been proposed as a tool for identifying ancestral AAVs with favourable vector immunobiology properties. Anc80L65 is one such vector that is an ancestor of AAVs 1,
2, 8 and 9, and can deliver genes to the retina, liver, and muscle. Analysis of the structure
and sequence alignment of Anc80L65 with extant AAVs demonstrated that Anc80L65 was
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structurally distinct from AAV2, 8 and rh10, exhibiting 12.2%, 9.1% and 8.6% cap sequence
divergence respectively. As a result, it was found that the vector was significantly more resistant to neutralisation by cross-reactive anti-AAV2 and anti-AAV8 sera than AAV2 and AAV8
vectors. Overall, Anc80L65 is a promising candidate vector for circumventing humoral immunity [141].
Other means of engineering the AAV capsid to overcome neutralistation by NAbs involves
the modification of antigenic epitope regions on the capsid surface, using molecular biology
techniques like error-prone PCR and DNA shuffling, to generate diverse capsid libraries which
can subsequently be screened for capsids resistant to neutralisation by anti-AAV NAbs [142].
An early demonstration of the potential of this approach was reported in 2008, when an
adapted DNA family shuffling technology was used to create hybrid AAV capsid proteins.
Two round of selection were used. The first used in vitro hepatocyte cultures to identify AAVs
effective at transducing target cells. Pooled human immunoglobulin G (IVIg) was then used
to isolate an AAV2/8/9 chimera, termed AAV-DJ, that was found to be more resistant to NAbs
than AAV2 in IVIg-immunised mice [143].
This approach was explored further to identify AAV capsids that were resistant to neutralisation. A number of AAV capsid libraries were utilised, including a randomly mutagenised
AAV2 library, an AAV2 library with specific residues subject to saturation mutagenesis, a
’shuffled’ AAV cap library (generated from AAVs 1, 2, 4, 5, 6, 8, & 9), and an AAV library in
which surface hypervariable loops had been swapped between serotypes. Two rounds of selection were then used to identify AAV capsids resistant to neutralisation by NAbs by IVIg and
sera samples from patients excluded from haemophilia B clinical trials harbouring high-titre
AAV NAbs. The authors conclude that the novel AAV capsids generated may be used to treat
patients with high titre pre-existing NAbs and repeated gene transfer (i.e. readministration of
a gene therapy) in patients who have developed NAbs against AAV [144].
Asides from directed evolution, AAVs can also be rationally designed via the mutagenesis of epitope regions. This first requires the identification of regions important for binding/neutralisation by antibodies. One method utilises peptide scanning, in which short linear
epitopes are used in ELISA screens to identify capsid proteins that bind to anti-AAV antibodies. Peptide insertion into AAV capsids can also be used to disrupt NAb epitopes and thereby
identify antibody binding regions on the vector [145]. In silico modelling and systematic mutagenesis of IgG2a antibodies to AAV2 has also been used to identify residues important for
antibody binding [146]. These discoveries have aided the development of NAb-resistant AAVs
using a structure-guided approach that does not require the use of IVIg or high NAb titre patient sera to exert selective pressures on large capsid libraries for identifying resistant clones.
In one report, synthetic AAVs were evolved via rational mutation of AAV1 antigenic epitopes,
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which were found to evade polyclonal anti-AAV1 neutralising sera without impacting the tissue tropism or transduction efficiency of the vectors in mouse models and non-human primates
[147].
Whilst most modifications to AAV to improve NAb resistance have focussed on modification of cap gene/capsid protein sequences, recent reports have shown that the encapsulation of
AAVs in exosomes can also reduce their susceptibility to humoral immune responses. Termed
exosome-associated AAV (exoAAV), these novel vectors have demonstrated improved transduction of across a range of cell types and tissues, in addition to enhanced resistance to NAbs
in IVIg-immunised mice. This reduced sensitivity to NAbs has been shown for exoAAV8 in
the liver [148] and exoAAV9 in the CNS [149].
1.7.1.3

Chemical modification of AAV

The engineering of AAV to avoid neutralisation by NAbs has resulted in the development of exciting novel vectors capable of circumventing humoral immune responses via
the disruption of antigenic epitopes. An alternative approach to preventing NAb-AAV binding/neutralisation is to shield epitopes via chemical modification of AAVs.
Polyethylene glycol (PEG) can be chemically conjugated to AAVs to mask them from
NAbs, for example. Whilst PEG-coated AAVs have been shown to exhibit greater resistance
to NAb-mediated neutralisation, it should be noted that only partial protection was inferred via
this chemical modification. It was also noted by the authors that the addition of PEG above
a certain threshold attenuated the AAVs transduction potential, likely via steric hindrance
between cell surface receptors and cognate AAV capsid proteins [150].
Alternative approaches have sought to encapsulate AAVs in a polymer gels like poly-lactic
glycolic acid and alginate that gradually degrade in vivo. This approach has been applied to
adenoviruses [151, 152] and has shown to increase the resistance of these vectors to NAbs,
suggesting the approach may also be effective for AAV vectors. However, the development of
anti-polymer antibody responses may pose a significant challenge to this particular technology
[153].
1.7.1.4

Use decoy capsids

The use of decoy capsids to circumvent anti-AAV NAbs involves the administration of
empty capsid AAVs or infection-deficient AAVs to sequester NAbs prior to or at the same time
as therapeutic vector administration. In non-human primates, this approach has been shown to
competitively block circulating NAbs in a dose-dependent manner and concomitantly restore
transduction efficiency [154], however, other studies have shown that the approach is not al-
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ways effective at circumventing humoral immune responses [155]. The authors also showed
that the presence of empty capsids in their AAV8 vector preps did not prevent neutralisation
of FIX.R338L delivery in their models via a so-called ’decoy capsid’ action [154, 155]. In
contrast to previous reports, which utilised IVIg [154], the authors opted for a passive transfer
strategy involving the generation of anti-AAV8 NAbs in one group of mice which was then
collected and transferred to a different group of mice receiving the FIX.R338L gene therapy. The authors reported that 1:2 or 1:16 NAb titres were sufficient to attenuate transfer of
FIX.R338L, but this effect was not rescued by the inclusion of empty capsids in the AAV8
preparation. This was in opposition to previous findings suggesting that “decoy capsids” may
be an effective means of circumventing anti-AAV NAbs [154]. Several key differences between these studies are evident, however. First, the source of NAbs (use of hIVIg [154] vs.
passive transfer of mouse sera [155]) is a key disparity. Further, in Mingozzi et. al.’s study, a
higher ratio of decoy vector to full vector was used, both of which may explain the discrepancy
in outcomes.
The use of capsid decoys may represent a possible strategy for overcoming NAb responses,
however, the approach may have certain drawbacks. The inclusion of empty capsids in vector
formulations has been shown to reduce transduction efficiency and increase vector-related
immunotoxicity in one study investigating liver gene transfer with AAV8 [156], however,
in a non-human primate study investigating AAV2-mediated gene delivery to the retina, the
removal of empty capsids had no detectable impact on the generation of anti-AAV lymphocyte
or NAb responses [157].
1.7.1.5

Plasmapheresis

Plasmapheresis is a clinical procedure that involves ex vivo removal of NAbs from an
individual’s blood by using filtration- or centrifugation-based techniques, before the blood
transferred back [158]. The approach can be used to reduce the build-up of antibodies in conditions like haemorrhagic lupus pneumonitis [159] and Guillain-Barre syndrome [160], both
of which involve elevated levels of pathologic antibodies. It is also used in patients with visual
loss from atypical optic neuropathies mediated by antibodies against aquaporin-4 (AQP4) and
myelin oligodendrocyte glycoprotein (MOG) [161]. In terms of gene therapy, plasmapheresis
provides a possible means of achieving a transient drop in NAb titres below a certain threshold to enable vector administration. It could, therefore be applied to an individual with high
pre-existing NAb levels or one who develops high NAb titres after receiving a gene therapy.
This approach was tested in a non-human primate model, and found to be effective with six
rounds of plasmapheresis over a two-day period effectively reducing NAb levels in seropositive animals. Following vector administration, animals that had undergone plasmapheresis
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exhibited the same transduction levels as seronegative animals following intravenous injection of a microDystrophin-expressing AAV construct [162]. Plasmapheresis is usually well
tolerated from a safety perspective [163]. However, one possible limitation to using plasmapheresis however, is a phenomenon known as ’rebound’, in which IgG levels quickly return to
the same or even higher levels following treatment. In a clinical trial, it was shown that multiple rounds of plasmapheresis were required to reduce NAb levels for gene therapy, which
could be partly explained by this ’rebound’ effect. Whilst reductions to <1:5 NAb titres were
achieved in some individuals across multiple serotypes (AAV1, 2, 6 & 8), it should be noted
that such an outcome required five rounds of plasmapheresis in some instances. Furthermore,
in those individuals exhibiting very high pre-existing NAb titres, for example, 1:12,800 antiAAV2 in one particular case, successive rounds of plasmapheresis did not reduce the titre
below 1:200. This suggested that the process may be ineffective in enabling efficient gene
transfer in all patients with pre-existing NAbs [164].
Recently, a novel plasmapheresis protocol was described, in which the specific depletion
of anti-AAV IgG from plasma without depleting total IgG levels was achieved. Using this
approach, high titre human IgG pools and plasma samples were tested, and near complete
removal of anti-AAV IgG was achieved using an N-hydroxysuccinimidyl sepharose column
onto which AAV8 particles were grafted. The process was able to reduce anti-AAV8 IgG to
levels that enabled efficient gene transfer in mouse models. This study highlighted the possible
advantages to specific depletion of AAV IgG using plasmapheresis, which has distinct safety
advantages, mitigating the risks of leaving an individual vulnerable to opportunistic pathogens
following pan-IgG depletion [165].
1.7.1.6

Use of pharmacological immunosuppressants

The use of immunosuppressant drugs, which may impact both the innate and adaptive
arms of immune system, appears to be largely effective in managing anti-AAV T-cell responses when administered prophylactically or once a rise in liver transaminases is detected.
Completely circumventing pre-existing anti-AAV humoral immunity with broad-acting immunosuppressants is more challenging however, likely due to the inability of these compounds
to effectively deplete memory B-cells in the bone marrow [36]. One report utilising a mouse
model of AAV immunity has shown that pharmacological intervention can be used to reduce
pre-existing NAb levels, however. Pre-existing immunity was generated by an intravenous
injection of AAV9 vectors. A combination of rapamycin and prednisolone administered daily
for eight weeks reduced anti-AAV9 NAb levels by 85-93%, and in addition, decreased levels
of B-cells and plasma cells were observed. This combination was found to selectively inhibit
helper T-cell-mediated B-cell activation in the spleen, leading to effective anti-AAV9 NAb
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depletion. Although such an approach could prove an attractive strategy for circumventing
humoral immune responses to AAV, this study did not confirm whether vector readministration was possible in their model after treatment with rapamycin and prednisolone [166].

1.7.2

Preventing the induction of AAV NAbs

Pre-existing NAbs represent a significant barrier to the success of gene therapies in the
clinic. As outlined above, the delivery of AAV into most, if not all, sites in the body appears
to result in the development of humoral immunity against the capsid, which may limit the
possibility of vector readministration. This is an important aspect of AAV gene therapy for
several reasons. First, gene therapy constructs may display reduced efficacy overtime as cells
epigenetically downregulate ’foreign’ gene expression cassettes via CpG island hypermethylation [167]. Second, in dividing tissues such as the liver, transduced cells are lost overtime,
thereby reducing therapeutic efficacy [54]. In a number of non-dividing tissues, such as the
inner retina/RGC layer, many pathologies exhibit a degenerative phenotype which may lead to
the loss of transduced cells overtime [168]. For many diseases, titrating the vector dose may
prove a useful strategy towards ’tailoring’ a gene therapy to a particular patient due to disparities in age and/or stage of disease progression, for example. In all of these scenarios, efficient
vector readministration is required, in which preventing the development of anti-AAV NAbs
is key. Here a number of possible strategies that could be used to achieve this goal in clinical
trials and preclinical studies will be discussed.
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Table 1.5: Summary of possible strategies to prevent induction of anti-AAV NAbs
Strategy
Inhibit
T-cell
activation

Advantages
Several pathways can
be targeted to prevent
anti-AAV NAb
responses using
FDA-approved drugs,
such as Cedelizumab.
Tregitopes may be used
to induce tolerance of
AAV antigens

Disadvantages
T-cell inhibition may
leave patient vulnerable
to infection and cancer
development. Fewer
FDA-approved
modalities than small
molecule-based
approaches to
immunosuppression

Translational barriers
Medium: Some
FDA-approved
anti-CD4 mAbs are
available for creating
immunosuppression in
patients. Little clinical
data supporting safety
of approach in humans

Inhibit
B-cell
activation

Inhibiting B-cell
function may prevent
NAb formation whilst
retaining cytotoxic
T-cell function, against
tumourigenic cells for
example.
FDA-approved drugs
are available for this
application. Preclinical
evidence suggests
generation of
tolerogenic B-cells is
possible

B-cell levels may take
6-12 months to recover,
leaving patients
vulnerable to
opportunistic
pathogens and
tumourigenesis. Fewer
FDA-approved
modalities than small
molecule-based
approaches to
immunosuppression

Medium: Some
FDA-approved
anti-CD20 mAbs are
available for creating
immunosuppression in
patients. Little clinical
data supporting safety
of approach in humans

Use broadacting
immunosuppressants

Possible to utilise
FDA-approved drugs to
suppress immune
responses; highly
translatable.
Well-characterised
safety and efficacy
profiles and
mechanisms-of-action

Preclinical evidence
suggests this approach
may not be sufficient to
prevent NAb formation
or enable vector
readministration.
Outcomes of clinical
trials (see above)
investigating gene
delivery to the retina
also suggest this
approach may not be
effective in all patients

Low: Many
immunosuppressants
are FDA-approved and
are routinely used in
patients. Many
immunosuppressants
have favourable
safety/toxicity profiles
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Inhibition of T-cell activation

CD4+ ’helper’ T-cells can indirectly affect the humoral immune response by regulating
the function of B-cells and their antibody-producing progeny plasma cells. Downregulating
CD4+ T-cell function can therefore be utilised as a means of reducing anti-AAV NAb levels. For instance, anti-CD4 antibodies have been used to deplete (via induction of apoptosis
in target cells) CD4+ T-cell levels and abolish anti-AAV NAb levels following a tail vein injection of AAV in a mouse model. This study also demonstrated however, that delivery of
the vector directly into the portal circulation produced a humoral immune response that was
only partially T-cell-dependent, thereby reducing the effectiveness of the anti-CD4 depletion
strategy. Overall the study demonstrated that CD4 depletion may be an effective means of
circumventing NAb responses for certain routes of delivery [169].
Alternative approaches have described the use of non-depleting anti-CD4 antibodies to
prevent NAb responses. Here, intravenous administration of an anti-CD4 monoclonal antibody (mAb) prior to delivery of an AAV2/9 vector demonstrated reductions in anti-vector and
anti-transgene (acid α-glucosidase (GAA)) NAbs in a mouse model of Pompe disease. The
authors concluded that the mAb prevented co-receptor (CD4) stimulation of T-cells, in turn
rendering them ineffective as B-cell activators [170]. T-cell-dependent activation of B-cells
can also be inhibited by blocking other signalling pathways. Antibodies and fusion proteins
against CD40-CD40L and CD28-CD80/86 receptors have been shown to reduce NAb levels against AAV proteins and thereby enable readministration to the lung in a rabbit model
[171]. One study sought to combine a non-depleting anti-CD4 mAb therapy with the T-cell
immunosuppressive drug, CyA, and showed that a 20-fold reduction in NAb levels was possible using this approach [172]. Other studies have utilised ’Tregitopes’ [173] (IgG-derived
MHC epitopes) to activate regulatory T-cell (Treg) responses in order to inhibit NAb production. In a mouse model, Tregitopes were fused to AAV capsid peptides, and subsequently used
to induce proliferation of Treg cells that suppressed CD8+ T-cell cytotoxic function against
AAV-expressing cells [174]. This demonstrated an interesting proof-of-concept and suggests
Tregitopes could be applied to reducing NAb levels after vector administration.
1.7.2.2

Inhibition of B-cell activation

The inhibition of T-cell activation can prevent anti-AAV antibody production by Bcells/plasma cells. Efforts to inhibit activation and/or induce apoptosis of B-cell/plasma cells
have also shown promise as tools for overcoming humoral immunity to AAV. The activation
of B-cells and their maturation into antibody-producing plasma cells is a complex process.
With AAV gene therapy, APCs are thought to display AAV capsid peptides to mature B-cells
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which initiate downstream signalling pathways resulting in the endocytosis of AAV antigens
[175, 176]. The B-cell then presents the antigen on its surface with MHC class II molecules,
which can be recognised by CD4+ helper T-cells, causing it to proliferate and migrate to the
germinal centres, where somatic hypermutation and isotype switching occur. Most activated
B-cells will become plasma cells and produce NAbs against AAV, whilst others develop into
memory B-cells [177].
Understanding the process by which B-cells are activated therefore helps to inform strategies to prevent NAb responses. Bortezomib, an FDA-approved therapy for multiple myeloma
(plasma cell tumour), is a proteasome inhibitor that attenuates antigen processing and presentation of epitopes on the surface of B-cells. Administration of Bortezomib has been shown
to reduce NAb titres by 8-10-fold by depleting AAV2/8-specific IgG-producing plasma cells
in the lymphoid organs and bone marrow. However, this reduction was not sufficient to allow vector readministration, which the authors attribute to residual anti-AAV8 NAbs due to
the inability of Bortezomib to completely eradicate anti-AAV8 plasma and memory B-cells
[178].
Depletion of activated B-cells can also be utilised as a means of reducing NAb levels.
Rituximab, an anti-CD20 antibody, can induce B-cell apoptosis by (i) recruiting cytotoxic
natural killer and macrophage cells to antibody-bound B-cells or (ii) activating the cytotoxic
complement cascade via C1q binding to induce B-cell lysis [179]. In a clinical trial, Rituximab
treatment was shown to reduce circulating NAb levels up to 24 weeks after two intravenous
infusions, however the authors of this study noted that these reductions were only observed in
a subset of patients with titres of <1:1,000, and only a minority of subjects’ titres were reduced
to <1:5 [180]. This finding was corroborated by reports that a combination of rituximab and
rapamycin in a 45-month old patient with Pompe disease was an effective strategy to mitigate
anti-AAV immune responses. The authors conclude that the strategy allows for the possibility
of vector readministration in the future, but no data is presented in relation to this, and it
should also be noted that this was a single subject clinical trial [181]. In a non-human primate
study, CyA (calcineurin inhibitor, inhibits T- and B-cells) was trialed in combination with
Rituximab. The study showed that anti-transgene (FIX for haemophilia B) NAb levels could
be significantly reduced with this strategy. Further, in one animal, anti-AAV6 NAb titres
dropped to undetectable levels, which was subsequently shown to be permissive of vector
readministration. In the other animal however, the dual immunosuppression strategy did not
appear to be effective and readministration appear to be blocked by anti-AAV6 NAbs [182].
Clearly, B-cell depletion strategies may be an effective means of overcoming humoral
immunity to AAV, however, the approach is not without its drawbacks. For instance, following Rituximab treatment, patients are immunocompromised for a period of around 6-12
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months as their B-cell levels return to normal, which can lead them vulnerable to opportunistic pathogens. In two severe cases, activation of dormant human polyomavirus was associated
with the onset of progressive multifocal leukoencephalopathy following administration of Rituximab [183]. Further, it should be noted that anti-CD20 antibodies will not deplete plasma
cells, which are the antibody-producing cells of the immune system, possibly limiting the
ability of the strategy to reduce NAb levels whilst still posing a significant safety concern
[184].
As an alternative to B-cell depletion, the induction of B-cell tolerance can be utilised to
prevent the generation of anti-AAV NAbs and thereby allow for vector readministration. For
instance, antigen-specific immunotherapy can be used to inhibit B-cell activation by inducing
Treg cells for a particular antigen. In one study, an immunogenic protein was fused to an
immunoglobulin heavy chain, and transferred into activated B-cells in vitro using a retroviral
vector. The generation of tolerogenic B-cells was observed which were found to attenuate
immune responses against multiple epitopes of the cloned protein. Mechanistically, this effect was linked to the stimulation of Treg cells by the transduced B-cells [185]. Whilst this
approach has not yet been applied to AAV gene therapy, the results from this study suggest it
might be effective at limiting humoral immune responses.
Another means of preventing B-cell activation is to target inhibitory co-receptors present
on the surface of B-cells. CD22 and SIGLEC-G are two sialic acid-binding co-receptors
known to play a role in mediating the induction of tolerance of self-antigens. Recent data
has shown that high-affinity ligands for these co-receptors can induce antigen-specific B-cell
tolerance, highlighting a possible strategy for treating autoimmune diseases which may be
applied to preventing anti-AAV humoral immune responses in the future [186]. For instance,
immunisation of mice with nanoparticles conjugated to human factor VIII and CD22 has been
shown to induce tolerance to and antibody production against factor VIII [187], suggesting a
similar approach could be applied to AAV capsid proteins.
1.7.2.3

Use of pharmacological immunosuppressants

In addition to targeting specific arms of the immune system with anti-CD4 or anti-CD20
antibody-based depletion strategies, the use of broad-acting small molecule immunosuppressants has been trialed, either alone or in combination. Many of these are FDA-approved and
routinely used in patients, making this approach highly clinically translatable.
In a mini-pig model of advanced heart failure, AAV1 encoding sarcoplasmic reticulum
calcium ATPase gene (SERCA2a) was delivered by intravenous administration. A combination of immunosuppressive drugs was tested to see whether this could circumvent NAb
responses. Here, oral MMF and rapamycin were administered daily from two weeks before
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to three months after vector infusion, and methylprednisolone sodium succinate was administered daily by intramuscular injection up to three months after AAV1 delivery. In spite of the
utilisation of this aggressive immunosuppressive regimen, the induction of AAV1 NAbs were
still observed in both the immunosuppressed and non-immunosuppressed groups, and comparison of these groups revealed no apparent effect immunosuppression of the development of
NAbs [188].
Studies examining immunosuppression in non-human primates have suggested the approach may not be effective for liver gene therapy with AAV5. Here, animals were injected
intravenously with AAV5 to generate an immune response. Over the next 12-week period,
anti-thymocyte IgG, methylprednisolone, tacrolimus and rituximab were given in combination. These were found to attenuate anti-AAV5 NAbs during the 12 weeks, but NAb levels
rose significantly once this treatment stopped. The authors then demonstrated that this ’rebound’ in NAb levels completely inhibited repeated vector readministration of AAV5 [189].
These results were corroborated by another study in non-human primates investigating
microDystrophin delivery to the muscle. Animals receiving (i) prednisolone alone, (ii) a prednisolone, tacrolimus and mycophenolate mofetil combination, and (iii) no immunosuppressants were compared. No differences in transgene expression were observed in seropositive
animals between these three groups, indicating that the immunosuppressants given may have
been ineffective at reducing anti-AAV NAb levels. This was in spite of the fact that the immunosuppressants were shown to downregulate lymphocyte proliferation, a finding which
may highlight the challenge in attenuating pre-existing humoral immunity to AAV [162].
The complexity of overcoming the induction of NAbs against AAV following delivery to
the CNS has been demonstrated in clinical studies. One study tested an AAV2 vector expressing aspartoacylase and delivered by intracranial injection in patients with Canavan disease. In
this study, only 3/10 patients developed low to moderate sera NAb titres vs. baseline, in spite
of the fact that no patients were given perioperative immunosuppressants [190].
In another trial, an AAVrh10 vector encoding arylsulphatase A was delivered by intracerebral injection in patients with metachromatic leukodystrophy. Steroids were administered
one day prior and ten days after the surgery, however, in all patients enrolled in the study,
the development of anti-AAV antibodies were observed in the sera and CSF. This suggestion
that steroids may not be effective in preventing anti-AAV NAb responses has been supported
by recent data investigating AAV9 gene therapy. Here, AAV9 vectors were used to transfer
gigaxonin into the CNS of cross-reactive immunologic material (CRIM)-negative giant axonal neuropathy patients, and a combination of methylprednisolone, prednisone, tacrolimus
and rapamycin was used. Anti-AAV9 NAbs were still observed in the sera and CSF, however,
after vector infusion, in spite of the fact that the combination of immunosuppressants was ef-
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fective at preventing inflammation (pleocytosis; elevated CSF lymphocyte counts) [54]. This
is possibly in accordance with clinical studies investigating AAV gene transfer to the retina
reviewed above in which some patients developed NAb responses in the absence of intraocular
inflammation.
Recently, small molecule immunosuppressants have been modified to improve their properties in vivo. In a study utilising non-human primate and mouse models, rapamycin was
encapsulated in polylactic acid nanoparticles, termed SVP rapamycin (rapa). SVPrapa was
found to prevent anti-AAV cellular and humoral immune response induction, thereby permitting readministration of the vector, when co-administered with the initial injection of AAV.
The drug mitigated antigen-specific activation of T-cells and B-cells, prevented CD8+ T-cell
infiltration into the liver, and inhibited memory T-cell responses. Interestingly, the authors
showed that the adoptive transfer of splenocytes from treated to naiive mice transferred the
immunomodulatory properties of SVPrapa. They then demonstrated that anti-CD25 antibody
depletion partially rescued SVPrapa’s effect on anti-AAV8 IgG levels, suggesting that Treg
cells may be involves in the mechanism-of-action [191].

1.7.3

Overcoming humoral immune responses to AAV - the need for a
comprehensive approach

The studies discussed above highlight the possible challenges of circumventing humoral
immune responses to AAV. It is clear that some approaches have shown promise in preclinical
models and human patients. However, effective strategies to overcome pre-existing NAbs and
prevent the induction of humoral immunity against AAV gene therapies are still under development. Here a comprehensive strategy that could be used to circumvent both pre-existing
and induced humoral immunity to AAV is outlined. This aims to provide a framework for future investigations in the field so that robust and repeatable vector administration to previously
untreatable patients is possible.
To completely eliminate pre-existing humoral immunity against AAV, especially if a patient presents with a high NAb titre, may require a combinatorial approach. AAV-specific
plasmapheresis may initially be used to reduce NAb titres, followed by a vector infusion incorporating a novel vector with either (i) mutated capsid epitopes (via a random or computational
approach) or (ii) NAb-resistant chemical modifications or (iii) a combination of both. The
inclusion of decoy capsids may also be utilised to sequester any NAbs that were not cleared
by plasmapheresis. In conjunction, a combination of broad-acting small molecule immunosuppressants may be administered perioperatively, along with a T- or B-cell targeted peptide
immunotherapy approach to induce antigen-specific tolerance to an AAV antigen and prevent
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the induction of anti-AAV NAbs that may arise to certain gene therapies.
This example, whilst hypothetical, demonstrates the range of possible solutions currently
under investigation and highlights the need for a range of approaches to ensure efficient and
repeatable vector administration to target organs. However, there is a need for more research
into what combination of possible solutions provides maximal benefit depending on the target organ and route of administration. Further studies are also needed to establish safety and
efficacy profiles of novel vectors in particular, which will require regulatory approval before
routine clinical use is feasible. In the future, a library of FDA-approved, antigenically-distinct
engineered AAVs with highly specific tissue tropisms would likely be beneficial, which may
enable repeated ’swapping’ of vector capsids for a particular therapeutic construct to overcome pre-existing and/or induced humoral immunity whilst ensuring robust and tissue/cellspecific transduction. Here, high-throughput NAb assays could enable selection of an AAV
variant from a library that is resistant to neutralisation by a particular patient’s sera. A peptide scanning based-approach [192] could even be used to subsequently identify epitopes on
the selected capsid, allow rational mutagenesis of these regions and ensure maximal resistance of the engineered virion to neutralisation and facilitate ’individualised’ gene delivery to
a particular patient based on a thorough characterisation of their NAbs.
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Figure 1.2: Possible approaches to enable repeated gene transfer

Top panel: an individual with a high pre-existing NAb titre that results in neutralisation of conventional
AAV serotypes in the absence of immunomodulation. Bottom panel: Pre-existing NAbs are depleted
and immunomodulation is used to reduce induction of anti-AAV NAbs post-administration. Patient
sera is extracted and used to screen an AAV library for NAb-resistant and target tissue-tropic clones.
This enables repeated gene delivery to multiple organs in a patient presenting with multiple morbidities. AAV, adeno-associated virus; BP, bipolar cell; IS, immunosuppression; PR, photoreceptor; RGC,
retinal ganglion cell; RPE, retinal pigment epithelium; NAb, neutralising antibody.
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Conclusions

1. AAV is a promising vector for delivering therapeutic genes to diseased cells. Although
a number of clinical trials have shown that AAV is a safe and effective vehicle for gene
therapy, the deleterious role of NAbs remains a significant barrier in a proportion of
treated individuals.
2. Pre-existing NAbs limit the efficiency of gene transfer to the cells being targeted with a
potential negative impact on treatment efficacy. This is an especially important consideration for strategies that involve intravenous AAV infusions into the circulation where
very low or even undetectable NAb titres may completely abolish transduction of the
target tissues. Injections of AAV into skeletal muscle and the CNS, including the retina,
also appear to be partially limited by pre-existing NAbs.
3. After vector administration, an increase in AAV NAbs have been documented in some
individuals recruited into clinical trials investigating muscular, hepatic and neurological
disorders. In the ocular compartment, the increased NAb titres observed after IVT or
SRT does not appear to be clearly correlated with the vector dose or baseline NAb titre.
Interestingly, intraocular inflammation appears to be more common in those individuals
who do exhibit significant increases in NAb titres. More research is, therefore, needed
here to understand why this particular subgroup exhibit greater NAb responses with
early evidence pointing towards AAV reactive T-cells playing a role in these seronegative individuals. The longevity of the therapeutic effect of AAV vectors in individuals
with intraocular inflammation could be monitored with long-term follow-up, as this
group may be most at risk of CD8+ T-cell clearance of transduced cells and eventual
loss of efficacy.
4. Circumventing AAV NAbs to enable repeated dosing to multiple organs will require a
comprehensive strategy capable of overcoming both pre-existing and induced humoral
immune responses. More research is also required to understand whether prophylactic steroid administration prevents NAb induction, and the application of other T-cell
and B-cell immunomodulators to block this critical step could also prove beneficial.
To overcome pre-existing high titre of NAbs, the potential application of plasmapheresis and decoy capsids require further evaluation. Utilising patient sera to select NAb
resistant clones from a capsid library, followed by rational mutation of capsid epitopes
could prove a useful strategy in the future, enabling targeted gene delivery to a particular
individual.
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The analysis undertaken in Chapter 1 provided a detailed review of the role of pre-existing
and induced NAbs in response to intraocular delivery of AAV2 gene therapy vectors, with
a focus on the outcomes of clinical studies. The conclusion of this assessment was that a
comprehensive, multifaceted strategy may be required to circumvent anti-AAV2 antibody responses, that could be used to enable repeated gene transfer to the eye. This latter point may be
useful in a number of scenarios. For instance, (i) to deliver several different therapeutic constructs to the eye to tackle a disease with a complex molecular pathophysiology, (ii) to increase
the therapeutic effect if the benefits of the first gene therapy injection decline over time, (iii)
to ensure safe and effective readministration to the contralateral eye, or (iv) to enable titration
of vector dosages to a patient via sequential administration of AAV until a therapeutic effect
(or unwanted side effects) are observed. Considering the need to develop a comprehensive
strategy to overcome AAV NAbs, this thesis sought to test several possible approaches that
could be used to circumvent humoral immune activation in murine models.
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Can capsid mutagenesis reduce anti-AAV2 NAb titres?

First, mutation of AAV2 at key residues termed phosphodegrons was assessed as a possible means of reducing anti-AAV2 NAb synthesis following injection to the vitreous cavity by
enabling robust transduction at a lower vector dose. The key research questions addressed in
this chapter were:
1. How is transduction of the retina altered via incorporation of phosphodegron mutations?
2. What changes in NAb and TAb levels are observed after IVT of phosphodegron mutant
AAV2 vs. wild-type capsids?
3. Is there a change in the levels of T-cell infiltration after injection of mutant and wild-type
vectors?
4. Does the incorporation of phosphodegron mutations affect splenic lymphocyte populations?
5. Is microglia, Muller glia and astrocyte activation affected by the injection of phosphodegron mutant AAV2 vs. wild-type capsids?
6. Do the selected mutant residues lay proximal or distal to the primary receptor attachment
sites of AAV2, and how might this affect binding affinity to the primary receptor and
anti-AAV2 NAbs?
7. Is the injection of phosphodegron mutant AAV2 capsids via IVT associated with electrophysiological perturbations or structural damage in the retina?
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Is perioperative administration of glucocorticoid immunosuppressants sufficient to circumvent generation of antiAAV2 NAbs and enable repeated gene transfer?

Next, the effect of a small molecule glucocorticoid immunosuppressant drug, prednisolone,
was assessed in the context of reducing immune activation in response to repeated bilateral
IVTs of AAV2. The key research questions addressed in this chapter were:
1. How does administration of prednisolone affect generation of NAbs and TAbs in response to AAV2 IVTs?
2. What is the underlying cellular mechanism by which prednisolone attenuates antibody
responses in terms of modulating splenic lymphocyte populations?
3. Does prednisolone impact the infiltration of CD4 and CD8 T-cells into the retina, or the
activation of microglia cells?
4. Is prednisolone monotherapy sufficient to lift the blocking effect imposed by anti-AAV2
NAbs and enable repeated gene transfer?
5. Is the repeated bilateral IVT of AAV2 associated with elecrophysiological changes in
the retina, and is this changed by prednisolone treatment?
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Vector production

To create AAV2 capsids with phosphodegron mutations, pRep2/Cap2 was mutagenised
by Vector Biolabs (293 Great Valley Pkwy, Malvern, PA 19355, United States). Mutant plasmids were maxiprepped, then sequenced by Sanger sequening (Department of Biochemistry,
University of Cambridge) to ensure the correct mutations had been incorporated. AAV2 and
capsid mutant AAV2 vectors were manufactured at ViGene Biosciences (9430 Key West Avenue, Suite 105, Rockville, MD 20850, USA). For AAV2 manufacturing, a standard triple
plasmid transfection protocol was used (pAAV-sCAG-GFP, pHelper, pRep2/Cap2). Vectors
were extracted from HEK293T cells via repeated freeze-thawing, purified using iodixanol
gradient ultracentrifugation and suspended in phosphate-buffered saline (PBS).

3.2

Cell culture and viral transductions

HEK-293T cells were cultured on poly-L-lysine (10µg/mL; Sigma Aldrich) coated plates.
Cells were incubated in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) until 80% confluent. For
transduction with vectors, cells were washed with PBS, then incubated with vectors diluted to
stated concentrations in serum-free DMEM. Cells were passaged in T75 flasks in a 37C 5%
CO2 incubator Media was replaced every two days and cells were split 1:10-1:20 when they
had reached 80-90% confluency. Cells were counted using haemocytometry with trypan blue
live dead staining, and cultures were only used for experiments if viability exceeded 90%. To
determine the efficiency of cellular transduction, HEK239T cells were detached with TrypLE
(Thermo Fisher, Cat Number: 12604013) for 5min in the incubator. The TrypLE was deactivated by addition of DMEM +10% FBS +1% P/S, and cells were centrifuged at 300RCF
for 5min. The supernatant was aspirated and the remaining pellet was fixed in 150 µL 4%
paraformaldehyde (PFA). To assess the number of transduced GFP+ cells, an Acurri C6 flow
cytometer was used. Forward (FSC) and side scatter (SSC) gating was used to identify an approriate population for analysis (no large clumps of cells or cellular debris). An FSC/FITC-A
gate was used to identify GFP+ cells, and the population with a FITC-A fluorescent intensity
of >10^4 RFUs was deemd to be expressing GFP. These settings were applied with assistance
from a senior technician from the Addenbrookes Phenotyping Hub. Analysis of the percentage of GFP+ cells was undertaken using BDFacs software. To determine the neutralisation of
wild-type and mutant AAV2 capsids in the presence of heparan sulphate (HS), 4,000 AAV2
GC/ng HS was mixed and incubated at room temperature for 1h before addition to HEK293T
cell cultures. This stoichiometry was used to account for the fact that some of the AAV2 mu-
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tant capsids yielded higher transduction rates, therefore, equitably lower concentrations of HS
and AAV2 (or capsid mutant) were used as appropriate. This is important as the linear range of
detection (MOI : % GFP+ cells) of cellular transduction with viruses is 1-20%, meaning that,
if a mutant capsid was used that exceeded these values, determination of remaining infectivity
would not be accurate. The importance of ensuring viral transduction experiments remained
within the linear range of detection was highlighted by Dr. Will McEwan (Department of
Clinical Neurosciences, University of Cambridge). To study the neutralisation of wild-type
and mutant AAV2 capsids by anti-AAV2 NAbs, a similar experimental design was employed.
Wild-type, Y444F/K556E/S662V, and triple mutant (TM) AAV2 were incubated with antiAAV2 NAb containing sera (samples from mice previously injected with AAV2 intravitreally)
for 1h before addition to HEK293T cell cultures, and equitable dilutions of vector and sera
were made to ensure the level of transduction remained within the linear range of detection.
To assess differences between groups, the remining infectivity (I/I0 ) was calculated by normalising the values for neutralised wild-type and mutant AAV2 to no-sera or no-HS control
groups.

3.3

Neutralising antibody assays

HEK-293T cells were seeded at 10,000 cells per well in white-walled, clear-bottomed 96well plates (Sigma Aldrich) and used in the neutralising antibody (NAb) assay when 80% confluent. Blood sera samples were collected via saphenous vein bleeds or cardiac puncture into
red capped tubes, allowed to clot overnight at 4C, then centrifuged at 300RCF. The resulting
supernatant was designated sera and stored at -20 until further use. Two- or three-fold serial dilutions of serum samples were prepared in DMEM in a 96-well plate. AAV2.CMV.Luciferase
was added to a final concentration of 1E9 GC (genome copies)/mL, and incubated for 1h to
allow the anti-AAV NAbs to bind to the vectors. Sera-AAV mixtures (100µL) were then transfered to the HEK-293T cultures and incubated for 24h. Luminescent signal was detected by aspiring the media and adding 25µL of ProMega BrightGlo assay substrate (Cat Num: E2610),
covering the plates with foil and incubating for 5min. Luminescence was recorded using a
FLUOstar Omega plate reader with gain adjustment set to 5%. In these assays, each plate
had a eight no sera controls (positive control) and eight no AAV2.CMV.Luciferase control
(negative control). An average background was subtracted from the negative control groups
and used for blank-correction. Each value was then normalised to the average positive control
value for a given plate, which allowed calculation of remaining infectivity (I/I0 )[193].For data
analysis, IC50 (dilution of sera that yielded a 50% reduction in the luminescent signal) was
calculated using variable-slope non-linear regression functions. Recommended GraphPad set-
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tings were used. To ensure goodness of fit, R2 values were also recorded and all these were
>0.98. Area-under-the-curve (AUC) was also calculated to corroborate IC50 analyses.
To validate the NAb assay, a serial dilution of AAV2.CMV.Luciferase was performed between 5E9 GC/mL and 7.81E7 GC/mL (multiplicity-of-infection (MOI; GC/cell) from 50,000
to 78). The assay demonstrated a very low background to noise ratio (8:98,743 relative luminescence units (RLUs).
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Figure 3.1: Validation of AAV2.CMV.Luciferase-based NAb asssay
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Validation of AAV2.CMV.Luciferase-based NAb assay. Graphs show an average of duplicate datapoints.
(a) Serial dilutions of AAV2.CMV.Luciferase (not background corrected) demonstrate low background
to signal ratio.
(b) Addition of anti-AAV2 NAb-containing sera reduces remaining infectivity in the assay, measured
as a reduction in the luminescent signal.
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Total binding antibody assays

To assess total binding antibody (TAb) levels, an enzyme-linked immunosorbent assay
(ELISA) was used. 96-well plates were coated with 50µL 1E10 GC/mL AAV2.CAG.GFP for
2h at room temperature. AAV was aspirated and plates were blocked with a 5% milk powder
0.2% tween-20 solution for 2h at room temperature. Serum samples were diluted 1:2,000
(optimal dilution calculated below) in the blocking solution and added to the wells in a 100µL
volume. Plates were incubated overnight at 4C, followed by one wash in blocking solution
and two washes with tris-buffered saline (TBS). Horse raddish peroxidase (HRP)-conjugated
secondary antibodies (a kind gift from Dr. Andrew Sage; University of Cambridge Department
of Surgery) were diluted to a final concentration of 1:50,000 in TBS, added to the wells at a
100µL volume, and incubated for 2h at room temperature. Plates were washed three times
with TBS, followed by addition of 50µL 3,3’,5,5’-tetramethylbenzidine (TMB) substrate, and
a 30min incubation at room temperature. Signal detection was performed on a FLUOstar
Omega plate reader, measuring absorbance at 650nm. All values were background-subtracted
from negative control wells (wells containing no sera). To reduce intra-plate variation, all
samples were run in duplicate. The coefficient of variation between replicates was 18.5% in
Chapter 4 and 9.5% in Chapter 5. In this thesis, one isotype was assessed per plate to reduce
the impact of inter-plate variability, however, additional controls could have been included to
further increase the reliability of the assay.
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Figure 3.2: Validation of TAb assays
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Validation of TAb assays. These experiments highlighted a 1:2,000 dilution as appropriate for these
assays. Anti-AAV TAb-containing sera is a sample derived from an animal who received a high titre
injection of AAV2 intravitreally.
(a) Addition of anti-AAV TAb-containing sera induces higher signal than sera from PBS injected animal. Background signal from secondary antibody only controls was also low.
(b) Dose response for IgG in the presence of serially diluted anti-AAV TAb containing sera.
(c) Dose response for IgM in the presence of serially diluted anti-AAV TAb containing sera.
(d) Dose response for IgG1 in the presence of serially diluted anti-AAV TAb containing sera.
(e) Dose response for IgG2b in the presence of serially diluted anti-AAV TAb containing sera.
(f) Dose response for IgG2c in the presence of serially diluted anti-AAV TAb containing sera.
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3.5

In silico modelling of AAV capsids and mutagenenised
residues

Throughout this thesis, AAV2 VP1 numbering is used to refer to specific residues. To
visualise VP3 AAV2 capsid monomer and oligomers in silico, 6ih9, a 2.8Å resultion cyroelectron microscopy-derived structure, was downloaded from the Protein Data Bank. Both
monomeric and oligomeric forms of 6ih9 were visualised using PyMol software. To depict
the mutated capsid residues used in this thesis, PyMol’s internal mutagenesis wizard was used.
The residue and the appropriate substitute residue was selected, then the correct rotameric
conformation of the mutated amino acid was chosen in accordance with PyMol’s suggestion.
Here, PyMol chooses the most appropriate rotamer based upon predicted interactions with
surrounding VP3 residues derived from the crystal structure/coordinate files, for instance, by
ensuring that two hydrophillic portions of adjacent amino acids are not in close proximity.
Mutated residues were coloured Y444F, red; K556E, green; S662V, yellow. Heparan binding
domains (HBDs; R484, R487, K532, R585, and R588) were coloured in blue. AAV receptor
binding domains (AAVR BDs; R471, D528, Q589, T592, S262, Q263, G265, A266, S267,
N268, H271, N382 and Q385) were highlighted in orange. To visualise AAV-DJ, 7kfr, a 1.56Å
cryoelectron microscopy-derived structure, was downloaded from the Protein Data Bank. To
analyse structural changes in variable region I (VR-I) between wild-type AAV2 and AAV-DJ,
VR-I sequences were selected and the root mean squared deviation (RMSD) was calculated
as follows. RMSD units are in angstroms (Å) and give a quantitaive indication of the degree
of structural similarity between two proteins or protein sequences, Where δ is the distance between a particular i atom and the mean position of the corresponding n atoms from the other
protein structure:
s
RMSD =

 
1 n
2
δ
∑
n i=1
i

To complement the visualisation of capsid residues in PyMol, a Radial Interpretation of Viral Electron Density Map (RIVEM) was also produced. This was undertaken by Dr. Suzanne
Scott at the University of Sydney. This programme reads atomic coordinates from Protein
Data Bank files, and converts the protein chosen residues onto a stereographic projection, that
is, a normally spherical 3D shape into a flat 2D shape.
In this thesis, an attempt was also made to use open source software to predict how our
mutagenesis strategy may affect the structure of AAV2 capsids. SWISS-MODEL was initially used but produced low Q-mean values (a score indicating how well the software thinks
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it has been able to determine the structure of a protein). Transform restrained (tr) Rosetta
(https://yanglab.nankai.edu.cn/trRosetta/) was then used which gave itself TM-scores (measure of confidence in reliability of the structure) ranging from “high” to “very high”. trRosetta
uses a deep residual neural network to predict inter-residue distance and orientations, which
are converted into smooth restrains, allowing trRosetta to build 3D protein structures using a
direct energy minimisation method.

3.6

Use of animals

All procedures performed on animals were approved by the UK Home Office in accordance with the UK Animals (Scientific Procedures) Act, and undertaken in accordance with
the Association for Research in Vision and Ophthalmology’s (ARVO) Statement for the Use
of Animals in Ophthalmic and Visual Research. To collect tissues, mice were sacrificed using the Schedule 1 method of cervical dislocation, or asfixiation in a CO2 chamber if cardiac
puncture was performed.

3.7

Intravitreal (IVT) vector injection

Adult, male C57BL/6 mice were procured from Charles Rivers Laboratories. For anaesthesia, 50mg/kg ketamine and 10mg/kg xylazine were delivered through intraperitoneal (IP)
injection. An eyedrop of 1% tetracaine solution (Bausch & Lomb) was also used as a local
anaesthetic. Pupils were dilated with an eyedrop of 1% tropicamide to visualise correct placement of the needle in the vitreous. To visualise the IVT procedure, a 40x objective microscope
was used, and a strong light source. Vectors were thawed and diluted in sterile PBS to obtain
the desired vector concentration in 2µL solution. 2.5µL was pipetted onto the bottom on a
petri dish to make sure that exactly 2µL could be drawn into the Hamilton syringe. Colibri
forceps were used to position the mouse eye so that the sclera could be seen clearly. A 5L
Hamilton Syringe (#65RN; Needle: 33G, 8 mm, point style 2, Hamilton Company) was used
to puncture the sclera approximately 1mm posterior to the superior-temporal limbus and inject
the vector solution into the vitreous. Solution was injected slowly over a 30 second period to
prevent sudden increases in intraocular pressure. The cornea was then punctured with a 30G
needle to limit reflux of the injection solution from the site of injection. Animals were recovered in a warm cabinet and monitored every 15 minutes until fully recovered, using lacrilube
to ensure the eyes did not dry out. Eyes would be excluded from analysis if (i) the injection
score was graded ‘poor’ e.g. due to significant reflux of injected solution, or (ii) a cataract
developed.
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Retinal wholemounts

Eyes were enucleated, taking care to avoid punturing the eye, and removing all fat and
muscle from the sclera. The cornea was punctured with a 25g needle to allow more fixative
to enter the eye cup. Samples were immersed in ice-cold 4% PFA for 24h. Under a dissecting microscope, the cornea was pinched with microforceps, and microdissecting scissors were
used to remove tthe cornea by cutting carefully along the limbus. The lens was removed and
the retina was carefully dissociated from the eye cup using forceps. Four incisions were then
made from the peripheral retina to within 0.5mm of the optic nerve head to allow the retina to
flatten. To stain retinas, samples were washed three times in PBS, then blocked/permeabilised
in 10% normal goat serum (NGS) 0.5% Triton X100 for 1h at room temperature. Primary
antibodies were diluted to the concentrations stated below in 5% NGS 0.5% Triton X100 and
incubated with retinas overnight at 4C on a slow rocker. When staining for IBA1 however,
primary antibodies were incubated for 48h at 4C to allow the antibodies to permeate deeper
into the retinal layers. Samples were washed three times in PBS for 10min (1h for IBA1 staining), then goat secondary antibodies were diluted to a 1:1,000 concentration in 5% NGS 0.5%
Triton X100 and incubated with samples for 2h at room temperatre. Retinas were washed
three times in PBS, then mounted onto Superfrost Plus slides (VWR; Cat Number: 631-0108)
using a nitrocellulose membrane (Merck Millipore; Cat Number: AABG01300) with RGCs
facing upwards. Any remaining PBS on the slide was removed using filter paper, and Fluosave mounting media (VWR; Cat Number: 345789-20) was added around the samples. A
glass coverslip was carefully placed on top to avoid generating airbubbles. To obtain tilescan images of the whole flatmounted retina, a Leica DMi8 microscope was used and set to a
20x objective. An SPE confocal microscope equipped with a 20x magnification (Leica Microsystems) was used to obtain high magnification images. For quantification, eight images
per retina were taken, four from the peripheral retina and four from the middle/central retina
from each quadrant of the sample. To obtain representative images, an SPE confocal was used
at 40x objective, however when obtaining representative images of GFAP, a Zeiss Airyscan
superresolution confocal was used. Acquisition settings such as frame averaging, resolution,
section thickness etc, were chosen as appropriate for quantification and representative images.

3.9

Retinal cryosections

Following enucleation, the cornea was punctured with a 25g needle to allow more fixative
to enter the eye cup. Eyes were immersed in 4% PFA for 24h at 4C, dehydrated in 30% sucrose
for 24h at 4C, and embedded in optimal cutting temperature compound (OCT; Sakura Finetek
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Cat Number: 4583). 13µm tissue sections (through the dorsal-ventral/superior-inferior axis
of the retina) were prepared using a Bright OTF 5000 cryostat (Bright Instruments) and Superfrost Plus slides (see above), and stored at -20C until further use. Samples were thawed at
room temperature for 2h to prevent loss of tissue from the slides. Sections were washed three
times in PBS for 5min to remove the OCT. For some staining procedures (see table below),
citrate buffer-mediated antigen retreival was used. A 100x stock of citrate buffer (AbCam;
Cat Number: ab93678) was diluted in PBS and heated to 90C in a waterbath. Slides were
placed into the buffer in glass coplin jars for 30min, removed from the buffer and allowed to
cool at room temperature for 5min, then washed twice in PBS to dilute residual citrate buffer
before proceeding with the staining protocol. PBS was carefully removed from the slides with
filter paper to allow application of the ImmuneEDGE (Vector Labs; Cat Number: H-4000)
wax pen around the edge of the slides (three times to maximise retention of buffers on the
slide). Tissue sections were blocked and permeabilised with 10% NGS, 0.5% Triton X-100
and 0.5% bovine serum albumin (BSA) diluted in PBS for 1h at room temperature. Primary
antibodies were diluted to the concentrations stated below in 5% NGS, 0.5% Triton X-100
and 0.5% BSA, and incubated with sections overnight at 4C, without agitation to reduce loss
of buffer/solutions from the slide. Samples were washed three times with PBS for 10 mins,
then incubated with goat secondary antibodies at a 1:1,000 concentration, and DAPI diluted
at 1:5,000, for 2h at room temperature. Slides were washed three times in PBS for 10 mins,
and filter paper was used to remove any remaining PBS. Fluosave mounting media was applied, and glass coverslips placed gently on top, taking care to avoid creating airbubbles. For
imaging, a Leica DM6000 epifluorescent microscope set to a 20x objective was used to obtain
eight images per sample for quantification of fluorescence intensity. A 40x objective was used
to obtain representative images.
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List of antibodies used for immunohistochemical analysis
Table 3.1: List of antibodies used for immunohistochemical analysis

Target

Species

RBPMS Guinea pig
CD4
Rabbit
CD8
Rabbit
IBA1
Guinea pig
GFAP
Rabbit
MHC c. II
Rat
GFP
Rabbit
mCherry
Mouse

Supplier

Catalogue Number

Dilution

PhosphoSolutions
AbCam
AbCam
Synaptic Systems
Dako Omnis
Thermo Fisher
AbCam
AbCam

1832-RBPMS
ab183685
ab217344
234 003
Z0334
14-5321-82
ab290
ab167453

1:500
1:300
1:500
1:500
1:500
1:200
1:1,000
1:500

Antigen
Retrieval
No
Yes
Yes
No
No
No
No
No
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Quantification of immunohistochemisty data

3.11.1

GFP+ RBPMS+ cells in retinal wholemounts

66

This assessment was undertaken in Volocity software. First, RBPMS+ regions-of-interest
(ROIs) were identified using ’threshold’ and ’identify objects’ functions. Size and circularity
parameters were adjusted until the software could accurately recognise RBPMS+ ROIs. A
’watershed’ function was also applied to divide closely spaced RBPMS+ ROIs (for example,
splitting a single ROI into three distinct RBPMS+ retinal ganglion cells). The mean GFP
fluorescence intensity within each RBPMS+ ROI was then calculated. An RBPMS+ ROI
with a GFP mean fluorescence intensity of greater than 5 relative fluorescence units (RFUs)
was deemed GFP+. This analysis enabled quantitation of the number of GFP+ RBPMS+
ROIs/field-of-view (FOV) and the mean GFP fluorescence level in each RBPMS+ ROI.

3.11.2

GFP, IBA1, RBPMS levels in cryosections

Quantification of these markers in images of retinal cryosections was performed in ImageJ. A threshold was applied to convert the 8-bit files into binary images. If applicable (for
instance, with high a background signal in the outer segments of the photoreceptor cell layer)
the freehand tool was used to select the area in which the fluorescence intensity would be
calculated. Integrated density was measured to determine the fluorescent signal. When appropriate (datasets with no background signal in the photoreceptor outer segments) a Macro script
was written to expedite the analysis process. An example script is given below. The threshold
settings would be adjusted for different datasets/stains.
run("Threshold..."); setThreshold(80, 255); setOption("BlackBackground", true); run("Convert
to Mask"); run("Measure");

3.11.3

CD4 and CD8 levels in retinal cryosections

To assess the infiltration of CD4 and CD8 cells into the retina, images were thresholded
and the number of CD4 or CD8 ROIs/FOV was determined using the ’Analyse Particles’ function. Size and circulatory parameters were optimised for a particular dataset until the software
could accurately identify individual cells. A Macro script was used to expedite the data acquisition process, an example of which is given below. Note that the ’theshold’ settings were
different for CD4 and CD8 analyses given the differences in background staining between
these datasets.
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run("Threshold..."); setThreshold(60, 255); setOption("BlackBackground", true); run("Convert
to Mask"); run("Analyze Particles...", "size=20-250 circularity=0.30-1.00 display clear summarize");

3.11.4

GFAP+ Muller Glia in retinal cryosections

To quantify GFAP+ Muller glia immunofluorescence in retinal cryosections, an ImageJ
plugin, Simple Neurite Tracer (SNT) was used. This was to ensure that this assessment was
selective for GFAP+ Muller glia and that the presence of GFAP+ astrocytes in the retinal
ganglion cell layer did not affect interpretation of the results (for instance, by quantifying all
GFAP immunoreactivity in a given FOV). SNT was used to trace all visilble GFAP+ fibril in
a particular image. This process was done manually due to the lack of a soma region which
some programmes can use to automatically trace dendritic processes. SNT calculated the
length of each GFAP+ fibril and the fluorescence intensity of each fribil.

3.11.5

GFAP+ astrocytes in retinal wholemounts

To assess changes in the morphology of GFAP+ astrocytes, images were thresholded and
skeletonised in ImageJ. The properties of the skeleton were analysed using the ’Summarize
Skeleton’ function which calculates multiple parameters, including the number of junctions
(where two lines in the skeleton meet) and the number of quadruple points (where four lines
intersect at a single node). To expedite this analysis, a Macro script was used:
run("Threshold..."); setThreshold(70, 255); setOption("BlackBackground", true); run("Convert
to Mask"); run("Close"); run("Remove Outliers...", "radius=2 threshold=50 which=Bright");
run("Skeletonize (2D/3D)"); run("Summarize Skeleton");

3.12

Electroretinography

Electroretinography (ERG) was peformed using a Diagnosys ColorDome LabCradle machine. Mice were dark adapted in a closed cabinet for 18-24h before the ERG procedure. All
ERG was done in a dark room with all light sources covered and head torches with red lights
(covered with tape to reduce light intensity) to ensure maximum dark adaptation. For anaesthesia, 50mg/kg ketamine and 10mg/kg xylazine were delivered through IP injection. An
eyedrop of 1% tetracaine solution was used as a local anaesthetic to stop the mice blinking
during administration of dilating agents. Pupils were dilated with an eyedrop of 1% tropicamide and 2.5% phenylephrine hydrochloride. Mice were placed back into the dark cabinet
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during this time to reduce exposure to ambient light. Before placement of electrodes, eyes
were checked for cataracts or red reflux, which would result in exclusion of that particular
eye. The presence of dilating drops on the eye after this step was also checked to ensure maximum dilation of the pupils. Eyes that did not have a drop after this step (for instance, if the
mouse had blinked) had the drops reapplied and were placed back into the dark cabinet for an
additional five minutes. Prior to placement of electrodes, eyes were thoroughly dried with a
cotton wool swab (moisture on the eyes can cause interference with the ERG). A grounding
electrode was placed into the tail, and the reference electrodes were placed around the eyes.
Here, care was taken to ensure the head of the mouse was completely level, as imbalances
affect the ERG signal. The recording electrodes were then placed very gently onto the apex
of the cornea (indentations will affect the ERG signal). A small drop of lacrilube was then
applied to the cornea using a 1mL syringe/30g needle to couple to the recording electrodes
to the eye. After a 30 second period, a test flash was used to assess whether the coupling of
the electrodes had been successful. Electrodes would be removed and placed back onto the
eyes if there had been an issue. Each mouse would receive three test flashes to ensure equal
dark adaptation between groups/samples. Before running the ERG protocol, a 4.5min pause
in the procedure was applied to ensure maximum dark adaptation. The protocol used had 17
steps, including 7 positive scotopic threshold responses (pSTRs; measure of retinal ganglion
cell function), 4 B-waves (rod bipolar cell function) and 4 A-waves (rod photoreceptor function). For data analysis, representative pSTR (7th pSTR), B-wave (4th B-wave) and A-wave
(4th A-wave) waveforms are shown, across an entire recording period (400ms). Peak voltage
(µV) was also measured across all light intensities tested, which was defined as the maximum
(pSTR and B-wave) or minimum (A-wave) voltage values across a recording.

3.13

Flow cytometry

All flow cytometry (including tissue extraction, processing, staining, cytometry, and data
analysis) of splenic samples was performed by Dr. Andrew Sage (Department of Surgery,
University of Cambridge). Spleens were processed into a single cell suspension by passing
through a 70µm cell sieve using a syringe plunger. Red blood cells were first lysed with ammonium chloride RBC lysis buffer, and then 1-2x10^6 cells were stained with a cocktail of
fluorescently-tagged antibodies and a live-dead stain (Zombie aqua, Biolegend). After washing, cells were fixed with formaldehyde solution (BD Cellfix) and filtered through a 30µm
filter before analysis on a LSRII Fortessa flow cytometer (BD). Prior to antibody gating, live
single cells are gated based on FSC, SSC and negative live-dead staining. A list of the antibodies used for these analyses is given below. Spleen cells stained with single antibodies
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were used to set PMT voltages and create a compensation matrix in FACSDiva software before acquisition of main samples. Example flow plots for key cell populations are provided in
Appendix Figure A1.
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Table 3.2: List of antibodies used for flow cytometry
Target
CD19
IgM
IgD
CD95
GL7
MHC c. II
CD3
CD4
CD8
CXCR5
PD-1
CD44
CD62L
CD25
CD11c
CD8a
CD11b
XCR1
SiglecH

Fluorophore
BV650
APC
PerCPVio700
PE-Cy7
eF450
APCVio770
AF488
AF700
PerCP
PE
PE-Cy7
BV605
PacBlue
APC
PE-Cy7
PerCP
AF488
APC
PE

Clone
6D5
II/41

Supplier
Biolegend
Thermo Fisher
Miltenyi
Jo2
BD Biosciences
Ly-77
Biolegend
Miltenyi
145-2C11
Biolegend
RM4-5
Biolegend
53-6.7
Biolegend
L138D7
Biolegend
4B12
Biolegend
1M7
Biolegend
MEL-14
Biolegend
PC61
Biolegend
N418
Biolegend
53-6.7
Biolegend
M1/70
Biolegend
MPC-11
Biolegend
Miltenyi
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Statistical analyses

To confirm that the correct statistical tests had been chosen, the author of this thesis contacted the Statistical Laboratory, Centre for Mathematical Sciences, University of Cambridge,
who confirmed that proper statistical analyses had been applied to the datasets. First, the normality of distribution was assessed with a Shapiro Wilk test. If the data did not meet this
assumption, non-parametric Kruskal-Wallis and Dunn’s posthoc tests to assess more that two
groups, or a Mann-Whitney test to compare two groups. The homogeneity of variance was
also assessed, and for data that was normally distributed but exhibited heteroskedasticity, a
Brown-Forsythe ANOVA and Dunnett’s T3 posthoc test was used to compare more than two
groups, and a Welch’s t-test to compare two groups. If datasets were normally distributed
and exhibited homogeneity of variance, ordinary one-way ANOVA and Tukey or Dunnett’s
posthoc tests (more than two groups) or a Student t-test (two groups; two-tailed, unpaired)
was used.

Chapter 4
Immunology of a rationally-designed AAV
capsid mutant in the ocular compartment
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Chapter synopsis

The injection of AAV into the eye via the intravitreal (IVT) route is known to elicit an
immune response that may limit therapeutic efficacy and pose safety concerns for patients. In
this chapter, AAV2 was mutated at certain residues termed phosphodegrons, which have been
posited to limit cytosolic degradation of virions, and reduce capsid antigen presentation via
major histocompatibility complex class I (MHC c. I). These mutations have demonstrated two
effects: (i) an increase in transduction of infected cells; and (ii) reduced CD8 T-cell-mediated
killing of transduced hepatocytes in a rag-/- mouse. The objective of this chapter was to assess
whether the incorporation of phosphodegron mutations into AAV2 could be used to circumvent anti-capsid immune responses by enabling robust transduction at a low vector dose. In
fact, increased activation of the cellular and humoral arms of the adaptive immune response,
in addition to innate immune activation was observed with the mutant capsids vs. wild-type
AAV2. A slight attenuation of binding affinity to AAV2’s primary attachment receptor, heparan sulphate proteoglycan (HSPG), was also observed. Mechanistically, it was suggested
that, in accordance with similar publications in the literature, reduced sequestration of capsids in HSPG-rich extracellular matrices may increase cellular infection levels, particularly of
microglia cells, which may be linked to increased anti-viral immune responses. In summary,
this chapter identified novel aspects of immune activation arising from IVT of phosphodegron
mutant AAV2 capsids, but suggests that these may not be a suitable approach to circumvent
anti-AAV2 immune responses in the eye, and enable repeated gene transfer to the inner retina.

Immunology of a rationally-designed AAV capsid mutant in the ocular compartment

4.3

75

Introduction

AAV2 has achieved a number of successes in the clinic, most notably with the FDA granting approval to Luxturna (AAV2 targeting RPE65 mutations) and Zolgensma (AAV9 targeting
SMA1 mutations) [24]. Compared to animal models, however, achieving robust transduction
whilst limiting activation of the immune response in humans is more challenging. For instance, after systemic administration of AAV2 expressing FIX, a robust CD8 T-cell response
was seen that cleared the transduced cells in haemophilia B patients [36]. To develop a possible solution to this problem, phosphodegron mutant AAV2 capsids have been described that
may limit presentation of vector antigen to cross-primed CD8 T-cells in transduced hepatocytes [194]. Here, a brief description of the pathway to transduction of a cell by an AAV vector
is given. AAV begins a cellular infection by binding to its primary receptor, heparan sulphate
proteoglycan (HSPG) on the cell surface. Through an unknown mechanism, this is thought
to facilitate interactions with proteinaceous receptors, such as the AAV receptor (AAV-R),
hepatocyte growth factor receptor (HGF-R), and fibroblast growth factor receptor (FGF-R),
although additional receptors will likely be identified in the future [12, 195, 196]. This facilitates the internalisation of viral particles via clathrin-mediated endocytosis. To transfer their
genome into the host cell’s, AAV must first ’escape’ from an endosome into the cytosol to
avoid degradation in a lysosome. Cytosolic AAV is trafficked to the nucleus, where it enters
via a nuclear pore, and the capsid protein uncoats (possibly due to a slight increase in acidity in
the nucleus). Thus, the AAV genome (containing the therapeutic gene of interest) is released
and exists as an episomal plasmid capable of expressing functional mRNA transcripts [15].

Immunology of a rationally-designed AAV capsid mutant in the ocular compartment

76

Figure 4.1: Mechanism of AAV2 cellular entry

Outline of AAV2 mechanism of cellular entry and nuclear transfer and proposed mechanism-ofaction for phosphodegron mutant AAV2. AAV2 binds to its primary receptor HSPG which induces
clathrin-mediated endocytosis. AAV2 escapes from the endosome, possibly using a region in its VP1u
monomers [197]. Some AAV2 capsids are trafficked to the nucleus and enter via nuclear pore complexes. The capsid then uncoats, possibly in a pH dependent manner, releasing its ssDNA genetic
payload into the target cell. Second strand synthesis occurs so that therapeutic gene expression is
driven from a dsDNA episome. Not every AAV2 vector that enters a cell will achieve nuclear transfer
of its genome, however. Some are phosphorylated by protein kinases, such as epidermal growth factor
receptor tyrosine kinase (EGFR-TK) and subsequently tagged for proteasomal degradation via ubiquitination. Antigenic capsid peptides are subsequently loaded onto major histocompatibility complex
type I proteins, which present viral epitopes to cytotoxic CD8+ T-cells.
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When inside the cytosol, AAV can be phosphorylated and ubiquitinated by host cell protein tyrosine kinases and ubiquitin ligases, which facilitates degradation of the capsid by the
proteasome, thereby preventing transduction. This occurs at specific residues, termed phosphodegrons, which can be mutated in order to inhibit cytosolic degradation of AAV, thereby
increasing transduction [198]. Considering the connection between proteasomal degradation
of capsid antigen and the presentation of epitopes to CD8 T-cells on MHC c. I, a triple phosphodegron mutant AAV2 capsid, AAV2 (Y444F, Y500F, Y730F) has been shown to reduce
killing of transduced hepatocytes by cross-primed CD8 T-cells in a mouse model [194]. Of
note however, the authors used a rag-/- mouse, which lacks T-cell and B-cell function and
therefore has dramatically reduced dendritic cell function which collectively limit the ability
of rag-/- mice to express antigen on MHC c. II and induce adaptive immune responses [199].
Further, the paper did not report on neutralising antibody (NAb) levels, nor activation of innate immune pathways. Considering the overarching objective of this thesis, repeated gene
transfer to the inner retina, it was asked whether phosphodegron mutant AAV2 could be used
to circumvent NAb production as a possible means of facilitating repeated vector injections
by enabling robust transduction at low vector doses.

Immunology of a rationally-designed AAV capsid mutant in the ocular compartment

78

Figure 4.2: Known biology of phosphodegron mutant capsids

AAV2 can be engineered to avoid phosphorylation, ubiquitination and proteasomal degradation via rational design. Here, regions of AAV capsids that are known to be either phosphorylated or ubiquitinated
by intracellular machinery can be mutated. This results in a higher rate of nuclear transfer and concomitant therapeutic gene expression. Reports have also suggested that the inhibition of proteasomemediated degradation of capsid antigens may in turn limit presentation of AAV epitopes to CD8 T-cells,
possibly reducing cytotoxic killing of transduced hepatocytes.
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Overview of study plan

A detailed description of the materials and methods used in this chapter is given in Chapter 2. An overview of the study plan and experimental design is given below. Briefly, mutations
were selected for analysis and used to manufacture AAV2 containing phosphodegron mutated
residues. Capsids were injected bilaterally (into both eyes) into wild-type C57BL6/J mice via
IVT. After three weeks, ERG was performed and samples were extracted for analysis.
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Figure 4.3: Overview of study plan for Chapter 4

Capsid phosphodegron mutations were selected and AAV2 rep/cap plasmids were mutagenised. The
triple plasmid transfection system was used to manufacture WT and mutant AAV2. Bilateral intravitreal injections into C57BL/6J adult male mice were performed. After a 3wk incubation period, blood
samples were taken for assessment of NAb levels. Eyes were enucleated, fixed and sectioned for immunohistochemical analysis. Electroretinography was performed to assess the possibility of functional
damage to the retina. Spleens were harvested, dissociated, stained, and analysed for changes in lymphocyte populations using flow cytometry.
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Results
Phosphodegron mutant AAV2 vectors induce higher levels of retinal transduction than wild-type AAV2 following intravitreal injection to the murine retina

Three previously described phosphodegron mutations were selected for assessment in
accordance with two criteria. First, in their capacity to increase transduction of target cell
types, and second, in that the functional viral titre was not affected by possible structural
perturbations due to changes to the AAV2 capsid structure [198, 200, 201].
The AAV2 phosphodegron mutants were tested in their ability to transduce the retina following intravitreal injection of 2E8 GC/eye. Injection of AAV2 (Y444F) resulted in a higher
percentage of GFP+ RBPMS+ regions-of-interest (ROIs) when compared to WT AAV2 (24.98
±4.41 vs. 2.72 ±1.05% SEM; p < 0.001). Increases in mean fluorescence intensity (measured
in relative fluorescence units, RFUs) per RBPMS+ ROI were also observed (20.93 ±1.80 vs.
5.02 ±1.62 RFUs SEM; p < 0.0001). Injection of AAV2 (K556E) resulted in increases in the
percentage of GFP+ RBPMS+ ROIs compared to WT AAV2 (19.35 ±2.79 vs. 2.72 ±1.05%
SEM; p < 0.01), and the mean GFP fluorescence intensity per RBPMS+ ROI (16.50 ±2.00 vs.
5.02 ±1.62 RFUs SEM; p < 0.001) was also seen in comparison with mice receiving intravitreal injections of WT AAV2. Injection of S662V resulted in an elevated percentage of GFP+
RBPMS+ ROIs/FOV vs. WT AAV2 injections (13.73 ±1.69 vs. 2.72 ±1.05% SEM; p < 0.05).
Mice receiving S662V injections also exhibited increased mean GFP fluorescence intensity
per RBPMS+ ROI (15.10 ±1.15 vs. 5.02 ±1.62 RFUs SEM; p < 0.01). Assessing GFP immunoreactivity in all RBPMS+ ROIs, similar trends were apparent where all phosphodegron
mutant AAV2 vectors increased transduction vs. WT AAV2 controls. In summary, all selected
phosphodegron mutant AAV2 vectors exhibited greater levels of transduction of the murine
retina following IVT.
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Figure 4.4: Phosphodegron mutant AAV2 vectors induce higher levels of retinal transduction
than wild-type AAV2 following intravitreal injection to the murine retina
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(a) Representative images of retinal wholemounts depicting increased levels of GFP in the phosphodegron mutant groups compared to AAV2 WT control three weeks after bilateral intravitreal injection of
2E8 GC/eye. Quantification of GFP expression levels in wholemounted retina samples was performed
in Volocity.
(b) Percentage of GFP+ RBPMS+ cells, (c) mean GFP immunofluorescence/RBPMS+ ROI/FOV, and
(d) mean GFP immunofluorescence/all RBPMS+ ROIs were calculated. To assess statistically significant differences between groups, parametric ANOVAs and Dunnett’s posthoc tests were used. * = p <
0.05, ** = p < 0.01, *** = p < 0.001, n=6 per group.
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Validation of a triple phosphodegron mutant AAV2 capsid in vitro

Having validated the transduction potential of the single phosphodegron mutant AAV2
capsids, a triple phosphodegron mutant AAV2 capsid variant was created , AAV2 (Y444F,
K556E, S662V), termed AAV2 (TM) for the remainder of this thesis. First the ability of
AAV2 (TM) to transduce two cell lines, HEK-239T and ARPE-19 cells, was examined with
flow cytometry. AAV2 (TM) incubation increased the percentage of GFP+ cells in HEK293T
(25.7 ±0.54 vs. 2.78 ±0.12% SEM; p < 0.0001) and ARPE-19 (27.1 ±0.41 vs. 2.78 ±0.12%
SEM; p < 0.0001) cells when compared to prototypical AAV2 vectors.
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Figure 4.5: Validation of a triple phosphodegron mutant AAV2 capsid in vitro
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(a) Representative images of GFP expression levels following a 24h incubation with the triple phosphodegron mutant AAV2 and WT AAV2 and Mock (DMEM-only). Here, 5E7 VP/mL was used for
the HEK-293T cell line, 2E8 VP/mL for the ARPE-19 cell line.
(b & c) Flow cytometry analysis of GFP expression in (b) HEK-293T cells and (c) ARPE-19 cells.
**** = p < 0.0001, two-tailed Student’s t-test, n=4 per group.
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Validation of a triple phosphodegron mutant AAV2 capsid in vivo

These findings were then translated into an in vivo model. Adult male C57BL/6J mice
were injected with 2E8 GC/eye of AAV2, AAV2 (Y444F), AAV2 (TM), or 2E10 GC/eye
AAV2 (high titre; 2E10 GC/eye), or PBS vehicle as a control. Analysis of the levels of GFP
expression after three weeks showed that injection with AAV2 (Y444F) increased RFUs/FOV
(4.55 ±0.84 vs. 1.49 ±0.31 RFUs/FOV; p < 0.05) vs. WT AAV2. In the AAV2 (TM) group, an
in increase in the mean fluorescence intensity/FOV was observed when compared to the WT
AAV2 group (7.80 ±1.01 vs. 1.49 ±0.31 RFUs/FOV; p < 0.01). An even greater increase in
mean fluorescence intensity/FOV was seen after administration of AAV2 (high titre) vs. WT
AAV2 (24.11 ±2.24 vs. 1.49 ±0.31 RFUs/FOV; p < 0.01).
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Figure 4.6: Validation of a triple phosphodegron mutant AAV2 capsid in vivo with cryosections
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(a) Representative 40x epifluorescence microscope images of retinal sections transduced with AAV2,
phosphodegron mutant capsid AAV2, or high titre AAV2. RGC = retinal ganglion cell layer, INL =
inner nuclear layer, ONL = outer nuclear layer.
(b) Quantification was performed in ImageJ. Here, mean GFP fluorescence levels/FOV was calculated.
* = p < 0.05, ** = p < 0.01, **** = p < 0.0001, Kruskal-Wallis and Dunn’s posthoc tests, n=6 per
group.
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In a separate set of experiments, AAV2, AAV2 (Y444F), AAV2 (TM) and AAV2 (high
titre) were injected via IVT. After three weeks, eyes were taken and retinal wholemounts
(RWMs) were prepared. This experiment validated the data obtained from the retinal wholemounts. AAV2 (Y444F) induced a higher level of transduction than wild-type AAV2, and
AAV2 (TM) induced a higher level of GFP expression than AAV2 (Y444F). However, expression was much greater with AAV2 (high titre) than all other vectors tested.
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Figure 4.7: Validation of a triple phosphodegron mutant AAV2 capsid in vivo with RWMs
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Representative tilescan images showing wholemounted retinas from mice receiving 2E8 GC/eye wildtype AAV2, AAV2 (Y444F) and AAV2 (TM). RWMs from mice receiving AAV2 (high titre) are also
included for reference.
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AAV2 (TM) induces higher humoral immune responses than wildtype AAV2 after IVT

The validation experiments showed that the rationally-designed AAV2 capsids improved
transduction in the murine retina when compared to wild-type AAV2 vector. In the next set
of experiments, the effect of incorporating phosphodegron mutations into AAV2 capsid in
terms of the induction of humoral immune responses was tested. First, C57BL6/J mice were
injected via IVT with wild-type AAV and mutated AAV2 at the stated titres. After three weeks,
serum samples were collected and NAb and TAb assays were performed. This was to identify
neutralising activity in the serum samples, and also to confirm that this activity was due to the
presence of anti-AAV2 immunoglobulin molecules, and not another potentially confounding
factor, such as complement factors which may play a role in neutralising AAV in vivo [87].
In mice that received wild-type AAV2 injections, no neutralising activity was observed up
to serum dilutions of 1:59. When AAV2 (Y444F) was delivered via IVT however, the presence
of NAbs could be seen at around 1:1,000, as the remaining infectivity began to decline at this
concentration of serum. Even higher levels of NAbs were evident in mice that received AAV2
(TM) IVTs, and neutralising activity was detected at serum dilution of around 1:5,000. In the
AAV2 (high titre) group, the highest level of NAb were evident, where reductions in remaining
infectivity at 1:10,000 dilutions were seen.
This dataset was subsequently converted into IC50 values (concentration of serum that
yields a 50% reduction in reporter levels i.e. remaining infectivity). AAV2 (Y444F) IVTs
yielded a higher mean IC50 value than wild-type AAV2 (2,062 ±645.1 vs. 68.8 ±9.8 AUs
SEM, p = 0.370), although this difference was not statistically significant. In mice that received IVTs of AAV2 (TM), serum NAb titres were significantly elevated compared to those
from the wild-type AAV2 group (5,098 ±981.9 vs. 68.8 ±9.8 AUs SEM, p < 0.01). Mice
who were injected with AAV2 (high titre) displayed the greatest increase in NAb levels vs.
wild-type AAV2 controls (12,244 ±1,694 vs. 68.8 ±9.8 AUs SEM, p < 0.01).
This was further analysed by investigating changes in the area-under-the-curve (AUC)
between groups. In this analysis, a lower AUC is associated with higher levels of NAbs.
A statistically significant decrease in AUC was seen between AAV2 (Y444F) and wild-type
AAV2 groups (54,026 ±978.2 vs. 64,306 ±1,309 AUs SEM, p <0.01). An even greater decrease was seen when comparing mice who received AAV2 (TM) and wild-type AAV2 IVTs
(48,168 ±1,555 vs. 64,306 ±1,309 AUs SEM, p <0.0001). The largest decrease in AUC was
observed when comparing the AAV2 (high titre) and wild-type AAV2 groups (37,273 ±2,449
vs. 64,306 ±1,309 AUs SEM, p <0.0001).
In summary, these assays demonstrated that the incorporation of phosphodegron mutations into AAV2 capsids may induce a higher level of NAbs after injection to the murine
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retina via IVT. To validate these findings, demonstrate that the neutralising activity observed
was immunoglobulin-dependent, and to identify the main antibody isotype responsible for
the neutralising effect, TAb assays were performed. Here, serum samples were analysed
using ELISA, with secondary antibodies specific to certain subclasses of immunoglobulin
molecules.
Changes were seen in IgG levels. In mice that received AAV2 (Y444F), IgG levels were
greater than in those injected with wild-type AAV2, although this change was not statistically
significant (0.080 ±0.048 vs. 0.009 ±0.002 SEM AUs, p = 0.33). When AAV2 (TM) was
delivered via IVT however, statistically significant increases in IgG levels were seen compared
to mice receiving IVTs of wild-type AAV2 (0.227 ±0.051 vs. 0.009 ±0.002 SEM AUs, p <
0.0001). The greatest changes in IgG titres were observed when comparing AAV2 (high titre)
and wild-type AAV2 (0.685 ±0.034 vs. 0.009 ±0.002 SEM AUs, p < 0.0001).
No statistically significant changes in IgG1 were seen between groups, although a small
increase in mean values was observed between AAV2 (high titre) and wild-type AAV2 groups
(0.091 ±0.029 vs. 0.016 ±0.012 SEM AUs, p = 0.281).
Changes in IgG2b were evident between groups, however. An increase in the mean IgG2b
level was seen when comparing AAV2 (Y444F) and wild-type AAV2 injected groups (0.092
±0.062 vs. 0.007 ±0.001 SEM AUs, p = 0.194) although the difference was not statistically
significant. In mice that received an IVT of AAV2 (TM), however, a significant increase in
IgG2b levels was observed when comparing to wild-type AAV2 (0.290 ±0.075 vs. 0.007
±0.001 SEM AUs, p < 0.0001). Similarly, an increase was seen in the AAV2 (high titre)
group compared to the wild-type AAV2 group (0.797 ±0.054 vs. 0.007 ±0.001 SEM AUs, p
< 0.0001).
Similar trends were also evident when analysing the levels of IgG2c. Increased mean
IgG2c levels were seen when AAV2 (Y444F) and wild-type AAV2 groups were compared,
although these differences were not statistically significant (0.032 ±0.024 vs. 0.009 ±0.001
SEM AUs, p = 0.929). When AAV2 (TM) was delivered to the murine vitreous, however,
statistically significant increases in IgG2c levels could be observed (0.179 ±0.043 vs. 0.009
±0.001 SEM AUs, p < 0.01). The greatest increase in IgG2c was evident when comparing
AAV2 (high titre) and wild-type AAV2 groups (0.655 ±0.033 vs. 0.009 ±0.001 SEM AUs, p
< 0.0001).
When the levels of IgM were compared between groups, however, no changes were seen.
To summarise, this set of experiments showed that higher levels of IgG2b and IgG2c (both
subclasses of IgG) were observed in mice who received IVTs of AAV2 (TM) compared to
wild-type AAV2. This data corroborated that of the NAb experiments and further substantiated the idea that incorporation of phosphodegron mutations into AAV2 capsids may lead to
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Figure 4.8: AAV2 (TM) induces higher humoral immune responses than wild-type AAV2 after
IVT
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Elevated T-cell infiltration arising from IVT of AAV2 (TM)

In the next set of experiments, the possibility that IVT of phosphodegron mutant AAV2
may cause higher immune responses than wild-type AAV2 was investigated further. Here, an
assessment of whether injection of the vectors resulted in increased or decreased levels of Tcell infiltration into the retina was made. Mice were injected with vectors and eyes were taken
after three weeks. Cryosections were prepared and stained for CD4 and CD8, and cells/FOV
counted.
A small increase in the levels of CD4 T-cells was seen when comparing AAV2 (Y444F)
and wild-type AAV2 groups, however, the difference was not statistically significant (0.194
±0.109 vs. 0.074 ±0.029 SEM CD4+ ROIs/FOV, p > 0.99). After an injection of AAV (TM),
however, increases in the mean levels of CD4 T-cells infiltrating into the retina did increase
when compared to wild-type AAV2 levels (1.61 ±0.78 vs. 0.074 ±0.029 CD4+ ROIs/FOV
SEM, p < 0.05). Finally, the levels of CD4 T-cells in the retina following IVT of AAV2 (high
titre) was the greatest of all the groups tested and significantly greater than wild-type AAV2
levels (2.63 ±0.55 vs. 0.074 ±0.029 SEM CD4+ ROIs/FOV, p < 0.001).
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Figure 4.9: IVT of AAV2 (TM) induces higher levels of CD4 T-cell infiltration into the retina
the wild-type AAV2
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Intravitreal injection of a triple phosphodegron mutant AAV2 and high dose AAV2 induces T-cell infiltration into the retina. Vectors were injected and blood and tissue samples were taken three weeks later
for analysis. Data is presented as a column graph showing the mean value for each group +/- SEM.
Statistical analyses are vs. the AAV2 group.
(a) Representative 40x magnification epifluorescence microscope images showing that intravitreal injection of triple phosphodegron mutant AAV2 and high titre AAV2 is associated with the presence of
CD4+ T-cells in the retina.
(b) Quantification of dataset was undertaken via counting of the number of CD4+ ROIs/FOV in ImageJ.
* = p < 0.05, ** = p < 0.01, Kruskal-Wallis and Dunn’s posthoc tests, n=8 per group.
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Having shown changes in the levels of CD4 T-cells after IVT of the vectors, the possibility
that injection of AAV2 (TM) may induce greater levels of CD8 T-cell infiltration into the retina
was also assessed. When comparing AAV2 (Y444F) and wild-type AAV2, no changes in the
levels of CD8 T-cells was observed. In mice that received an IVT of AAV2 (TM) however,
a statistically significant increase in CD8 T-cell infiltration was observed when comparing to
mice that received wild-type AAV2 injections (1.20 ±0.34 vs. 0.00 ±0.00 CD8+ ROIs/FOV
SEM, p < 0.01). A greater increase in CD8 T-cell infiltration was seen in the AAV2 (high titre)
group compared to the wild-type AAV2 group (2.58 ±1.08 vs. 0.00 ±0.00 CD8+ ROIs/FOV
SEM, p < 0.05).
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Figure 4.10: IVT of AAV2 (TM) induces higher levels of CD8 T-cell infiltration into the retina
the wild-type AAV2
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Intravitreal injection of a triple phosphodegron mutant AAV2 and high dose AAV2 induces cellular
adaptive immune responses. Vectors were injected and blood and tissue samples were taken three
weeks later for analysis. Data is presented as a column graph showing the mean value for each group
+/- SEM. Statistical analyses are vs. the AAV2 group.
(a) Representative 40x magnification epifluorescence microscope images showing that intravitreal injection of triple phosphodegron mutant AAV2 and high titre AAV2 is associated with the presence of
CD8+ T-cells in the retina.
(b) Quantification of dataset was undertaken via counting of the number of CD8+ ROIs/FOV in ImageJ.
* = p < 0.05, ** = p < 0.01, Kruskal-Wallis and Dunn’s posthoc tests, n=8-10 per group.
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Increased follicular T-cell levels after IVT of AAV2 (TM) vs. wildtype AAV2

Recent reports examining the immune response to AAV have shown a substantial number
of genome copies present in the spleen weeks after intraocular vector injection, even if the
levels of AAV genomes in the liver was limited [202].
Considering this data, a set of experiments were undertaken to assess whether IVT of
AAV2 and phosphodegron mutant vectors would induce changes in lymphocyte populations
in the spleens. Here, spleens were extracted three weeks after IVT and stained with a cocktail
of antibodies to examine T- and B-cell and dendritic cell populations.
No changes were observed in the levels of effector CD4+ T-cell (CD3+ CD4+ CD8CD62Llo CD44hi ) between mice who received IVTs of wild-type AAV2, AAV2 (Y444F)
and AAV2 (TM). Similarly, the levels of effector CD8+ T-cell (CD3+ CD4- CD8+ CD62Llo
CD44hi ) were unchanged between these three groups. Assessment of the levels of follicular
helper T-cells (Tfh) ((CD3+ CD4+ CXCR5hi PD-1hi ) did yield statistically significant changes
between some of the groups, however. Whilst mice injected with AAV2 (Y444F) showed no
increase in Tfh levels vs. those injected with wild-type AAV2 (0.262 ±0.037% vs. 0.276
±0.053% SEM %Thf/CD4 cells, p = 0.97), when AAV2 (TM) was administered, a 3.3-fold
increase in Tfh levels was observed vs. wild-type AAV2 IVTs (0.910 ±0.12% vs. 0.276
±0.053% SEM %Thf/CD4 cells, p < 0.01).
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Figure 4.11: Increased follicular helper T-cell levels after IVT of AAV2 (TM) vs. wild-type
AAV2
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Intravitreal injection of AAV2 (TM) induces changes in splenic lymphocyte populations. Vectors were
injected via IVT and spleens were harvested for analysis after three weeks. Data is displayed as column
graphs, and show the mean for each group +/- SEM. Statistical analyses are vs. the AAV2 group. N=6
per group.
(a) Effector CD4+ T-cell (CD3+ CD4+ CD8- CD62Llo CD44hi ) levels expressed as a percentage of
total CD4+ T-cell levels.
(b) Effector CD8+ T-cell (CD3+ CD4- CD8+ CD62Llo CD44hi ) levels expressed as a percentage of
total CD8+ T-cell levels.
(c) Follicular helper CD4+ T-cell (CD3+ CD4+ CXCR5hi PD-1hi ) levels expressed as a percentage of
all CD4+ cells. ** = p < 0.01, Brown-Forsythe ANOVA and Dunnett’s T3 posthoc tests.
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Splenic germinal centre reactions induced by IVT of AAV2 (TM)

These investigations continued with an assessment of whether IVT of the vectors induced
changes in germinal centre (GC) B-cells (CD19+ IgM+/lo IgDlo CD95hi GL7+). First, the levels of GC B-cells were assessed, as B-cells are known to migrate to GCs in response to a new
infection. No changes were observed between mice receiving an IVT of AAV2 (Y444F) when
compared to wild-type AAV2 (0.143 ±0.043% vs. 0.084 ±0.013% SEM %GC B-cells/total
splenic lymphocytes, p = 0.93). When AAV2 (TM) was delivered via IVT however, a statistically significant increase in GC B-cells was seen vs. mice that were injected with wild-type
AAV2 (0.676 ±0.097 SEM vs. 0.084 ±0.013 SEM %GC B-cells/total splenic lymphocytes, p
< 0.001).
Next, the levels of MHC c. II on GC B-cells was investigated. MHC c. II is a marker for
activation of B-cells, which occurs when a mature B-cell encounters an antigen that its B-cell
receptor binds to[203].
After delivery of AAV2 (Y444F), no significant changes in GC B-cell MHC c. II levels
were observed vs. wild-type injections (12,035 ±1,646 vs. 11,087 ±1,782 SEM RFUs, p =
0.87). Following an IVT of AAV2 (TM) however, a statistically significant increase in MHC
c. II levels was seen when compared to mice that received wild-type AAV2 injections (18,632
±1,111 vs. 11,087 ±1,782 SEM RFUs, p < 0.01).
Lastly, the percentage of class-switched B-cells (IgMlo IgDlo ) in the germinal centres was
assessed. Class-switching occurs as GC reactions progress to change the structure of the immunoglobulin molecules produced by B-cells thus eliciting a broad range of antibody effector
functions [204].
When comparing mice that received AAV2 (Y444F) to wild-type AAV2 injections, no significant difference in B-cell class-switching could be seen (49.3 ±6.82 vs. 49.2 ±8.01 SEM
IgMlo IgDlo B-cells/GC B-cells, p = 0.99). When mice were injected with AAV2 (TM), however, a statistically significant increase in the levels of class-switched B-cells was observed
compared to the wild-type AAV2 group (77.1 ±3.1 vs. 49.2 ±8.01 SEM IgMlo IgDlo Bcells/GC B-cells, p < 0.05).
In summary, this set of experiments showed that injection of a triple phosphodegron mutant
induced a greater level of splenic B-cell activation and class-switching than wild-type AAV2
vectors.

Immunology of a rationally-designed AAV capsid mutant in the ocular compartment

100

Figure 4.12: Splenic germinal centre reactions induced by IVT of AAV2 (TM)
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Intravitreal injection of AAV2 (TM) induces changes in splenic lymphocyte populations. Vectors were
injected via IVT and spleens were harvested for analysis after three weeks. Data is displayed as column
graphs, and show the mean for each group +/- SEM. Statistical analyses are vs. the AAV2 group. N=6
per group.
(a) Germinal centre B-cell (CD19+ IgM+/lo IgDlo CD95hi GL7+) levels as a percentage of all splenic
lymphocytes. *** = p < 0.001, Kruskal-Wallis test and Dunn’s posthoc tests.
(b) Levels of MHC c. II expressed on GC B-cells. ** = p < 0.01, one-way ANOVA and Dunnett’s
posthoc tests.
(c) Percentage of class-switched B-cells (IgMlo IgDlo ) in the germinal centres, as a percentage of all
GC B-cells. ** = p < 0.01, one-way ANOVA and Dunnett’s posthoc tests.
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Increased dendritic cell activation induced by IVT of AAV2 (TM)
vs. wild-type AAV2

In the next set of experiments, conventional and plasmacytoid dendritic cell activation
was assessed by measuring the levels of MHC c. II on the cell surface. Dendritic cells (DCs)
inhibit degradation of MHC c. II from the cell surface when they are activated by an antigen,
therefore increased MHC c. II expression is a marker of DC activation [205].
First, the levels of MHC c. II on conventional DCs subset 1 (cDC1; CD11chi CD8a+
XCR1+) was examined. No changes were observed between mice receiving AAV2 (Y444F)
or wild-type AAV2 injections (15,960 ±871 vs. 15,266 ±605 SEM RFUs, p = 0.71). When
AAV2 (TM) was delivered intravitreally, however, a statistically significant increase in cDC1
MHC c. II expression was observed compared to mice who were injected with wild-type
AAV2 (17,305 ±591 SEM vs. 15,266 ±605 SEM RFUs, p < 0.05).
Similarly, when assessing activation of conventional DCs subset 2 (cDC2; CD11chi CD11b+),
no changes were evident between AAV2 (Y444F) and wild-type AAV2 groups (15,029 ±1,645
vs. 14,517 ±1,383 SEM RFUs, p = 0.95). In mice that received IVT of AAV2 (TM), however,
a statistically significant increase in cDC2 MHC c. II expression was observed compared to
that seen in the wild-type AAV2 group (18,533 ±1,087 vs. 14,517 ±1,383 SEM RFUs, p <
0.05).
Lastly, MHC c. II levels were analysed in plasmacytoid dendritic cells (pDCs; CD11c+
SiglecH+). In contrast to the other DC subsets assessed however, no significant increases in
MHC c. II levels were seen between AAV2 (Y444F) and wild-type AAV2 (1,225 ±116 vs.
1,144 ±153 SEM RFUs, p = 0.90), nor between AAV2 (TM) and wild-type AAV2 groups
(1,338 ±119 vs. 1,144 ±153 SEM RFUs, p = 0.56).
In summary, this set of experiments showed that IVT of AAV2 (TM) induced activation of
cDC1 and cDC2 subsets when compared to wild-type AAV2 injected mice, but these changes
were not seen with the pDC subset.
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Figure 4.13: Dendritic cell activation induced by IVT of AAV2 (TM)
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Intravitreal injection of AAV2 (TM) induces changes in splenic lymphocyte populations. Vectors were
injected via IVT and spleens were harvested for analysis after three weeks. Data is displayed as column
graphs, and show the mean for each group +/- SEM. Statistical analyses are vs. the AAV2 group. N=6
per group.
(a) MHC c. II expression on conventional DCs subset 1 (cDC1) (CD11chi CD8a+ XCR1+) dendritic
cells. * = p < 0.05, one-way ANOVA and Dunnett’s posthoc tests.
(b) MHC c. II expression on conventional DCs subset 2 (cDC1) (CD11chi CD11b+) dendritic cells. *
= p < 0.05, Student’s t-test.
(c) MHC c. II expression on plasmacytoid (CD11c+ SiglecH+) dendritic cells.
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Elevated microglia activation after AAV2 (TM) vs. wild-type AAV2
IVT

Having characterised the cellular and humoral arms of the adaptive immune system, a set
of experiments was undertaken to understand how an IVT of AAV2 (TM) may induce higher
innate immune response in different glia cell populations in the retina. This began with an
assessment of whether IBA1 (ionized calcium-binding adapter molecule 1) levels were altered
in the retina post-injection of the vectors. IBA1 is a marker for activated microglia cells and
is commonly used as a tool for investigating immune responses in the eye [206].
Comparing mice who were injected with AAV2 (Y444F) with those who received a wildtype AAV2 IVT, a small but statistically non-significant increase in IBA1 levels was seen
(101,047 ±31,974 SEM vs. 13,560 ±3,333 SEM RFUs, p = 0.66). When AAV2 (TM) was
delivered to the vitreous, however, a 40-fold increase in IBA1 immunofluorescence was observed compared to the wild-type AAV2 group (425,428 ±78,004 vs. 13,560 ±3,333 SEM
RFUs, p < 0.05). In mice that were in the AAV2 (high titre) group, the greatest fold increase
in IBA1 immunofluorescence was seen, compared to the wild-type AAV2 group (680,342
±297,679 vs. 13,560 ±3,333 SEM RFUs, p < 0.01). In summary, these experiments showed
that injection of AAV2 (TM) induces a higher level of microglia activation than injection of
wild-type AAV2.
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Figure 4.14: Microglia activation induced by IVT of AAV2 (TM)
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Intravitreal injection of a phosphodegron mutant AAV2 and high titre AAV2 leads to gliosis in the
murine retina. Vectors were injected via IVT and retinas were extracted for analysis after three weeks.
Data is presented as a column graph, with the mean value for each group shown +/- SEM. Statistical
analyses are vs. the AAV2 group. RGC, retinal ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer.
(a) Representative 40x objective epifluorescence microscopy images of retinal cryosections showing
IBA1 immunoreactivity in groups receiving phosphodegron mutant AAV2 and high titre AAV2 injections.
(b) Corresponding quantification performed in ImageJ shows the level of IBA1 immunoreactivity per
field of view (FOV). A Kruskal-Wallis ANOVA and Dunn’s posthoc test was used to determine whether
differences between groups were statistically significant. * = p < 0.05, ** = p < 0.01, n=8-10 per group.
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Increased Muller glia activation in AAV2 (TM) vs. wild-type AAV2
treated mice

Having demonstrated increased microglia activation in AAV2 (TM) injected mice, the
possibility that Muller glia activation may also be induced by IVT of some of the vector
groups was investigated. GFAP (glial fibrilary acidic protein) immunofluorescence was used to
assess Muller glia activation, as GFAP is thought to be upregulated in response to a variety of
proinflammatory stimuli in the retina [207]. To quantify the dataset, Simple Neurite Tracer was
used to trace neurites individually and avoid quantifying overall GFAP immunofluorescence
per field-of-view, which would include astrocyte-derived GFAP immunofluorescence, thereby
confounding interpretation of the results.
First, the length of the GFAP positive fibrils was assessed, as this was expected to increase
as a result of possible vector-induced immune activation. Mice that received AAV2 (Y444F)
vector via IVT did not demonstrate a statistically significant increase in GFAP fibril length vs.
those that were injected with wild-type AAV2 (29.35 ±3.15 vs. 23.66 ±3.37µm SEM, p =
0.51). In the AAV2 (TM) group, however, a statistically significant increase in GFAP fibril
length was observed when compared to mice in the wild-type AAV2 group (35.65 ±2.84 vs.
23.66 ±3.37µm SEM, p <0.05). The greatest GFAP fibril length was seen in the AAV2 (high
titre) group vs. mice injected with wild-type AAV2 (38.69 ±2.77 vs. 23.66 ±3.37µm SEM,
p <0.05).
Next, the mean GFAP fluorescence intensity per GFAP+ fibril was measured, which was
also expected to increase in groups that induced an immune response upon IVT. In mice that
were injected with AAV2 (Y444F), no change in fibril GFAP fluorescence intensity was seen
compared to mice receiving wild-type AAV2 IVTs (80.30 ±20.91 vs. 79.23 ±21.12 RFUs
SEM, p = 0.99). When AAV2 (TM) was injected, however, a statistically significant increase
in GFAP fibril immunofluorescence was observed vs. mice injected with wild-type AAV2
(219.0 ±31.66 vs. 79.23 ±21.12 RFUs SEM, p < 0.05). An even greater increase was seen
in mice in the AAV2 (high titre) group vs. wild-type AAV2 group (263.2 ±36.33 vs. 79.23
±21.12 RFUs SEM, p < 0.01).
In summary, these experiments showed that Muller glia activation was greater in mice who
received IVT of AAV2 (TM) than wild-type AAV2.
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Figure 4.15: Muller glia activation following IVT of AAV2 (TM)
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Intravitreal injection of a phosphodegron mutant AAV2 and high titre AAV2 leads to gliosis in the
murine retina. Vectors were injected via IVT and retinas were extracted for analysis after three weeks.
Data is presented as a column graph, with the mean value for each group shown +/- SEM. Statistical
analyses are vs. the AAV2 group. RGC, retinal ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer.
(a) Representative 40x objective epifluorescence microscopy images of retinal cryosections showing
GFAP immunoreactivity in groups receiving phosphodegron mutant AAV2 and high titre AAV2 injections.
(b & c) Corresponding quantification was performed using Single Neurite Tracer, an ImageJ plugin
(https://imagej.net/SNT). Each GFAP+ fibril was identified in each FOV and the length of each fibril
(b) and its fluorescence intensity (c) and was measured. * = p < 0.05, ** = p < 0.01, one-way ANOVA
and Dunnett’s posthoc tests, n=4 per group.
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Increased astrocyte dendritic arbour complexity induced by AAV2
(TM) vs. wild-type AAV2 IVT

To continue the investigation into the innate immune responses induced by AAV2 (TM),
the possibility of astrocyte activation was assessed. Astrocytes are a glial cell type present in
the retinal ganglion cell layer in the retina. Reports examining the immune response in the
brain and CNS have shown that the complexity of astrocytic dendritic arbours increases in
response to a multitude of infections, inflammatory stimuli and neurodegenerative pathologies
[208]. However, the role that astrocytes may play in the immune response to AAV2 injections
into the eye has not been explored. To examine this, retinal wholemounts were stained with
GFAP antibodies to delineate astrocytic dendritic arbours. In contrast to published work, the
staining highlighted a highly interconnected network of astrocytic processes, within which it
was difficult to distinguish individual astrocytes and the boundaries between their respective
dendritic arbours. This precluded the opportunity to analyse the dataset with Strahler, Scholl
or Fractal analysis, which are commonly cited methods for analysing the shapes of glial cells.
As such, images were skeletonised and certain properties of the skeletons measured, such as
the number of junctions (where two points in the skeleton meet) or the number of quadruple
points (a convergence of four lines of the skeleton).
First, the number of junctions was analysed. After injection of AAV2 (Y444F), no change
in the numbers of junctions was evident compared to mice that were injected with wild-type
AAV2 vectors (1,064 ±69.70 vs. 1,062 ±46.44 junctions SEM, p = 0.99). In mice that
received an injection of AAV2 (TM), however, a statistically significant increase in the number
of junctions was seen compared to those in the wild-type AAV2 group (1,380 ±51.94 vs.
1,062 ±46.44 junctions SEM, p < 0.05). Similar to the changes observed with the microglia
and Muller glia analysis, the greatest increase in dendritic arbour complexity was evident in
the AAV2 (high titre) group vs. wild-type AAV2 (1,522 ±146.4 vs. 1,062 ±46.44 junctions
SEM, p < 0.01).
The number of quadruple points in the skeletonised images was also measured. In the
AAV2 (Y444F) group, no change in the number of quadruple points was seen vs. wild-type
AAV2 controls (225.9 ±15.02 vs. 226.7 ±8.95 quadruple points SEM, p = 0.99). In the AAV2
(TM) group, a clear increase in the number of quadruple points was observed compared to
mice that were injected with wild-type AAV2, however, this effect was not quite statistically
significant (281.3 ±10.01 vs. 226.7 ±8.95 SEM quadruple points, p = 0.0583). The largest
comparative increase in the number of quadruple points in the dataset was between mice who
received AAV2 (high titre) and wild-type AAV2 IVTs (322.3 ±28.79 vs. 226.7 ±8.95 SEM
quadruple points, p < 0.01).
In summary, this set of experiments corroborated previous findings pertaining to microglia
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and Muller glia activation and showed that the complexity of astrocytic dendritic arbours in
the retina may be increased in response to inflammatory stimuli, in this instance, IVT of AAV2
(TM) or AAV2 (high titre).
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Figure 4.16: Astrocytic dendritic arbour complexity increased after IVT of AAV2 (TM)
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Intravitreal injection of a phosphodegron mutant AAV2 and high titre AAV2 leads to gliosis in the
murine retina. Vectors were injected via IVT and retinas were extracted for analysis after three weeks.
Data is presented as a column graph, with the mean value for each group shown +/- SEM. Statistical
analyses are vs. the AAV2 group. N=8-10 per group.
(a) Representative 63x images acquired on an Leiss Airyscan Confocal microscope showing increased
complexity of astrocytic dendritic arbours in AAV2 (TM) and AAV2 (high titre) groups.
(b & c) Data was analysed in ImageJ using by assessing the number of junctions (b) and quadruple
points (c) of skeletonised images. * = p < 0.05, ** = p < 0.01, one-way ANOVA and posthoc Dunnett’s
tests.
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Identification of activated microglia morphologies after injection
of AAV2 (TM)

Further to the identification of increased astrocytic dendritic arbour complexity in wholemounted retina tissue, a set of experiments was undertaken to identify possible changes in
microglia morphology upon IVT delivery of wild-type and phosphodegron mutant AAV2 capsids. IBA1 antibodies were used to delineate the morphology of microglia cells in the retinal
ganglion cell layer. After an injection of wild-type AAV2, no discernible IBA1 signal could
be seen. After IVT of AAV2 (Y444F), some IBA1 immunoreactivity was evident, which highlighted a small number of microglia cells exhibiting a ’ramified’ morphology. When AAV2
(TM) was injected however, the appearance of the ’bushy’ microglia in the retinal ganglion
cell layer was evident, a finding that supported the statistically significant elevation of IBA1
immunoreactivity previously identified (see above). In contrast to previous reports [209], however, the lack of IBA1 immunoreactivity in the wild-type AAV2 group precluded the opportunity to analyse the disparate microglia morphologies in more detail. Here, analytical tools
such as Strahler, Scholl, and Fractal analysis were considered, which would have enabled a
more in depth and quantitative evaluation of changes in microglia morphology that arise after IVT of AAV2 wild-type and mutant vectors. Different microglia/macrophage stains, such
as CD11b, were also considered as possible a means to delineate ’ramified’ microglia cells.
However, the quality of the signal with this stain, whilst acceptable in a retinal cryosection
with citrate buffer-mediated antigen retrieval, was very poor in wholemounted retinal tissue.
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Figure 4.17: Activated microglia morphologies identified in AAV2 (TM) injected retinal
wholemounts
AAV2

AAV2 (Y444F)

AAV2 (TM)

IBA1

Changes in microglia IBA1 staining identified in murine retinal wholemounts. Vectors were injected
via IVT and tissue was taken for analysis after three weeks. IBA1 antibodies were used to delineate the
morphologies of microglia cells. Representative 40x objective epifluorescence microscopy images are
shown from each group.
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IBA1+ MHC c. II+ co-immunolabelled cells identified in the vitreous after IVT of AAV2 (TM) and AAV2 (high titre)

When assessing retinal cryosections in this study, a cluster of DAPI+ cells towards the periphery of the retina, close to the ciliary body, could be observed. Previous analysis had shown
that these cells were not CD4 or CD8 T-cells. Considering recent reports in the literature [210]
in which IVT of AAV2 in mice was correlated with the infiltration of macrophages into the
ocular compartment, a co-immunolabelling experiment was performed to identify the possible
cellular identity of the cluster of cells observed in the peripheral retina. IBA1 is a marker of
activated microglia cells, but is also expressed by macrophages in the eye [211]. MHC c. II
is a marker of activated antigen presenting cells (as discussed above) and also exhibits upregulated expression in activated macrophages. As such, IBA1/MHC c. II co-immunolabelling
was used to identify the cluster of cells seen at the peripheral retina as activated macrophages.
Injections of wild-type AAV2 and AAV2 (Y444F) was not associated with the presence of
IBA1+ MHC c. II+ cells at the peripheral retina. In mice that received an injection of AAV2
(TM), however, a population of the co-immunolabelled cells was evident. This IBA1+ MHC
c. II+ population was also observed in mice that were injected with AAV2 (high titre). Most
of the co-immunolabelled cellular population were located in the vitreous, however, consistent
with reports in the literature [212], some IBA1+ MHC c. II+ cells could be seen in the ciliary
body, which may have been ciliary macrophages.
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Figure 4.18: IBA1+ MHC c. II+ co-immunolabelled cells identified in the vitreous after IVT
of AAV2 (TM) and AAV2 (high titre)
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MHC c. II/IBA1 co-immunolabelling at the peripheral retina identifies possible activated macrophages
in the eye after IVT of a triple phosphodegron mutant AAV2 and a high titre dose of AAV2. Vectors
were injected and tissue was harvested after three weeks for analysis. Representative 20x confocal
images are shown at the periphery of the retina (RT), close to the ciliary body (CB). Accumulation
of MHC c. II+/IBA1+ co-immunolabelled cells can be seen in these regions, which may be activated
(MHC c. II+) macrophage (IBA1+) cells.
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Incorporation of phosphodegron mutations into AAV2 capsids induces a modest rescue from neutralisation by anti-AAV2 NAbs
and heparan sulphate

The experiments describe above demonstrated that the incorporation of phosphodegron
mutations into AAV2 capsids led to elevated humoral and cellular adaptive immune responses,
in addition to an increase in the innate immune response. In the next set of experiments, the
effect of mutating these residues was further explored. Here, recent reports were considered
in which the introduction of combinations of phosphodegron mutations in AAV2 capsids was
correlated with a slight attenuation of binding affinity to AAV2’s primary attachment receptor,
heparan sulphate (HS) [213]. First, the proximity of the three mutations selected for analysis
was compared to canonical HS binding residues (R484, R487, K532, R585, R588) [214].
This qualitative assessment was performed in PyMol using 6ih9, a cryoelectron microscopyderived structure of AAV2’s VP3 monomer. In accordance with reports from Boye et. al., it
was observed that the three mutations (Y444F, K556E, S662V) lay distal to the HS receptor
attachment site. The AAV receptor (AAV-R) binding residues were also highlighted in this
analysis for reference, although no further investigation into the possible effects of mutating
phosphodegron residues and binding affinity to AAV-R was undertaken in this thesis.
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Figure 4.19: Proximity of phosphodegron mutations to canonical HS binding residues
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(a) VP3 capsid monomer showing the positioning of the three phosphodegron mutants, the five residues
thought to mediate the binding affinity of AAV2 capsids to heparin (blue) and the 14 residues thought
to mediate binding of AAV2 to the AAV receptor (orange) (AAV-R), KIAA0319. This model was
generated in PyMol using 6ih9, a 2.8Å resolution cryoelectron microscopy-derived structure of the
AAV2 VP3 monomer.
(b) AAV2 full 60mer capsid structure with highlighted phosphodegron mutations and heparin binding
domains. Red = Y444F, Green = K556E, Yellow = S662V, Blue = R484, R487, K532, R585, and R588
heparin binding domains (HBDs), Orange = R471, D528, Q589, T592, S262, Q263, G265, A266,
S267, N268, H271, N382 and Q385 AAV-R binding domains (AAV-R BDs).
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Further to the assessment undertaken in PyMol, a RIVEM chart was produced by Dr.
Suzanne Scott (University of Sydney). This stereographic projection of the three phosphodegrons mutations, canonical HS binding and AAV-R binding residues on the AAV2 capsid
depicted the phosphodegrons positioned distal to the canonical HS binding site(s). PyMol’s
mutagenesis wizard was also used to suggest possible conformations of the mutant residues,
which was achieved by mutating the appropriate residue in silico and selecting the rotamer
with the highest confidence score (PyMol’s estimation that the rotameric conformation of a
particular residue is consistent with the local protein conformation, e.g. no immediately adjacent hydrophobic amino acid backbones). Several in silico modelling software packages
were also used in an attempt to predict possible conformational changes that may have been
induced by the incorporation of the mutations into AAV2 capsids. First, SWISS-MODEL was
utilised, but yielded low Q-mean values, indicating a low confidence score for the predicted
structures. trRossetta was also tested, which assigned TM-scores ranging from ~0.6 to 0.8,
indicating a ’high’ or ’very high’ confidence score for the wild-type and mutant capsid sequences. However, when the predicted structures were loaded into PyMol and each mutant
capsid structure was compared to the wild-type counterpart, gross structural changes were
observed that appeared to be unrelated to the mutation being studied. This suggested that
trRossetta had not accurately predicted the protein structure despite the assignment of high
TM-scores to the respective coordinate files. Further work in this regard may seek to determine the protein structure of each capsid monomer using cryoelectron microscopy. This could
be combined with the HS and NAb work discussed below to understand how AAV2 capsid
mutation affects interaction with its primary receptor and neutralising factors, using a process
similar to that outlined by O’Donnell et. al. [215]. A summary of the trRossetta work is
given in Appendix A.1.2. Here, RMSD (root mean squared deviation) is a measurement of the
degree of structural misalignment exhibited by two protein structures.
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Figure 4.20: Positioning and rotameric conformations of phosphodegron mutations under investigation
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(a) RIVEM plot showing the positioning of the three phosphodegron mutants and their proximity to
HBDs and AAV-R BDs (using 6ih9 AAV2 coordinates, see figure above for colouring).
(b) Schematic representation of mutations represented in PyMol. Mutations were introduced using
PyMol’s Mutagenesis Wizard, and the optimal rotamer confirmation was selected in accordance with
the software’s prediction.
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Having shown the proximity of the three mutations to the heparan binding domains of
AAV2, a set of experiments was undertaken to understand how, in accordance with the work
of Boye et. al., incorporation of multiple phosphodegron mutations into the capsid may affect
neutralisation of the vectors by HS and anti-AAV2 NAb serum. To assess this, vectors were
incubated with HS or serum for 1h, then added to HEK-293T cell cultures, and transduction
efficiency was assessed after 24h with flow cytometry. In this set of experiments, a higher
remaining infectivity is indicative of reduced neutralisation by either HS or anti-AAV2 NAb
containing serum.
In the AAV2 (Y444F) group, a statistically significant increase in remaining infectivity
was observed compared to the wild-type AAV2 group in the presence of HS (0.227 ±0.01
vs. 0.151 ±0.01 RUs SEM, p < 0.05). When the AAV2 (K556E) vector was incubated with
HS, a small but statistically non-significant increase in remaining infectivity was seen compared to the wild-type AAV2 group (0.194 ±0.02 vs. 0.151 ±0.01 RUs SEM, p = 0.18). The
AAV2 (S662V) vector demonstrated a two-fold increase in remaining infectivity in the presence of HS compared to wild-type AAV2 vectors (0.295 ±0.01 vs. 0.151 ±0.01 RUs SEM,
p < 0.0001). The greatest increase in remaining infectivity, i.e. the highest level of escape
from neutralisation by HS, was seen in the AAV2 (TM) group, in which a three-fold increase
was observed when compared to the wild-type AAV2 vector group (0.484 ±0.03 vs. 0.151
±0.01 RUs SEM, p < 0.0001). These experiments therefore corroborated those of Boye et. al.
[213] and showed that the introduction of phosphodegron mutations into AAV2 capsids elicits
a slight escape from neutralisation by HS, suggesting that attachment to the primary receptor
in vivo, heparan sulphate proteoglycan (HSPG), may be attenuated upon injection into the
vitreous, possibly via inducing conformational changes in the heparan binding footprint.
In the next set of experiments, the concept that mutation of phosphodegron residues may
lead to conformational changes in AAV2 structure was further explored. The data suggesting a
possible conformational change in capsid structure was used to hypothesise that incorporation
of the phosphodegrons may elicit changes in neutralising antibody epitopes recognised by
anti-AAV2 NAb containing serum. As such, it was predicted that remaining infectivity of
the mutant capsids would follow similar patterns to that seen in the HS experiments. When
AAV2 (Y444F) vectors were incubated with anti-AAV2 NAb containing serum, a statistically
significant increase in remaining infectivity was seen compared to the wild-type AAV2 group
(0.200 ±0.01 vs. 0.093 ±0.01 RUs SEM, p < 0.01). Similarly, the AAV2 (K556E) group
demonstrated a 2.5-fold increase in remaining infectivity vs. wild-type AAV2 capsids (0.159
±0.03 vs. 0.093 ±0.01 RUs SEM, p < 0.05). When AAV2 (S662V) vectors were incubated
in the serum, a 3-fold increase in remaining infectivity was seen vs. the wild-type vector
group (0.325 ±0.02 vs. 0.093 ±0.01 RUs SEM, p < 0.001). Finally, the greatest increase
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in remaining infectivity in the presence of anti-AAV2 NAb-containing serum was observed
when comparing the AAV2 (TM) and wild-type AAV2 groups, where a statistically significant
seven-fold increase was seen (0.730 ±0.01 vs. 0.093 ±0.01 RUs SEM, p < 0.0001).
In summary, this set of experiments corroborated reports in the literature that mutation of
phosphodegron residues in AAV2 capsids can lead to a slight attenuation of binding affinity to
HS. It also demonstrated that the possible conformational changes induced by the mutations
may elicit a slight escape from neutralisation by anti-AAV2 NAbs.
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Figure 4.21: Escape from neutralisation by HS and anti-AAV2 NAbs by phosphodegron mutant vectors
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Mutation of AAV2 capsids at selected phosphodegron regions attenuates neutralisation by HS, and
anti-AAV2 NAb-containing serum. Data is presented as column graphs, with the mean value for each
group shown +/- SEM. All statistical analyses are vs. the AAV2 group. N=4 per group.
(a) Mutation of phosphodegron residues attenuates neutralisation by HS. AAV2 and mutant capsids
were incubated with HS for 1h, prior to addition to HEK293T cell media. Number of GFP+ cells was
normalised to –HS controls for each vector group, allowing calculation of remaining infectivity (I/I0 ).
* = p < 0.05, **** = p < 0.0001, one-way ANOVA and a Dunnett’s posthoc tests
(b) Mutation of phosphodegron residues partially rescues neutralisation by AAV2 NAbs. AAV2 and
mutant capsids were incubated with serum extracted from animals that had previously been injected
intravitreally with AAV2 (High Titre), and the samples were tested to confirm the presence of NAbs.
Calculation of remaining infectivity (I/I0 ) was performed as in (a). * = p < 0.05, ** = p < 0.01, *** =
p < 0.001, **** = p < 0.0001, one-way ANOVA and a Dunnett’s posthoc tests.
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Electrophysiological activity following intravitreal injection of phosphodegron mutant AAV2 capsids

Having investigated the immune response that arises from IVT of the wild-type and mutant AAV2 vectors, electroretinography (ERG) was performed. Briefly, ERG assesses the
electrophysiological activity of the retina. pSTR (retinal ganglion cell), B-wave (rod bipolar cell) and A-wave (rod photoreceptor) recordings are taken, and represent the induction of
action potentials in these neuronal cell populations in response to stimulation with light (expressed as a log light intensity value, units of cd.s/m2 ). In a degenerate or inflamed retina, ERG
recordings are affected, and thus serve as a useful protocol for assessing functional changes
in the retina with gene therapies. Note that in this set of experiments, an AAV2.CAG.Null
(high titre) group was included to determine whether any changes in ERG recordings were
due to the overexpression of fluorescent reporters. A 250ng lipopolysaccharide (LPS) group
(injected 24h before ERG) was also included to serve as a positive control for inducing an
immunological reaction in the retina.
First, representative waveforms from each group were produced, and showed no evidence
of electrophysiological changes between any of the vector groups in terms of pSTR (-4.37
cd.s/m2 ), B-wave (-1.90 cd.s/m2 ) or A-wave recordings (1.29 cd.s/m2 ) (see Appendix). Next,
the ERG recordings from all seven pSTRs, four B-waves and four A-waves were plotted as
column graphs. Whilst some noise (slight variation in signal between groups) could be seen,
a two-way ANOVA demonstrated that no statistically significant differences were observed
between any of the vector groups at any of the light intensities tested, whilst significant differences vs. the LPS control group were evident.
This assessment showed that, whilst an immune response in the retina was induced by the
triple phosphodegron mutant and high titre AAV2 groups, these reactions were not associated
with a functional deficit in the neural retina.
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Figure 4.22: ERG recordings after IVT of wild-type and mutant vector groups
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Injection of phosphodegron mutant vectors is not associated with changes in electrophysiological function in the murine retina. Vectors were injected via IVT and ERG was performed after three weeks.
250ng of lipopolysaccharide (LPS) 24h prior to ERG. Column charts showing peak voltages across
a range of light intensities for each treatment group. Data is presented as the mean value +/- SEM.
N=6-12 per group.
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Tuj1+ retinal ganglion cells in wild-type and mutant vector injected groups

The tissue from the ERG experiment was taken and stained for Tuj1, a retinal ganglion
cell marker, to support the ERG analysis. In all of the vector injected groups, no changes
in the number of Tuj1+ cells were apparent. In the LPS injected group, however, some loss
of Tuj1+ cells could be seen. The data in this experiment therefore supported the ERG data
and suggested that, whilst an immune response was observed in the vector-treated retinas,
this is not apparently associated with functional or anatomical/histological damage. Note
that only representative Tuj1 images were included in this assessment given the difficulties
in automating Tuj1+ cell counting. If differences had been evident between vector injected
groups, then manual counting would have been used.
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Retinal Wholemounts

Figure 4.23: Tuj1+ retinal ganglion cells in vector and LPS-treated retinal wholemounts
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Injection of phosphodegron mutant vectors is not associated with changes in Tuj1+ retinal ganglion cell
levels in the murine retina. Vectors were injected via IVT and ERG was performed after three weeks.
250ng of lipopolysaccharide (LPS) 24h prior to ERG.
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Summary of Results

In this chapter, the immune response to a triple phosphodegron mutant AAV2 capsid,
AAV2 (TM), was assessed. Having shown that AAV2 (TM) increases transduction efficiency
compared to wild-type AAV2 capsids, activation of the humoral and cellular arms of the adaptive immune system was analysed. Increased levels of NAbs and TAbs were seen after IVT
of AAV2 (TM) vs. wild-type AAV2, and elevated infiltration of CD4 and CD8 T-cells into
the retina was also observed. The possibility of increased innate immune activation was then
tested. Increased levels of microglia and Muller glia activation was seen in mice injected with
AAV2 (TM) compared to those who received wild-type AAV2. A slight increase in the complexity of astrocyte dendritic arbours was also evident when comparing these two groups, and
possible changes in the morphology of microglia cells was also seen in wholemounted retina
tissue. In accordance with previous reports, the location of the three mutations was assessed
and proved distal to the canonical heparan binding domains of AAV2 capsids. Nonetheless, a
slight attenuation in binding affinity to HS was demonstrated, and this finding also correlated
with a slight escape in neutralisation by anti-AAV2 NAbs. Lastly, no electrophysiological or
anatomical changes were observed between the different vector groups. In summary, these
results showed that mutation of phosphodegron residues in AAV2 capsids may be associated
with increased immune activation after IVT. The study highlights novel aspects of phosphodegron mutant AAV2 immunobiology but suggests this strategy may not be appropriate for
circumventing NAb responses to AAV gene therapies and enabling repeated gene transfer to
the inner retina.

Chapter 5
Perioperative prednisolone
administration attenuates immune
activation following intravitreal injection
of AAV2, but fails to enable repeated gene
transfer to the inner retina
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Chapter synopsis

The objective of this chapter was to further the previous investigations into the nature
of the immune response to intravitreally-delivered AAV2 vectors in murine mouse models.
In this study, perioperative prednisolone was tested as a possible agent to circumvent the
immune response to repeated bilateral injections of AAV2 IVTs, with the aim of enabling repeated gene transfer to the inner retina. The immunosuppressant was found to reduce NAb
and TAb levels at two of the sampled timepoints. Mechanistically, it was demonstrated that
this may have been via the inhibition of splenic germinal centre reactions and follicular B-cell
class-switching. Significant reductions in CD4 and CD8 T-cell infiltration into the retina was
also found to occur in prednisolone- vs. PBS-treated mice, however, no significant changes
in microglia activation was observed. Despite lowering NAb and TAb levels, prednisolonemediated immunosuppression was not sufficient to lift the blocking effect induced by postIVT NAb synthesis and enable repeated gene transfer to the inner retina. Further, the data
revealed that repeated bilateral IVTs of AAV2 may be associated with reduced electrophysiological activity in the retina, suggesting functional damage may be induced by multiple
AAV2 injections. In summary, the data presented in this chapter suggested that perioperative
prednisolone administration is a promising strategy for circumventing anti-AAV2 immune activation, but further immunosuppression may be required to enable repeated gene transfer to
the inner retina.
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Introduction

The injection of AAV gene therapy vectors to immune competent sites, such as intramuscular and intravenous administration, is associated with the induction of NAb synthesis
that may limit the opportunity to perform a repeated injection [216]. The literature detailing
NAb synthesis that may arise after an intraocular injection is more nuanced, however. After
subretinal (SRT) injections of AAV2, a minority of patients exhibit increased NAb titres (possibly due to leakage of some of the vector from the subretinal ’bleb’ created during surgery),
and three patients have been successfully redosed into the contralateral eye [125]. After an
intravitreal injection however, a greater proportion of patients may develop NAbs than those
enrolled in SRT trials. Crucially, whilst some of the patients that received IVTs of AAV2 vectors were treated with prednisolone, a proportion of these still developed NAbs against AAV2,
suggesting that steroid monotherapy may be ineffective at enabling repeated gene transfer
in all patients [216]. However, there is currently little literature to support the use of prednisolone in attenuating anti-AAV2 NAb titres after IVT, either in terms of the possible cellular
and molecular mechanisms underpinning its therapeutic efficacy, or in terms of its capacity
to circumvent the NAb response and enable a repeated AAV2 IVT. Further, there is little evidence to suggest how repeated bilateral injections of AAV2 via the intravitreal route may be
associated with deleterious functional consequences, such as electrophysiological changes or
degeneration of synapses, and whether this may be rescued by prednisolone.
Briefly, prednisolone is an FDA-approved glucocortiosteroid (GC) immunosuppressant.
The lipophillic molecule is capable of crossing the cell membrane and binding to glucocorticoid receptors (GRs) in the cytoplasm, which causes it to dissociate from a complex of chaperone proteins. This allows the GC/GR complex to enter the nucleus where it associates with
DNA or co-activator complexes. As a result, the GC/GR complex can activate expression of
anti-inflammatory genes or decrease expression of pro-inflammatory genes via transactivation
and transrepression respectively. The GC/GR complex has also been reported to interact with
NFκB, reducing its activity as a means of exerting its anti-inflammatory mechanism-of-action
[217]. Given that the GR is expressed in almost every cell in the body [218], prednisolone has
a very broad-acting effect when dampening the immune response. For instance, it can inhibit
the proliferation and activation of T-cells by downregulating the activity of interleukin-2 (IL2) [219], a finding that may support its apparent effectiveness at limiting the cytotoxic CD8
T-cell response in haemophilia B trials and enabling long-term expression of factor IX [220].
Further, it has been posited to have a downregulatory effect on B-cell function, highlighting
possible application in terms of circumventing NAb responses to AAV2 [221].
The objective of this chapter was to determine whether perioperative prednisolone administration could be used to circumvent the anti-AAV2 NAb response after IVT and study the
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Overview of study plan

In this study, the effect of perioperative (before, during and after surgery) prednisolone
administration on attenuating multiple arms of the immune response to AAV2 was assessed.
Mice were divided into four groups. In Group A, PBS vehicle was injected as a control, whilst
in Group B, 0.75mg/kg/day prednisolone was injected intraperitoneally. In groups A & B,
mice received bilateral IVTs of 1E10 GC/eye AAV2.CAG.GFP on day 0 and a second set of
bilateral IVTs of 1E10 GC/eye AAV2.CMV.mCherry at day 21. Group C and Group D were
control groups, and both were injected with PBS vehicle instead of prednisolone. Group C
received two IVTs of PBS on day 0 and 21, and Group D received a PBS injection on day 0
and an IVT of 1E10 GC/eye AAV2.CMV.mCherry at day 21. Blood samples were collected
on days 21 and 42, and centrifuged to collect serum for NAb and TAb assays. ERG was
performed on day 42 to assess possible functional damage that may have been induced by
the repeated bilateral injections. Mice were sacrificed immediately post-ERG and spleens and
eyes were extracted for analysis of lymphocyte populations by flow cytometry, and multiple
immune markers by immunohistochemistry respectively.
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Figure 5.1: Overview of study plan

Overview of experimental design. Wild-type C75BL6/J mice were divided into four groups. Groups
A and B received a 1E10 GC/eye AAV2.CAG.GFP IVT on day 0, and a 1E10 GC/eye IVT of AAV2.CMV.mCherry
on day 21. Group B received a daily IP injection of 0.75mg/kg prednisolone throughout the study pe-
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riod, starting 21 days before the first set of IVTs. Group C received PBS IVTs at days 0 and 21. Group
D received a PBS injection at day 0 and a 1E10 GC/eye IVT at day 21. Neither group C or D received
any immunosuppression. Blood samples were collected at day 21 via a saphenous vein bleed, and by
cardiac puncture at day 42 for serological tests. Electroretinography was performed on day 42. Mice
were sacrificed immediately and spleen and eye tissue was extracted for analysis by flow cytometry
and immunohistochemistry respectively.
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Results
Prednisolone attenuates NAb and TAb titres in mice challenged
with a single set of bilateral AAV2 IVTs (day 21 data)

The study began with an assessment of whether prednisolone administration increased
or decreased the levels of NAbs and TAbs after repeated bilateral IVTs of AAV2. The first
set of blood samples were taken at day 21 and centrifuged to acquire serum for analysis. In
Group C, there was no evidence of a reduction in remaining infectivity at any of the serum
dilutions tested, confirming that these samples did not contain any detectable NAbs. In Group
A, however, reductions in remaining infectivity were evident at serum dilutions of around
1:10,000, and in Group B, evidence of neutralising activity was observed at higher dilutions,
suggesting mice who received prednisolone developed lower NAb responses.
This dataset was converted into IC50 values as described in Chapter 2, which showed that
prednisolone had a statistically significant effect in terms of attenuating NAb titres. Here,
mice in Group A had a 3.8-fold higher NAb titre than those in Group B (5,712 ±1,245 vs.
1,520 ±390 AUs SEM, p < 0.01). The data was also used to compute area-under-the-curve
(AUC; where a lower value denotes higher neutralising activity) values, thus enabling a quantitative comparison between samples with no detectable NAbs and those with high levels of
NAbs. When comparing mice in Group A and B, a statistically significant increase in AUC
was seen, demonstrating that prednisolone-treated Group B samples contained fewer NAbs
(28,893 ±3,078 vs. 37,605 ±2,129 AUs SEM, p < 0.05). Further, a comparison between
Group B (prednisolone treated) and Group C (PBS IVTs) showed that there was not a statistically significant difference between these two groups (37,605 ±2,129 vs. 40,674 ±1,262 AUs
SEM, p = 0.77). In summary, this analysis showed that prednisolone was effective at reducing
the levels of NAbs in mice receiving IVTs of AAV2, however, there were still higher levels
of neutralising activity observed in these samples compared to mice in the PBS IVTs control
group (Group C).
These samples were further analysed with TAb assays. In accordance with the results of
the previous chapter, changes in IgG, IgG2b and IgG2c levels were seen after IVT of AAV2,
however, no changes in IgG1 and IgM isotypes were evident. In the IgG analysis, a statistically significant decrease in 650nm absorbance was observed between mice who received no
immunosuppression (Group A) and those in the prednisolone group (Group B) (0.543 ±0.12
vs. 0.114 ±0.04 AUs SEM, p < 0.0001). Prednisolone was not completely effective at attenuating IgG levels however, and increased absorbance in Group B compared to Group C
was evident, although the difference was not statistically significant (0.114 ±0.04 vs. 0.0170
±0.004 AUs SEM, p = 0.19). Similar trends were evident when assessing IgG2b levels. A

Prednisolone administration attenuates immune activation following IVT of AAV2

135

four-fold, statistically significant decrease in 650nm absorbance between Group A and Group
B was observed, providing evidence that prednisolone was effective at decreasing synthesis
of this immunoglobulin isotype (0.371 ±0.074 vs. 0.080 ±0.037 AUs SEM, p < 0.01). There
was, however, evidence of some residual IgG2b in prednisolone-treated mice in that the mean
absorbance in Group B was higher than Group C, although the difference was not statistically
significant (0.080 ±0.037 vs. 0.007 ±0.002 AUs SEM, p = 0.31). These trends were recapitulated in the assessment of IgG2c levels between groups. There was a four-fold, statistically
significant decrease in IgG2c levels when mice in Group A and Group B were compared
(0.213 ±0.040 vs. 0.056 ±0.014 AUs SEM, p < 0.05). However, some IgG2c remained in the
prednisolone-treated mice and the levels of this antibody subclass remained higher than that
seen in Group C, although this difference was not quite statistically significant (0.056 ±0.014
vs. 0.006 ±0.002 AUs SEM, p = 0.089).
In summary, these TAb experiments corroborated the findings of the NAb assays at the day
21 timepoint. These data showed that prednisolone was effective at attenuating the synthesis
of anti-AAV2 antibodies after a single set of bilateral IVTs. However, the efficacy of the
glucocorticoid was limited to a partial effect, and some anti-AAV2 NAbs and TAbs were seen
in Group B compared to mice in Group C who received PBS IVTs.
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Figure 5.2: Prednisolone reduces NAb and TAb levels in AAV2-treated mice (day 21 data)
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Perioperative prednisolone administration reduces neutralising and total antigen binding antibody levels in mice receiving a single set of bilateral IVTs of AAV2. All data is presented as column graphs
showing the mean value for each group +/- SEM. All statistical analyses are between AAV2 → AAV2
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(a) Day 21 NAb levels.
(b) IC50 values for day 21 NAb levels. ** = p < 0.01, Kruskal-Wallis Wallis and Dunn’s posthoc test.
(c) AUC values for day 21 NAb levels. * = p < 0.05, Welch’s t-test.
(d) Day 21 TAb levels. ** = p < 0.01, **** = p <0.0001, two-way ANOVA and Tukey’s posthoc testing.
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Prednisolone attenuates NAb and TAb titres in mice challenged
with repeated bilateral AAV2 IVTs (day 42 data)

To continue this investigation, serum samples were collected at day 42, after the repeated
bilateral injections of AAV2 or control agents. First, the levels of NAbs were assessed. Similar
to the trends observed in the previous figure, no neutralising activity was seen in Group C mice
who received PBS IVTs. In Group A, the highest levels of neutralising activity was observed,
where reductions in remaining infectivity were seen at the lowest serum dilutions. In Group
B, lower levels of neutralising activity were seen compared to Group A, where reductions in
remaining infectivity were only seen at higher serum dilutions. There was little difference
between Groups B and D, in which changes in remaining infectivity were observed at roughly
equitable serum dilutions.
As per the previous figure, this data was used to calculate IC50 values for each group.
When Group A and Group B were compared, it was found that prednisolone-treated mice
exhibited a 2.3-fold decreased IC50 value, an effect that was statistically significant (21,785
±5,161 vs. 8,295 ±1,661 AUs SEM, p < 0.05). Interestingly, the IC50 mean value in Group
B and D were not significantly different (8,295 ±1,661 vs. 11,906 ±3,092 AUs SEM, p =
0.99), suggesting that administration of prednisolone only reduced the levels of NAbs after the
repeated bilateral injections to that arising from a single set of bilateral AAV2 IVTs. Further,
there was an increase in the IC50 values when Group D and Group A were compared, however,
this was not a statistically significant effect (11,906 ±3,092 vs. 21,785 ±5,161 AUs SEM, p
= 0.18). The remaining infectivity dataset was also used to compute AUC values as described
above, which corroborated the findings of the IC50 analysis. When comparing Group A and
Group B, a 33% increase in AUC values was seen, a difference that was statistically significant
(74,899 ±6,356 vs. 99,644 ±6,961 AUs SEM p < 0.05). Further to the findings of the IC50
analysis, no statistically significant difference between Group B and Group D (PBS →AAV2)
was observed (99,644 ±6,961 vs. 101,090 ±6,593 AUs SEM, p = 0.99). In contrast to the
IC50 analyses, the AUC data did show a statistically significant decrease when Group D and
Group A were compared, indicating higher neutralising activity in mice receiving repeated
AAV2 IVTs vs. a single set of AAV2 IVTs (101,090 ±6,593 vs. 74,899 ±6,356 AUs SEM, p
< 0.05).
In summary, analysis of this dataset corroborated the findings outlined in the previous
figure and showed that perioperative administration of prednisolone was effective at reducing
the levels of NAbs in mice that received repeated bilateral IVTs of AAV2, however, there was
clear evidence of residual neutralising activity in these samples compared to mice that were in
the PBS IVT control Group C.
Next, the levels of TAbs were assessed. Similar to the results obtained at day 21, the great-
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est fold changes in TAb levels were observed in the IgG, IgG2b and IgG2c immunoglobulin
isotypes. When assessing IgG levels, a statistically significant decrease in IgG titre was observed between Group A and prednisolone-treated mice in Group B (0.421 ±0.049 vs. 0.244
±0.056 AUs SEM, p < 0.05). However, the levels of IgG remaining in Group B samples were
greater than those in the PBS IVT control Group C (0.244 ±0.056 vs. 0.008 ±0.001 AUs
SEM, p < 0.01). Further, in support of the AUC data outlined above, there was a statistically
significant 1.8-fold decrease in IgG levels in in Group D compared to Group A (0.243 ±0.55
vs. 0.421 ±0.049 AUs SEM, p < 0.05).
In accordance with the data obtained from the day 21 samples, there were no significant
changes in the levels of IgG1 immunoglobulin observed between the different groups.
The results from the IgG2b isotype analysis were at variance with those obtained from the
day 21 samples. No changes were seen in IgG2b titres between Groups A, B and D. However,
a clear increase in IgG2b levels in all of these groups was evident when compared to the PBS
IVT control Group C.
Analysis of the IgG2c subtype mirrored that obtained from the IgG assessment. A statistically significant 40% decrease in IgG2c levels was seen when comparing mice in Group A and
prednisolone-treated mice in Group B (0.432 ±0.056 vs. 0.259 ±0.051 AUs SEM, p < 0.05).
However, a clear fraction of AAV2-binding IgG2c remained in these samples when compared
to mice in the PBS IVTs control Group C (0.259 ±0.051 vs. 0.016 ±0.002 AUs SEM, p <
0.01). In accordance with the IgG analysis, a statistically significant increase in IgG2c levels
was seen between Group D and Group A (0.222 ±0.050 vs. 0.432 ±0.056 AUs SEM, p <
0.01).
Interestingly, when comparing IgM levels, some changes in antibody titre were evident.
For instance, administration of prednisolone in Group B appeared to increase IgM levels threefold compared to mice in Group A. Whilst this effect was statistically significant with a standalone t-test, this assessment was not included in this analysis to control type I error in the
grouped dataset. Note that higher concentrations of serum to further this assessment were
considered but not deemed useful to the investigation, as the initial optimisation of serum dilutions for TAb assays showed that even very high (1:25 dilutions) of serum yielded very low
detection of IgM (see Material and Methods chapter).
In summary, analysis of day 42 serum samples showed that administration of prednisolone
in mice receiving repeated bilateral IVTs of AAV2 reduced IgG, IgG2b and IgG2c TAb levels
in accordance with the attenuation of neutralising activity described above.
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Figure 5.3: Prednisolone reduces NAb and TAb levels in repeated bilateral IVT AAV2-treated
mice (day 42 data)

a
Remaining Infectivity (I/I0)

Day 42 NAb Levels
10

AAV2 → AAV2

1

AAV2 → AAV2 + Pred

0.1

PBS → PBS

0.01

PBS → AAV2

0.001
0.0001
1000000 100000

10000

1000

100

10

Serum Dilution

b

c

IC50 NAb Titres
30000

140000

*

AUC (AUs)

IC50 (Reciprocal
Serum Dilution)

Area Under The Curve

*

20000
10000

*

120000

*

100000
80000
60000

0

1

AAV2AAV2
→ AAV2
→ AAV2
PBS
- Pred
PBS
→
+ Pred
PBS
→ AAV2

d

1

1

1

Absorbance @ 650nm

Day 42 TAb Levels
0.6

**

*

*

*
0.4

**

*
0.2
0.0
IgG

IgG1

IgG2b

IgG2c

IgM

Perioperative prednisolone administration reduces NAb and TAb levels in mice receiving repeated bilateral IVTs of AAV2. All data is presented as column graphs showing the mean value for each group
+/- SEM. Statistical analyses are between the labelled groups. N=4-8 per group.
(a) Day 42 NAb levels.
(b) IC50 values for day 42 NAb levels. * = p < 0.05, Mann-Whitney test.
(c) AUC values for 42 day NAb levels. * = p < 0.05, Student’s t-test.
(d) Day 42 TAb levels. * = p <0.05, two-way ANOVA and Tukey’s posthoc testing.
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Perioperative prednisolone administration inhibits germinal centre reactions in AAV2 challenged mice

The experiments outlined above showed that perioperative prednisolone administration
was effective with regards to dampening the NAb and TAb response to intravitreally-delivered
AAV2. This investigation was subsequently expanded to examine the underlying cellular
mechanisms that may be driving the apparent efficacy of prednisolone. Spleens were harvested at day 42 and processed for analysis, stained with a cocktail of antibodies and analysed
with flow cytometry.
First, the levels of Treg cells (CD25+ CD4+) were assessed. Although an additional
marker, such as FoxP3, was absent from this analysis, around 90% of Treg cells are thought
to express CD25, suggesting this co-immunolabelling was an adequate tool for measuring
Treg levels. Interestingly, no differences were observed between mice in Group A and the
prednisolone-treated mice in Group B. Similarly, no differences were evident between Groups
A and B and mice who received a single AAV2 IVT in Group D. Statistically significant
changes were observed between mice who received repeated bilateral PBS IVTs in Group C
and the other three groups, however. Mice in Group A exhibited a ~40% higher level of Tregs
than Group C mice (10.19 ±0.46 vs. 6.85 ±0.35% SEM, p < 0.001). Similarly, mice in the
prednisolone-treated group (Group B) had a ~40% higher Treg levels than Group C control
(10.25 ±0.58 vs. 6.85 ±0.35% SEM, p < 0.01). Group D mice also exhibited the same fold
increase in Tregs compared to Group C (10.53 ±0.49 vs. 6.85 ±0.35% SEM, p < 0.01). This
experiment showed that elevated splenic Treg levels are associated with AAV2 IVTs, however
no prednisolone-dependent Treg response could be detected in this experiment.
The second T-cell subset that was analysed was follicular helper CD4+ cells (Tfh; CD3+
CD4+ CXCR5hi PD-1hi ). These cells are thought to interact with antigen-presenting DCs and
cognate B-cells in splenic GCs, and provide signals to these cell types to facilitate activation and immunoglobulin class-switching toward the generation of high potency neutralising
antibodies [222]. A statistically significant decrease in the levels of Tfh was evident when
comparing mice in Group A and prednisolone-treated mice in Group B (1.76 ±0.17 vs. 0.80
±0.13% SEM, p < 0.01). However, there was still a higher level of Tfh cells in Group B than
the PBS injected mice in control Group C, suggesting prednisolone administration alone was
insufficient to completely curtail Tfh responses, however, this difference was not statistically
significant (0.80 ±0.13 vs. 0.36 ±0.08% SEM, p = 0.42). The levels of Tfh cells in Group A
were also 2.2-fold higher than that observed in Group D, an effect that was also statistically
significant (1.76 ±0.17 vs. 0.68 ±0.23% SEM, p < 0.01).
Following the analysis of Treg and Tfh populations, the effect of perioperative prednisolone administration on B-cell populations was assessed. First, the levels of GC B-cells
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(CD19+ IgM+/lo IgDlo CD95hi GL7+) was measured, as B-cells are known to migrate to GCs
during an infection. Compared to mice treated with no immunosuppression, it was found that
administration of prednisolone reduced the levels of GC B-cells three-fold (0.906 ±0.175 vs.
0.310 ±0.065% SEM, p < 0.05). Further, prednisolone was found to reduce GC B-cell levels to
that observed in mice who received PBS IVTs (Group C) (0.310 ±0.065 vs. 0.333 ±0.074%
SEM). Interestingly, the levels of GC B-cells were not higher in Group A than Group D, a
finding that may have been at variance with that observed in the NAb and TAb analyses, and
assessment of Tfh levels (0.906 ±0.175 vs. 1.023 ±0.180).
Next, the effect of prednisolone on inhibiting B-cell class-switching was observed. First,
the levels of GC unswitched B-cells (CD19+ IgM+ IgD+ CD95hi GL7+) was assessed. When
comparing Group A and Group B, administration of prednisolone was found to increase
unswitched B-cell levels by 30% (51.6 ±2.83 vs. 65.3 ±5.28% SEM, p < 0.05). As a result, the levels of unswitched B-cells were not changed compared to those in Group B and
mice in the PBS IVT control Group C (65.3 ±5.28 vs. 67.4 ±2.53% SEM). The levels of
class-switched B-cells (CD19+ IgMlo IgDlo CD95hi GL7+) was then analysed. Administration of prednisolone was found to reduce the levels of class-switched B-cells when mice in
Group A and Group B were compared (49.5 ±3.08 vs. 34.4 ±4.37% SEM, p < 0.05). However, the levels of class-switched B-cells was still slightly higher than that observed in PBS
IVT controls (34.4 ±4.37 vs. 28.5 ±5.28% SEM). Further, there was no significant change
in class-switched B-cell levels when Groups A and D were compared (49.5 ±3.08 vs. 42.1
±6.66% SEM).
In summary, analysis of splenic lymphocyte populations in this study showed that perioperative administration of prednisolone may and inhibit germinal centre reactions to reduce
NAb and TAb titres in mice receiving repeated bilateral IVTs of AAV2, which may be independent of inducing a Treg response.
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Figure 5.4: Perioperative prednisolone administration inhibits germinal centre reactions in
AAV2 challenged mice
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Prednisolone administration attenuates CD4+ T-cell infiltration after repeated bilateral AAV2 IVTs

The data presented above demonstrated the ability of prednisolone to attenuate NAb and
TAb synthesis in AAV2 challenged mice via a mechanism that may involve inhibition of GC
reactions. It was previously shown that infiltration of the retina by CD4+ T-cells may arise
in response to AAV2 IVTs. Therefore to further the investigation into the possible benefits of
prednisolone administration, the presence of CD4 T-cells in the retina at the endpoint of the
study was assessed.
When comparing mice in Group A and prednisolone-treated mice in Group B, a statistically significant two-fold decrease in CD4+ T-cell levels in the retina was observed (3.49
±0.66 vs. 1.80 ±0.41 CD4+ ROIs/FOV SEM, p < 0.05). Similar to the trends observed when
assessing NAb and TAb titres however, there was still a higher level of CD4+ T-cells in Group
B than PBS IVT control Group C (1.80 ±0.41 vs. 0.27 ±0.18 CD4+ ROIs/FOV SEM). Interestingly, in this experiment, the highest CD4+ T-cell level was seen in Group D, where a
two-fold greater level of ROIs were identified compared to Group A (7.42 ±0.63 vs. 3.49
±0.66 CD4+ ROIs/FOV SEM).
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Figure 5.5: Prednisolone administration attenuates CD4+ T-cell infiltration after repeated bilateral AAV2 IVTs
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(a) Representative 40x epifluorescence images showing CD4+ T-cells in the murine retina.
(b) Quantification of the number of CD4+ regions-of-interest (ROIs) per FOV. * = p < 0.05, MannWhitney test, n=8-12 per group.

Prednisolone administration attenuates immune activation following IVT of AAV2

5.5.5

145

Prednisolone administration attenuates CD8+ T-cell infiltration after repeated bilateral AAV2 IVTs

Having demonstrated a significant reduction in the levels of CD4 T-cells in prednisolonetreated mice, the levels of CD8 T-cells in the retina was measured to assess whether the steroid
immunosuppressant may limit infiltration of cytolytic T-cells into the retina in response to
challenge by AAV2 IVTs. Mice in Group A were found to have a six-fold higher level of
CD8+ T-cells in the retina compared to prednisolone-treated mice in Group B (1.48 ±0.55 vs.
0.23 ±0.06 CD8+ ROIs/FOV SEM, p < 0.01). The mean number of CD8+ T-cells in Group
B was marginally higher than that observed in the PBS IVT control Group C (0.23 ±0.06 vs.
0.042 ±0.042 CD8+ ROIs/FOV SEM). Similar to the trends seen with the analysis of CD4+
T-cell levels, the highest levels of CD8+ T-cells were seen in Group D, and this was two-fold
higher than that observed in Group A mice (2.67 ±0.59 vs. 1.48 ±0.55 CD8+ ROIs/FOV
SEM).
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Figure 5.6: Prednisolone administration attenuates CD8+ T-cell infiltration after repeated bilateral AAV2 IVTs
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(a) Representative 40x epifluorescence microscopy images showing CD8+ T-cells in the murine retina.
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Changes in microglia activation arising from repeated bilateral
IVTs of AAV2

The experiments outlined above showed that prednisolone administration successfully
attenuated the levels of CD4 and CD8 T-cell infiltration into the retina following repeated
bilateral AAV2 injections. Having shown this dampening effect on the cellular arms of the
adaptive immune system, the possibility that the immunosuppressant may reduce activation
of the innate cellular immune response, specifically activation of microglia cells, was tested.
Comparing mice in Group A and the prednisolone-treated mice in Group B, a reduction in
IBA1 immunoreactivity was observed, however, this difference was not statistically significant
(105,315 ±20,715 vs. 62,311 ±11,645 AUs SEM, p = 0.09). Interestingly, in accordance with
the analysis outlined above pertaining to CD4 and CD8 T-cell infiltration, the highest level of
microglia activation was seen in Group D mice, wherein the levels of IBA1 immunoreactivity
in this group was three-fold higher than that seen in Group A (305,753 ±57,830 vs. 105,315
±20,715 AUs SEM).
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Figure 5.7: Changes in microglia activation arising from repeated bilateral IVTs of AAV2
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Eyes were enucleated on day 42, processed into 13µm cryosections and stained for the presence of
IBA1 (marker for activated microglia cells). Data is presented as a column graph showing the mean
value for each group +/- SEM. Statistical analysis is between AAV2 → AAV2 + Pred and AAV2 →
AAV2 groups. RGC, retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
(a) Representative 40x epifluorescence microscopy images showing IBA1+ microglia in the murine
retina.
(b) Quantification of IBA1 immunoreactivity/FOV. Changes in IBA1 levels between mice receiving
prednisolone and no immunosuppression were not statistically significant. p = 0.09, Student’s t-test,
n=8-12 per group.
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Perioperative prednisolone-mediated immunosuppression fails to
enable repeated gene transfer to the inner retina with repeated bilateral IVTs of AAV2

The data described in this chapter showed that mice treated with prednisolone exhibited
lower NAb and TAb titres via a mechanism that may involve the inhibition of GC B-cell responses, and that this immunosuppression was also associated with reduced T-cell infiltration
into the retina. The ability of prednisolone to enable repeated gene transfer to the inner retina
was subsequently assessed. Briefly, as described in the study plan at the beginning of this
chapter, mice in Groups A and B received a first IVT of AAV2.CAG.GFP and a second IVT
three weeks later of AAV2.CMV.mCherry, with Group B mice being treated with daily IPs of
prednisolone and Group A mice receiving PBS IPs as a control.
First, the levels of GFP expression were assessed, and mice in Group A and B demonstrated robust GFP expression in the retina, in line with expectation. Further, no GFP expression was seen in Group C and D mice who received PBS IVTs at day 0.
Next, mCherry immunoreactivity in the retina was analysed. No mCherry expression was
seen in Group A and B mice, at any location in the retina nor in any of the samples tested,
suggesting the mCherry-expressing AAV2 given at the three week timepoint may have been
neutralised even in the prednisolone-treated group. No mCherry expression was seen in Group
C PBS IVT controls. However, robust mCherry immunoreactivity was seen in Group D mice
retinae. In summary, this analysis showed that prednisolone monotherapy may be insufficient
to lift the blocking effect imposed by NAbs that arise from AAV2 IVTs in murine models.
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Figure 5.8: Perioperative prednisolone-mediated immunosuppression fails to enable repeated
gene transfer to the inner retina with repeated bilateral IVTs of AAV2

a

AAV2.GFP → AAV2.mCherry +
Pred

Day 42 GFP Expression

AAV2.GFP → AAV2.mCherry

RGC

RGC

INL

INL

ONL

ONL

PBS → PBS

PBS → AAV2.mCherry

RGC

RGC

INL

INL

ONL

ONL

DAPI

GFP

b

AAV2.GFP → AAV2.mCherry +
Pred

Day 42 mCherry Expression

AAV2.GFP → AAV2.mCherry

RGC

RGC

INL

INL

ONL

ONL

PBS → PBS

PBS → AAV2.mCherry

RGC
INL
ONL

DAPI

RGC
INL
ONL

mCherry

Perioperative prednisolone administration fails to enable repeated gene transfer to the murine retina
following repeated bilateral IVTs of AAV2. Eyes were enucleated on day 42, processed into 13µm
cryosections, and stained for GFP and mCherry. RGC, retinal ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer.
(a) Representative 40x epifluorescence microscope images showing GFP immunoreactivity in the
murine retina.
(b) Representative 40x epifluorescence microscope images showing mCherry immunoreactivity in the
murine retina.
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Repeated bilateral IVTs of AAV2 may be associated with reduced
electrophysiological activity in the retina (average waveforms)

The results described in this chapter showed that prednisolone failed to enable repeated
gene transfer to the inner retina, in spite of a demonstrated ability to attenuate synthesis of
NAbs. It the previous chapter it was shown that IVTs of wild-type and mutant AAV2 was not
associated with electrophysiological perturbations in the murine retina. However, the possibility of ERG deficits arising from repeated bilateral IVTs of AAV2 had not been explored at
the time of writing this thesis. Therefore, prior to termination of the study at day 42, ERG
was performed on all mice to assess whether functional damage may have arisen as a possible consequence of AAV2-mediated immunological reactions. First, average pSTR, B- and
A-waveforms for Groups A-D were assessed (derived from log light intensities of -4.37, -1.90
and 1.29 cd.s/m2 respectively).
Assessment of pSTRs (RGC function) showed that no observable differences were apparent between Group A and Group B mice, despite the data previously outlined in this chapter in
which prednisolone treatment was shown to attenuate cellular infiltration to the retina. Interestingly, both Group A and Group B pSTR values were lower than that seen in Group C PBS
IVT control mice, indicating possible electrophysiological changes arising from repeated administration of AAV2. Further, the lowest mean average pSTR values were seen in Group D,
a finding which may have correlated with the highest levels of CD4 and CD8 T-cell infiltration
and microglia activation that were previously observed.
Similar trends were evident when analysing changes in B-waveforms (rod bipolar cell
function). There was no observable difference between mice in Group A and prednisolonetreated mice in Group B. In contrast to the trends observed with the pSTR values, there was
no changes in B-wave amplitude between Groups A & B and Group D mice. However, mice
in the PBS IVT control Group C had the highest B-wave amplitudes compared to the other
three groups.
The trends seen with the B-waveforms were recapitulated in the A-waveforms (rod photoreceptor function). No changes were evident when comparing mice in Group A, B or D.
However, the greatest A-wave amplitudes (most negative values) were observed in the PBS
IVT control Group C.
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Figure 5.9: Repeated bilateral IVTs of AAV2 may be associated with reduced electrophysiological activity in the retina (average waveforms)
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Repeated bilateral IVTs of AAV2 may be associated with reduced
electrophysiological activity in the retina (quantitative analysis across
all light intensities)

This analysis was extended to the maximum peak amplitude of every sample in each
group across all 15 light intensities tested, thus enabling a quantitative and statistical analysis
of differences between groups.
When assessing the seven pSTRs included in the ERG protocol, significant differences
were observed at log light intensities of -4.94, -4.73, -4.54 and -4.37 cd.s/m2 . For brevity,
only the data at -4.37 cd.s/m2 are described. No differences were observed between mice in
Group A and Group B. However, the mean peak pSTR voltage was 50% greater in the PBS
IVT Group C than Group A mice (75.4 ±8.95 vs. 50.8 ±3.02 µV SEM, p < 0.0001). Further,
the lowest peak pSTR voltage was observed in Group D, which was 40% lower than that seen
in Group A (31.3 ±2.97 vs. 50.8 ±3.02 µV SEM, p < 0.001), a finding that may relate to the
levels of T-cell infiltration and microglia activation observed in this group.
Similar trends were observed in the B-wave dataset, in which significant differences between groups were evident at log light intensities of -3.08, -2.47 and -1.90 cd.s/m2 . At -1.90
cd.s/m2 , no changes were seen between Group A and prednisolone-treated Group B mice. In
contrast to the pSTR analysis, no changes were evident between these two groups and Group
D mice. However, significant changes were seen between the peak B-wave amplitudes of
Group A, B and D mice and those in the PBS IVT control Group C. In particular, Group C
peak B-wave amplitudes were 22% higher than that observed in Group A mice (1068.4 ±43.6
vs. 834.9 ±31.9 µV SEM, p < 0.0001).
Finally, peak A-wave amplitudes were assessed across four log light intensities, two of
which (0.34 and 1.29 cd.s/m2 ), yielded statistically significant differences between groups. At
1.29 cd.s/m2 log light intensity, no statistically significant changes between Group A, B or D
mice were observed, similar to the trends seen in the B-wave analysis. However, differences
were observed when mice in PBS IVT control Group C and mice in Groups A, B, and D
were compared. Specifically, Group C peak A-wave amplitudes were 18% higher than those
recorded in Group A (-816.2 ±25.3 vs. -666.2 ±24.5 µV SEM, p < 0.0001).
In summary, this analysis showed that repeated bilateral IVTs of AAV2 may be associated
with electrophysiological perturbations in the murine retina, and that these changes might not
be rescued by administration of prednisolone immunosuppression. Interestingly, the greatest
decrease in RGC ERG pSTR activity was seen in Group D, where mice received an IVT
of PBS followed by AAV2 three weeks later, a finding that may reflect the timings of the
induction and resolution of immune responses to viral vectors in the vitreous.
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Figure 5.10: Repeated bilateral IVTs of AAV2 may be associated with reduced electrophysiological activity in the retina (quantitative analysis across all light intensities)
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Summary of results

In this chapter, the effect of prednisolone glucocorticoid immunosuppression on dampening immune responses arising from repeated bilateral IVTs of AAV2 was investigated. Specifically, it was asked whether prednisolone monotherapy would be sufficient to reduce NAb
synthesis to a level that would be permissive of a second AAV2 IVT.
First, prednisolone was found to reduce NAb and IgG TAb levels by around four- and
five-fold respectively after a single set of AAV2 IVTs (day 21). When investigating day 42
NAb and TAb levels following repeated bilateral AAV2 IVTs, prednisolone attenuated NAb
levels by around 2.5-fold and IgG TAb levels by around two-fold. The underlying cellular
mechanisms dictating this attenuating effect on antibody synthesis were tested, and it was
found that administration of the immunosuppressant was associated with the inhibition of GC
reactions and B-cell class-switching.
Further benefits to prednisolone administration were also characterised, wherein the immunosuppressant was found to reduce infiltration of the retina by CD4 and CD8 T-cells. However, no significant changes in microglia activation were observed at the timepoints tested.
The possibility that perioperative prednisolone administration may be able to lift the blocking effect imposed by anti-AAV2 NAbs that proceeds an IVT was then investigated, however,
this showed that the beneficial effects of prednisolone monotherapy alone may be insufficient
in enabling repeated gene transfer to the inner retina.
Lastly, analysis of ERG data showed that repeated bilateral IVTs of AAV2 may be associated with a slight reduction in RGC, rod bipolar and rod photoreceptor electrophysiological
activity in the retina.
In summary, this chapter suggested that, whilst administration of prednisolone may be
beneficial in partially circumventing anti-AAV2 immune activation, further optimisation of
immunosuppression protocols may be required to ensure safe and effective gene delivery to
the inner retina.

Chapter 6
Discussion
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Review of thesis aims and objectives

In the first part of this thesis, a comprehensive review was provided of the role that preexisting and induced NAbs play in the context of gene delivery to the eye. This analysis
suggested that a subset of patients receiving AAV vectors via the SRT or IVT routes develop
anti-AAV NAbs that may present a barrier to readministration of the gene therapy. Whilst
readministration of an AAV-based gene therapy to the contralateral eye had been shown [125],
a small number of preclinical studies had suggested that readministration via IVT may be
more challenging, which may highlight disparities between the subretinal and vitreal cavities
with respect to inducing tolerogenic immune responses [97, 133]. The literature review concluded that a comprehensive and multifaceted approach may be required to enable repeated
gene transfer to the inner retina via IVT. Specifically, a combination of small molecule immunosuppressants, B- and T-cell modulators and AAV capsid engineering may be needed to
prevent neutralisation by pre-existing NAbs and also to limit the generation of NAbs upon
injection.
To this end, this thesis sought to characterise whether engineered AAV vectors or glucocorticoid prednisolone administration could be used to reduce anti-AAV NAb titres, which
may have highlighted their possible utility as components of the comprehensive/multifaceted
strategy outlined in Chapter 1.
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Immunology of a rationally-designed AAV2 capsid mutant in the ocular compartment

The first strategy that was tested was whether the incorporation of phosphodegron mutations could be used to reduce the synthesis of NAbs upon IVT in a murine models by enabling
robust transduction at a low vector dose. Recent reports that systemic injection of a triple
phosphodegron mutant capsid (tY-F) was associated with reduced CD8 T-cell killing of transduced hepatocytes led the authors to suggest that reduced phosphorylation/ubiquitination and
subsequent proteasomal degradation of capsid protein reduced presentation of those antigens
on MHC c. I to CD8 T-cells [194]. However, the potential impact of mutating phosphodegron
residues in terms of limiting NAb synthesis is less clear, given that viral antigen in APCs is
loaded onto MHC c. II molecules following degradation in endosomal compartments, a process that may be sequestered away from cytosolic kinases and proteasomal machinery [223].
Considering reports that phosphodegron mutant AAV2 vectors increase transduction of the
murine retina [224], it was deemed a reasonable hypothesis to test whether low dose IVT of a
phosphodegron mutant AAV2 could enable robust transduction whilst limiting the anti-capsid
NAb response.

6.2.1

Transduction efficiency of phosphodegron mutant AAV2 in murine
retina

First, the transduction efficiency of the vectors was tested. It was shown that each mutation induced higher levels of transduction in the retina after IVT, a finding that is consistent
with previous reports that reduced intracellular degradation of capsids may be associated with
elevated rates of nuclear transfer and concomitant gene expression [198, 201].
The three mutants were then combined into a single capsid, termed AAV2 (TM), which
was initially tested for transduction efficiency in HEK293T and ARPE19 cell lines. This
experiment demonstrated that the mutant AAV2 capsids tolerated incorporation of the three
selected mutations (gross structural perturbations may have resulted in aberrant genome packaging etc, leading to very low viral titres or no transduction at all), and induced a higher level
of gene expression than wild-type AAV2 in vitro.
Expanding these findings into an in vivo model, AAV2 (Y444F) was found to induce a
higher level of retina transduction than wild-type AAV2 in accordance with previous reports in
the literature [224]. Further, IVT of the triple phosphodegron mutant AAV2 capsid developed
in this study resulted in a greater level of transgene expression than AAV2 (Y444F), demonstrating a synergistic effect between the three point mutations selected for analysis. These
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findings were then corroborated by a second set of IVTs in which transduction efficiency was
measured qualitatively via assessments of retinal wholemounts.
One question that remains to be addressed with regards to the transduction efficiency of
phosphodegron mutant AAV2 capsids after IVT is the extent to which the increase in gene
expression observed is due to reducing intracellular degradation of the vector, or the attenuation of binding to the primary attachment receptor, HSPG, in the ILM. Interestingly, recent
work by Boye et. al. showed that combinations of phosphodegron mutations in AAV2 are
associated with reduced binding to HSPG [213], a finding consistent with data generated in
this thesis (discussed later). The authors draw an interesting distinction between the transduction efficiency of phosphodegron mutant AAV2s in vitro and in vivo in relation to their
binding affinity to HSPG. Specifically, that lower affinity HSPG binding is associated with
lower transduction in vitro, but higher transduction in vivo with phosphodegron mutant capsids [225]. Boye et. al. posit that phosphodegron mutant AAV2 particles permeate towards
deeper layers of the retina, possibly because of reduced sequestration in the HSPG-rich ILM, a
conclusion similar to that outlined in recent work from the Lisowski group (albeit in a different
organ/route of administration) [226]. Therefore the relative contribution of reduced intracellular degradation vs. attenuated HSPG binding in the ILM in relation to increasing transduction
efficiency after IVT remains to be determined, but reports in the literature do suggest that
mechanisms additional to reducing cytosolic degradation of capsid antigen may be involved.
Later, the possible role of reduced HSPG binding in the ILM will be discussed in the context
of possible mechanisms of increased immune activation identified in this thesis.

6.2.2

AAV2 (TM) induces a greater humoral immune response compared
with wild-type AAV2

The first arm of the immune system that was tested after IVT of the vectors was the generation of NAbs and TAbs, as they were most relevant to the key research question/hypothesis,
and are likely generated independently of possible immune activation induced by GFP expression in the retina.
IVT of AAV2 (TM) and, to a lesser extent AAV2 (Y444F), was associated with higher
levels of NAbs and TAbs than mice who were injected with wild-type AAV2 vectors. This
was shown with IC50 analysis, and corroborated with an AUC assessment. Further, in terms
of the key immunoglobulin isotypes correlated with the neutralising activity, IgG, IgG2b and
IgG2c were the TAbs where significant differences were seen, a finding partially in accordance
with previous reports in the literature in which IgG1 and IgG2 TAbs were deemed the key
isotypes involved, however these disparities may be explained by the different species (human
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vs. mouse) studied [85].
These findings suggested that mutation of phosphodegron residues on AAV2 capsids may
be a useful tool for circumventing NAb generation after injection to the vitreous. To explain
this, a number of disparities between the work presented in this thesis and the findings by
Mingozzi and colleagues [194] will be highlighted. Aside from the obvious difference, which
is route of administration and target organ (Martino et. al. injected systemically to target
the liver), previous reports of reduced hepatocyte killing by AAV2 (tY-F) were observed in a
rag-/- mouse, which cannot generate T- and B-cell receptors, meaning they exhibit abrogated
T- and B-cell function [227], and dramatically reduced dendritic cell function [199]. As such,
the model utilised in their study harbours no endogenous mechanisms for antigen presentation
via the MHC c. II pathway on APCs, nor cDC-mediated cross-presentation to CD8 T-cells
via MHC c. I. Moreover, a close examination of the pathways involved in processing antigens
for presentation on MHC c. II in APCs (the pathway that drives NAb synthesis via B-cell
activation) shows that this occurs via cathepsin-mediated degradation in endosomal compartments in APCs, which may be sequestered away from the cytosolic protein tyrosine/serine
kinases, ubiquitin ligases and proteasomal machinery to which the canonical phosphodegron
hypothesis of reduced cytosolic degradation may be more relevant [223]. The next question
to be addressed was why the NAb and TAb levels (and other arms of the immune system)
were increased with AAV2 (TM) vs. wild-type capsids. A number of possible explanations
is provided below. Briefly, these can be summarised as (i) attenuated binding to HSPG may
increase vector shedding to secondary lymphoid organs like the spleen, (ii) retinal inflammation attracted APCs like dendritic cells which increased antigen presentation to B-cells after
recirculation to splenic/lymph node tissue, and may also be linked to (iii) increased vector
shedding to the circulation caused by increased vascular permeability arising from retinal inflammation. Later, the observed increase in MHC c. II expression in splenic cDC1 & 2 subsets
is discussed, highlighting a possible mechanism of antigen-dependent activation of APCs in
support of the hypothesis that increased vector shedding to the spleen may have been responsible for increased humoral immune activation with AAV2 (TM) vs. wild-type capsids. The
identification of IBA1+ MHC c. II+ co-immunolabelled cells in the vitreous, which may have
been activated macrophage cells [228], is also discussed, highlighting a possible increase in
APC infiltration after IVT of AAV2 (TM).
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Increased CD4 and CD8 T-cell infiltration to the retina after IVT
of AAV2 (TM) vs. wild-type AAV2

In the next set of experiments, the levels of CD4 and CD8 T-cell infiltration into the retina
after IVT of AAV2 (TM), AAV2 (Y444F) and wild-type AAV2 was assessed. Statistically significant increases in CD4 and CD8 T-cell levels were observed in the AAV2 (TM) group when
compared to mice who were injected with wild-type AAV2 capsids. Further, no elevation of
T-cell infiltration was seen after IVT of AAV2 (Y444F) vs. wild-type AAV2 and the highest
infiltration levels were seen after high titre injections of wild-type AAV2, in accordance with
the trends observed in the NAb and TAb datasets. The findings of this assessment were largely
in support of reports in the literature in which CD4 and CD8 T-cells have been identified in
the retina following injection of wild-type AAV2 via IVT [210]. To explain why increased
infiltration was observed with AAV2 (TM) vs. wild-type AAV2, an assessment of CD4 and
CD8 activation by splenic cDC1 APCs is required, which will be detailed in the next section
of this chapter.
In terms of future research questions pertaining to these findings, an assessment of whether
the CD4 and CD8 T-cells are exhibiting an activated or exhausted phenotype [229] will be
important in understanding the role that T-cells play upon infiltration to the retina. If the latter
is true and the effector functionality of these cells (cytokine production by CD4 T-cells and
cytotoxic activity of CD8 T-cells) is significantly diminished in the retina, this may prove
a key facet of AAV immunobiology in the eye and could support the safety profile of this
gene therapy vector. Another aspect of CD4 and CD8 T-cell activation states that has not been
studied in depth is the propensity of antigen-presenting microglia cells to reactivate infiltrating
T-cells via presentation of viral antigen on MHC molecules, a facet of immunobiology that
has been demonstrated in a number of neurodegenerative pathologies [230]. In this thesis,
activation of microglia cells was identified after IVT of AAV2 vectors. Further research to
characterise possible interactions between microglia and infiltrating T-cells in the context of
understanding T-cell activation/exhaustion with techniques like spatial multiomics [231] or
immunopeptidomics [232] may prove fruitful here.

6.2.4

Splenic lymphocyte populations modulated by IVT of AAV2 (TM)
vs. wild-type AAV2

First, changes in the levels of splenic T-cells in AAV2 (TM), AAV2 (Y444F) and wildtype AAV2 injected mice was studied. No differences were observed with effector CD4 and
CD8 T-cells between the three different groups. However, this might be due to inadequate
sensitivity of this assay, and future work could seek to identify AAV2-reactive CD4 and CD8
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T-cells in splenic tissue after IVT using ELISPOT assays, for example. Further, identification
of the precise CD4 T-cell subsets, such as Th1, Th2 etc, are induced by IVTs of AAV2 and
mutant AAV2 capsids, and a detailed characterisation of these subsets using single cell RNA
sequencing [233] and T-cell repertoire sequencing [234] would prove a useful addition to
the field. For instance, identification of the key T-cell receptors implicated in anti-AAV2
immunobiology could be leveraged to achieve antigen-selective depletion of specific T-cell
clones as a means of mitigating anti-vector immune responses without the risks associated
with general immunosuppression [235].
Significant differences were observed in Tfh levels between AAV2 (TM) and wild-type
AAV2 injected mice (but no changes were seen when AAV2 (Y444F) and wild-type AAV2
were compared). This finding was therefore largely in accordance with the NAb and TAb
data in which increased antibody synthesis was evident in the AAV2 (TM) group vs. wildtype control capsids. These data support a model in which B-cell activation, class-switching,
and antibody synthesis are facilitated by Tfh cells in splenic GCs [222]. A possible role for
cDC2 cells in priming Tfh cells identified in this study is outlined below. Further research into
the interaction between Tfh and GC B-cells may involve the identification and characterisation of molecular factors underpinning the facilitation of B-cell activation and class-switching
by Tfhs, which could be inhibited as a means of preventing anti-AAV2 NAb synthesis. For
instance, inhibition of SLAMF6, which has been identified as a possible molecular player
involved in facilitating Tfh-mediated B-cell help (e.g. by upregulating class-switch recombination) could be explored to this end, however, this strategy would need to carefully consider
possible off-target effects arising from ablation of SLAMF6 activity, principally, that generalised attenutation of humoral immunity could be associated with increased risk of opportunistic infections.
Next, changes in B-cell lymphocyte populations were assessed. When comparing AAV2
(TM) to wild-type AAV2 capsids, a significant elevation in the number of GC B-cells was
observed, although no differences were seen when comparing AAV2 (Y444F) and wild-type
AAV2 injected mice. This finding could be consistent with a model of increased migration
of splenic B-cells into the GCs in response to detecting a new infection [236], and may be
explained by an increase in vector shedding to the spleen/peripheral lymph nodes with AAV2
(TM) vs. wild-type capsids as outlined above. The data may also be consistent with the
increase in Tfh cells described above, which are thought to induce GC B-cell proliferation via
cytokine secretion.
The level of MHC c. II expression in GC B-cells was also assessed, as this serves as a
marker of B-cell activation [237]. An increase in MHC c. II level on GC B-cells was seen
after IVT of AAV2 (TM) vs. wild-type capsids, thus providing evidence of increased B-cell
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activation in this group. This finding may reflect an increase in antigen-dependent B-cell
activation, for instance, if an increase in vector shedding increased vector biodistribution in
the spleen via membrane-bound peptide-MHC c. II complexes on APCs, or soluble AAV2
antigen draining to the spleen via the circulation. The B-cell activation observed in this study
may have been partially driven by antigen-independent pathways as well, for instance, an
increase in Tfh induction by cDC2s may have activated B-cells by CD40L-CD40 interactions
and secretion of cytokines such as IL-21 [222].
The final B-cell population that was analysed was the percentage of class-switched B-cells.
Consistent with a model of increased humoral immune activation, more switched GC B-cells
were evident after IVT of AAV2 (TM) vs. wild-type AAV2, but not AAV2 (Y444F) vs. wildtype AAV2. The increase in the percentage of switched B-cells was therefore in accordance
with the increased levels of NAbs and TAbs, Tfh cells, and GC B-cell MHC c. II expression
observed in this study. Future research may seek to prevent B-cell class-switching as a means
of reducing the levels of anti-AAV2 immunoglobulins with high neutralising activity, which
could be advantageous in terms of circumventing humoral immunity to AAV gene therapies.
However, inhibition of genes that facilitate class-switching would likely ablate the capacity
of the immune system to produce functional B- and T-cells. Therefore, a strategy that seeks
to deplete Tfh cells (ideally in an antigen-specific fashion) may be preferable, for instance by
targeting AAV-specific T-cell receptors as a means of immunomodulation.
Lastly, the levels of MHC c. II on APCs in the spleens was assessed. Here, cDC1, cDC2
and pDC populations were analysed. Similar to B-cell activation mechanisms, dendritic cells
upregulate MHC c. II expression when they are activated by soluble antigen in the spleen
and peripheral lymph nodes [238]. This is thought to arise from reduced cycling of MHC
c. II from the cell surface into degradative endosome/lysosome complexes in non-activated
dendritic cells [205]. Significant increases in MHC c. II expression on cDC1 was observed
between AAV2 (TM) and wild-type AAV2 injected mice. cDC1 are thought to be involved
in the activation of Th1 responses which are a crucial component of the anti-viral immune
response [239]. As discussed above, a significant increase in CD4+ T-cells were observed
after IVT of AAV2 (TM) vs. wild-type AAV2, which may have been driven by increased
cDC1-mediated Th1 induction in the spleen, however, further work is needed to delineate the
precise helper T-cell subsets that are induced by IVTs of AAV2. cDC1s are also key regulators
of CD8 T-cell priming [239], and as such, one possible explanation for the increase in CD8+
T-cells observed in AAV2 (TM) injected mouse retinae involves increased antigen-dependent
activation of cDC1 arising from increased vector shedding/biodistribution as outlined above.
However, providing a possible explanation for CD8+ T-cell activation by dendritic cells in this
study requires additional analysis, as the mechanism of phosphodegron mutations involves

Discussion

164

reducing cytosolic degradation of capsid antigen thereby reducing its display by MHC c. I
[194]. A possible reason is that whilst phosphodegrons do partially reduce peptide display on
MHC c. I (reducing CD8 T-cell priming), this was offset/overcompensated for in this study by
increased vector shedding/biodistribution in the spleen (increasing CD8 T-cell priming). Further, increased CD4 T-cell activation (which may have been elevated in the AAV2 (TM) group)
that supports CD8 T-cell priming may have counteracted the effect that phosphodegrons have
on attenuating capsid antigen presentation via MHC c. I.
Next, an increase in MHC c. II expression in cDC2s was seen when AAV2 (TM) and
wild-type AAV2 injected mice were compared. cDC2 cells are important for activating Tfh
responses [239]. Therefore, the increase in cDC2 activation observed in this study was consistent with the elevation of Tfh cell numbers and upregulated GC reactions (increased B-cell
activation and class-switching in the AAV2 (TM) group), which may have been due to an increase in vector shedding/biodistribution in the spleen and peripheral lymph nodes caused by
attenuated binding affinity to AAV2’s primary attachment receptor, HSPG (discussed in more
detail below).
The final dendritic cell population to be analysed was pDCs, which are thought to be
an important dendritic cell subtype involved in the antiviral response. No differences were
observed in MHC c. II expression in splenic pDCs between the three vector groups tested.
However, this may be explained by the differences in MHC c. II expression between pDCs
and cDC1/2s, which has been described in a number of reports and reviews in the literature
[240, 241]. This is not to suggest that the pDCs did not play a role in the anti-viral response
described in this study however. In fact, pDCs are thought to be a key cellular player in
the anti-viral response, in part due to their ability to sense unmethylated CpG motifs in viral
genomes and secrete IFNγ to potentiate Th1 differentiation [242]. Further research is needed
to better understand the role that pDCs play in response to AAV gene therapy in the eye.
Interestingly, a recent paper utilised TLR9-inhibiting io1 sequences as a means of dampening
innate and adaptive immune responses to multiple AAV capsids across a range of delivery
routes. However, no reduction in the levels of NAbs induced after systemic administration
of the engineered vectors was observed, despite the demonstration of reduced innate immune
responses in human pDCs in vitro [209]. Therefore, whilst the benefits of reducing TLR9
sensing of viral genomes may be beneficial in partially limiting immune responses against
AAV gene therapies, additional strategies to circumvent pDC responses to limit NAb synthesis
are clearly required.
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Increased glial cell activation following AAV2 (TM) vs. wild-type
capsid IVT

In the next set of experiments, the possibility that AAV2 (TM) may induce higher levels
of gliosis in the retina than wild-type AAV2 capsids was tested. First, IBA1 immunoreactivity
was measured, which is considered to be a marker of activated microglia cells [206]. Higher
levels of IBA1 were seen in AAV2 (TM) retinae than those mice who received wild-type
AAV2 injections, and microglia cells exhibiting a “bushy” morphology were also observed in
AAV2 (TM) injected mice. Next, GFAP was assessed in retinal cryosections to assess whether
Muller glia cells were activated by the vector injected groups. Here, significant increases in
GFAP fibril length and immunofluorescence were seen in AAV2 (TM) vs. wild-type AAV2 injected mice, which is consistent with reports of Muller glia activation in the retina [243]. This
analysis was then extended to include GFAP+ astrocyte cells in the retinal ganglion cell layer,
which was analysed via staining and imaging of wholemounted retinal tissue and assessment
of skeletonised GFAP+ dendritic arbours. Further to the results outlined above, significant
differences were observed when AAV2 (TM) and wild-type AAV2 injected mice were compared, however, the effect size with these analyses was smaller than that seen with the IBA1
and Muller glia GFAP analysis.
These data therefore showed that, further to increasing the humoral and cellular arms of the
adaptive immune system, innate immune activation in the retina may also be increased after
IVT of AAV2 (TM). To explain this, the work of Boye et. al. [213] is highly relevant in which
the authors argue that a possible reason that phosphodegron mutant capsids exhibit increased
transduction of the outer retina after IVT vs. wild-type AAV2 is due to attenuated binding
affinity to HSPG in the ILM at the vitreoretinal interface. The data outlined in this thesis goes a
step further and asks what the possible consequences of this may be in terms of innate immune
activation and reactive gliosis in the retina. Here, a number of possible models are considered.
First, it may be that reduced capture of vector in HSPG-rich ILM (which is been postulated as
a barrier to transduction of the retina [244]) drives an increase in transduction by increasing
the infection of retinal neurons, such as RGCs and amacrine cells. As such, increased levels
of vector are sensed by intracellular arms of the innate immune system, such as TLR9 that
responds to endosomal viral unmethylated CpG motifs. In support of this hypothesis, type
I interferon responses in neurones have been documented arising from infection by viruses
[245], a finding that may be relevant to the neuronal cells that are infected/transduced after
IVT of AAV2. An alternative explanation is that the increased permeation into the retina
exhibited by some phosphodegron mutant AAV2 capsids [213] that arises from attenuated
HSPG binding/capture in the ILM may be related to the interaction between the viral particles
and the resident immune cells of the CNS, microglia cells, which are thought to reside in
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their resting state in the inner and outer plexiform layers [246]. One possible model is that
increased permeation of AAV2 (TM) into the retina vs. wild-type capsids resulted in elevated
antigen-dependent activation of microglia cells via a mechanism similar to that described with
other viral infections [247]. Whilst transduction of microglia is usually considered rare after
an IVT of AAV2, recent reports have suggested that entry of capsid to endosomes/cytosol
may occur (positive qPCR signal for AAV genomes) although concomitant nuclear transfer
of AAV genomes and gene expression may be blocked by intracellular machinery whose role
is to degrade viral capsids [248]. Thus, work reviewed by Maes et. al. provides a possible
reason why microglia may be the key cell type underpinning the increased immune activation
observed after IVT of AAV2 (TM) vs. wild-type control capsids, where increased antigendependent activation of these cells may have occurred in the absence of detectable transduction
(in this case, expression of GFP).
Microglia cells harbour a documented capacity to secrete type I interferons if they are
activated by viral infections [249]. Therefore one possible explanation that links the microglia, Muller glia and astrocyte activation observed in this thesis begins with increased
antigen-dependent activation of microglia, which in turn increases TLR9-mediated sensing
of unmethylated CpG dinucleotide sequences in AAV genomes [209]. This in turn could have
facilitated increased type I interferon (IFNα/β ) production via the interferon response factor 7
(IRF7) pathway [250]. In turn, type I interferon production drives NFκB- and STAT-dependent
synthesis of proinflammatory cytokines like TNFα and IL1β in addition to chemokines like
MCP1 and MIP1 [251]. Further, increased TLR2 sensing of capsid proteins at the cell surface
of the microglia cells have played a role [252]. As a result, the proinflammatory cytokine
microenvironment may have induced the gliosis described above in accordance with a number
of recent publication linking cytokines like TNFα to microglia activation [253] and astrocyte activation [254]. However, significantly more research will be required before a precise
explanation (e.g. a detailed spatio-temporal model) of the mechanisms underpinning innate
immune activation after IVT of AAV2 (and many mutant/designer capsids) can be provided.
For instance, a recent review highlighted reports of transduction of astrocytes and Muller glia
cells by several AAV serotypes [255], which may have caused TLR9-mediated type I interferon signalling and antigen-independent activation of microglia cells. In reality, a network
of discrete glial cell activation events likely occurs via antigen-dependent and -independent
mechanisms which culminates in gliosis in the retina after AAV2 IVT. However, the relative
contribution that activation of different glial populations to inducing gliosis requires further investigation. Future investigations may also seek to characterise the transcriptomes of infected
microglia cells via single cell RNA sequencing compared to PBS injected control retinae. As
highlighted above, immunopeptidomics could be utilised to highlight a possible role of capsid
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antigen presentation in activated microglia cells, and possibly astrocytes as well given reports
that this glial cell population may harbour antigen-presenting capacity [256, 257]. Finally,
spatial multiomics techniques [231] could be used to identify a possible role for microgliamediated reactivation of infiltrating T-cells if a role for capsid antigen presentation by microglia/astrocytes was determined.
Another role for the innate immune response and glial cell activation that remains to be
determined, and one that was not directly investigated in this thesis, was the possible impact
that chemokine synthesis and secretion played in facilitating the recruitment of circulating
lymphocytes into the retina, which has been documented in comparable examples of retinal
inflammation involving chemokine receptor 5 (CCR5) expressing Th1 T-cells [258]. A recent
review by Bucher et. al. highlighted an interesting role for proinflammatory cytokines like
TNFα and IL1β in facilitating increased vascular permeability, thus potentiating the infiltration of the retina by lymphocytes and APCs [259]. These findings may be highly relevant
to the development of gene therapies [260] for disease in which compromised blood-retinal
barrier functionality is well-documented, such as age-related macular degeneration [261] and
diabetic macular oedema [262], where AAV2 administration may transiently worsen disease
pathology before substantial levels of a therapeutic transgene are expressed. In terms of the
work discussed in this thesis, however, cytokine-mediated increases in vascular permeability
(e.g. that driven by activated microglia cells) may have played a role in facilitating lymphocyte (CD4 and CD8 T-cell) recruitment to the retina. As discussed below, increases in
microglia-mediated vascular permeability could also have been linked to increased intravasation of vector in the AAV2 (TM) group vs. wild-type AAV2, which may explain the increases
in cDC1 & 2 activation and concomitant NAb synthesis.
Further, if there had been an increase in APCs infiltrating to the retina [210], then recirculating to the spleen and lymph nodes and activating B-cell responses, this may also have been
involved in increasing NAb and TAb responses in AAV2 (TM) injected eyes vs. wild-type
AAV2 injected eyes. In support of this, IBA1+ MHC c. II+ co-immunolabelled cells were
observed in the vitreous after IVT of AAV2 (TM) eyes, which may have been macrophages
which harbour antigen presenting capacity. Interestingly, in a recent publication, the role of
microglia and macrophages was studied in an experimental autoimmune uveitis (EAU) model,
and it was posited that microglia may be responsible for the initiation of the innate immune
response, in part via the facilitating extravasation of infiltrating MHC c. II+ APCs, which may
include monocytes/macrophages. Depletion of microglia after the onset of EAU however had
little effect on the duration or severity of inflammation, leading the authors to suggest that the
infiltrating APCs were responsible for reprocessing and presentation of autoantigen to infiltrating CD4 T-cells and the onset of EAU [206]. Closer examination of these pathways in the
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context of AAV2-induced intraocular inflammation may therefore prove useful in determining the initial steps that drive the immune response against various capsid components, which
could be achieved via depletion of microglia using PLX5622 at various timepoints post-IVT.
Crucially, given that depletion of microglia prior to immunisation in the Okunuki et. al. paper
blocked development of EAU [206], strategies to target activation and function of this glia cell
type in AAV gene therapy studies may be beneficial.

6.2.6

AAV2 (TM) exhibits reduced neutralisation by heparan sulphate
and anti-AAV2 NAbs vs. wild-type control capsids

Previous reports have demonstrated that the incorporation of phosphodegron mutations
into AAV2 capsids may be associated with the attenuation of binding affinity to HSPG, AAV2’s
primary attachment receptor, which was correlated with increased permeation of vector particles into the retina [213]. As discussed above, this could lead to increased activation of glial
cells and retinal neurones via antigen-dependent and -independent mechanisms. To demonstrate that AAV2 (TM) exhibits reduced HSPG affinity, a heparan sulphate (HS) neutralisation
assay was used. Here, vector was incubated with HS and HEK293T cells, and reduced neutralisation (i.e. increased remaining infectivity) in the AAV2 (TM) group (a slight reduction
in neutralisation was also identified in AAV2 (Y444F), AAV2 (K556E) and AAV2 (S662V)
groups) was observed. These findings therefore corroborated the findings of Boye et. al. [213],
however, further work to characterise the attenuation of HSPG binding with AAV2 (TM) using
heparin chromatography would likely be beneficial to the investigation. Possible explanations
linking attenuated HSPG binding to increased immune activation are outlined above in the relevant sections. Below, further justification and key literature reports are provided in support
of the hypothesis that attenuated HSPG binding may correlate to greater immune activation.
The work of the Lisowski group may be relevant [226]. In their recent publication, the
authors outlined a functional model by which AAV2 mutants with attenuated HSPG binding increase liver transduction. After systemic intravascular administration, they suggested
that reduced HSPG capture in the extracellular matrices surrounding the liver results in an increase in free vector levels, which increases biodistribution of the capsid, leading to increased
hepatocyte transduction via a process that may be partially HSPG-independent [226] (this may
be supported by reports in the retina in which some mutants exhibit high levels of photoreceptor transduction despite displaying ablated binding affinity to HSPG [263]). The presence of
AAV vector genomes in the spleen after IVT [264] and suprachoroidal administration [202]
has been characterised. This suggests that vectors delivered to the eye may travel via the blood
to this secondary lymphoid organ, and a substantial number of AAV genomes have been iden-
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tified in the blood after IVT (464-fold greater levels than that observed after SRT in the NHP
study) [264].
Another publication relevant to the discussion is a recent report of an evolved AAV capsid
exhibiting increased photoreceptor transduction after systemic administration and IVT [265].
This study sought to develop capsids capable crossing biological barriers such as the extracellular matrix in the ILM. Both capsids that were identified as exhibiting increased transduction
of the retina also demonstrated reduced binding affinity to HS in a heparin chromatography
assay. The authors comment that, due to the initial systemic injection used to screen for novel
AAVs after 24h, the vectors had to penetrate through the blood vessel endothelium to enter the
retina and transduce photoreceptors (however, they acknowledge that intracellular processes
may also explain their data). One possible explanation here is that vectors exhibiting reduced
HSPG binding were more effective at crossing the blood retinal barrier due to the high levels
of HSPG-rich extracellular matrix present in blood vessel endothelium [266].
More research will be required to link these findings to the increased immune activation
exhibited by AAV2 (TM). One possible explanation is that AAV2 (TM) is more readily able
to drain to the spleen once it has accessed the circulation, similar to the patterns observed with
HSPG binding mutants in heparin chromatography assays in which elution of mutant capsids
occurs at lower buffer concentrations than wild-type capsids [213, 226]. Here, a synergistic
effect between increased extravasation of vector (driven by increased microglia activation) and
increased vector shedding may explain the elevation in cDC1 & 2 activation between AAV2
(TM) and wild-type AAV2, which may explain the differences in NAb and TAb levels outlined
above.
An important question to address with AAV2 (TM) is why the phosphodegron mutations
induced changes in heparan binding. Notably, this question was not addressed in the Boye et.
al. paper [213], possibly highlighting the fact that such an assessment can only be reliably
performed using cryoelectron microscopy. However, the positioning of the mutations can be
visualised in silico and the proximity of these residues to canonical HSPG binding motifs can
be considered using PyMol and RIVEM. This assessment suggested that the three residues
identified for analysis in this study lay distal to the main HSPG binding residues. As such, it
may be unlikely mutating these areas of the capsid induced a conformational change in AAV2
monomers to the extent that HSPG binding was reduced. An alternative hypothesis is that
the mutations may have modulated the overall oligomeric structure of 60mer AAV capsids by
affecting interactions between individual monomer subunits of the virus, thus eliciting conformational changes between adjacent HSPG binding motifs at the three-fold axis of symmetry
[215]. For instance, mutation of a polar serine residue at position 662 to a non-polar valine
residue at the periphery of the AAV2 monomer may have modulated ionic interactions with
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adjacent monomers, possibly inducing an overall structural change in the oligomeric 60mer
capsid.
Having demonstrated reduced neutralisation of AAV2 (TM) by HS in an in vitro model, it
was hypothesised that escape from neutralisation by anti-AAV2 NAbs may also be induced by
the incorporation of the phosphodegron mutations. This hypothesis was partly derived from
the fact that some neutralising epitopes are thought to be present at the three-fold axis of symmetry [267], which may have been altered in AAV2 (TM) vs. wild-type AAV2 capsids, in
addition to recent reports that AAV vectors exhibiting attenuated HSPG binding may be less
susceptible to neutralisation by anti-AAV2 NAbs [265]. To this end, wild-type and mutant
vectors were incubated with anti-AAV2 NAb-containing serum and HEK293T cells. Remaining infectivity was subsequently calculated, which showed that whilst AAV2 (Y444F), AAV2
(K556E) and AAV2 (S662V) only elicited a slight escape from neutralisation, AAV2 (TM)
demonstrated a 7-fold increase in remaining infectivity vs. wild-type capsids. This may prove
a relevant finding pertaining to recent evidence that IVT of a phosphodegron mutant AAV2
capsid did not appear to be impacted by the presence of pre-existing NAbs in NHPs [268], and
may explain why patients with high pre-existing NAb titres in clinical studies utilising IVT
of phosphodegron mutant AAV2 demonstrated improvements in vision [98]. Therefore, one
possible benefit of utilising phosphodegron mutant capsids in ocular gene therapy trials may
be to assist in overcoming pre-existing NAb responses.

6.2.7

Analysis of electrophysiological activity in the retina following vector IVTs

IVT of AAV2 (TM) and also AAV2 (high titre) was associated with glial cell activation and T-cell infiltration in the retina. To assess whether these immune responses may have
induced electrophysiological perturbations, ERG was performed. In this study, no changes
in RGC, rod bipolar or rod photoreceptor ERG activity were detected. This suggested that
although some inflammation was observed, this did not appear to affect the ability multiple
retinal subsets to depolarise/hyperpolarise and induce action potentials 3wk after IVT. One
weakness of this assessment however is that only a single timepoint was tested. It is possible
that ERG deficits were present at earlier timepoints, for instance, 1-2 weeks post IVT where
innate immune cell infiltration may be at a maximum [210]. Further, these data were arguably
at variance with later ERG data described in Chapter 5, in which electrophysiological deficits
were observed in mice who received a PBS IVT followed by an AAV2 IVT. Clearly, a key
disparity between the two studies was the number of IVTs being performed, however, differences in the age of the mice may also provide a possible explanation, which will be discussed
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later in this chapter.

6.2.8

Summary of immune responses induced by AAV2 (TM) vs. wildtype AAV2

In this chapter, NAbs, TAbs, retinal T-cell infiltration, splenic GC reactions (Tfh levels
and GC B-cell changes), and DC activation were all found to be increased after an IVT of
AAV2 (TM) vs. wild-type capsids. Further, elevated activation of microglia, Muller glia
and astrocytes were identified. Interestingly, escape from neutralisation by anti-AAV2 NAbcontaining serum was demonstrated, highlighting a possible benefit to the clinical application
of phosphodegron mutant AAV2.
Elucidation of the underlying mechanisms by which this occurred will require further research, specifically, whether the reduction in binding affinity to HSPG (discussed further below) may correlate with an increase in vector shedding from the eye/increased biodistribution
in the spleen and lymph nodes (possibly due to reduced capture in ECM or via microgliamediated intravasation). The data discussed above may be consistent with a model in which
increased viral load in the spleen is associated with elevated cDC1 and cDC2 activation, which
drive CD4/CD8 T-cell and Tfh responses respectively. As a result, increased T-cell infiltration
to the site of infection and increased Tfh/GC B-cell-driven NAb and TAb synthesis occurs.
To identify increased vector shedding/biodistribution in the spleen and lymph nodes, and presentation of AAV2 antigen on cDC1/2 MHC c. I and c. II, immunopeptidomics could be
employed [232]. Further, isolation of cDC1 and cDC2 endosomes and subsequent analysis of
the number of endosomal AAV2 genomes via qPCR could also be beneficial [269]. Identification of elevated vector genomes in the blood after IVT of mutant and wild-type capsid would
also assist in identifying increased vector shedding as a possible cause of increased adaptive
immune responses. An alternative explanation is that increased permeation of AAV2 (TM)
into the retina elevated interactions between the capsid and glial cell populations in the retina,
which caused gliosis via antigen-dependent and -independent mechanisms. This may have facilitated recruitment of APCs, such as DCs, which could have engulfed antigen and circulated
to the spleen and lymph nodes to present AAV2 capsid antigen to B-cells and T-cells, in addition to the reactivation of infiltrating CD4 T-cells [206], thus potentiating a self-amplifying
feedback loop of leukocyte activation and antigen presentation. Further evaluation of this hypothesis could involve assessment of APC populations after IVT of AAV2 (TM) and wild-type
capsids in accordance with published strategies [210]. Considering the observation of IBA1+
MHC c. II+ cells in the vitreous after AAV2 IVTs in this study, monocyte/macrophage depletion via administration of clodronate could be utilised to further investigate the role that these
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cells play in response to intravitreally-injected gene therapies [270].
In summary, this chapter sought to assess whether the incorporation of phosphodegron
mutations into AAV2 capsids could be a useful strategy to boost transduction of the retina
whilst limiting NAb synthesis, thus identifying a possible component of the comprehensive
strategy outlined in Chapter 1 that could be used to enable repeated gene transfer. Although
increases in immune activation were observed, the study highlighted novel aspects of AAV
vector immunobiology arising from incorporation of phosphodegron mutations, which may
be of relevance to their clinical application.
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Perioperative prednisolone administration attenuates immune activation following intravitreal injection of AAV2,
but fails to enable repeated gene transfer to the inner
retina

The analysis in Chapter 1 outlined the need for a comprehensive and multifaceted approach to circumvent NAb responses to AAV gene therapies. One component of this will
likely entail the administration of small molecule immunosuppressants, such as glucocorticoid steroids. An advantage of this approach vs. the use of lymphocyte-depleting antibodies,
for example, is that steroids like prednisolone have been used for decades in patients and exhibit a strong safety profile provided they are used for a short duration [271]. Interestingly,
in the first gene therapy studies utilising IVT of AAV2 to treat diseases of the optic nerve,
prednisolone was not administered to patients, but has been used in more recent studies utilising IVT and SRT modes of delivery [216]. Whilst prednisolone has demonstrated efficacy
in reducing the CD8 T-cell response to transduced hepatocytes in patients [54, 272], the effect
of the drug on attenuating NAb synthesis after IVT of AAV2 has not been documented as a
possible solution to enabling repeated gene transfer. In this study, perioperative administration
of prednisolone was found to reduce NAb and TAb synthesis in mice who received repeated
bilateral injections of AAV2, which may have been due to the inhibition of splenic GC reactions. Prednisolone also reduced CD4 and CD8 T-cell infiltration into the retina, however, no
changes in microglia activation were observed. Interestingly, electrophysiological changes affecting RGCs, rod bipolar cells and rod photoreceptors were evident between different groups.
However, prednisolone monotherapy was insufficient in lifting the blocking effect imposed by
anti-AAV2 NAbs, suggesting further optimisation to the immunosuppressive regimens may be
required to enable repeated gene transfer.

6.3.1

Prednisolone limits induction of NAb and TAb synthesis

Blood samples were extracted three weeks after the first set of IVTs and assessed for
the presence of NAbs and TAbs. In mice that were treated with prednisolone, reduced NAb
and TAb levels were observed. As highlighted in the discussion below, this may have been
driven by the inhibition of GC reactions. Similar to the results outlined in Chapter 4, the main
immunoglobulin isotypes that appeared to be responsible for the neutralising activity detected
were IgG, specifically, IgG2b and IgG2c.
Similar results were obtained at the end of the study (6wk timepoint) wherein prednisolone-
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treated mice exhibited reduced NAb and TAb levels. Notably, the fold change between Group
A (no immunosuppression) and Group B (prednisolone) mice in NAb IC50s and TAb levels
was lower at the 6wk timepoint than the 3wk timepoint, which may suggest that steroid administration was more effective at attenuating humoral immune activation after the first IVT
of AAV2 than the second. Another interesting observation is that the levels of NAbs and
TAbs were higher in Group A mice, who received two AAV2 IVTs vs. Group D mice who
received one AAV2 IVT. This suggested that, although the second vector injection was likely
neutralised by NAbs in the vitreous (see discussion below), antibody-bound AAV2 was still
processed by APCs and presented to B-cells, thereby eliciting further antibody production.
This data is supported by the increase in GC reactions observed between these two groups,
which is outlined below.
Notably, there was a possible exception in IgG2b TAb levels, in that there was no apparent difference observed between Group A and B mice with this immunoglobulin subtype,
although a disparity was evident with IgG and IgG2c isotypes. The reason for this is not
completely clear, especially when considered in conjunction with the 3wk TAb data in which
IgG2b levels were reduced when comparing Group A and Group B samples. Further work
should seek to validate these findings and confirm that this is the pattern of IgG2b expression.
An investigation into the changes in immunoglobulin isotype synthesis over a greater number
of timepoints could assist in furthering our understanding of the humoral immune response to
AAV2.
The patterns of IgM levels between groups was also interesting. Although these differences were not significant when analysed with a two-way ANOVA, clear differences in the
mean values between Group A and prednisolone-treated mice in Group B were evident, which
may provide evidence for the inhibition of GC reactions/class-switching induced by the immunosuppressant. Further, elevated IgM levels were observed in Group D mice, which suggests that the innate B-cell response [273] was still active in this group at the end point of the
study, 3wk after they received an AAV2 IVT. This is slightly different to the data obtained in
Chapter 4 in which no IgM was detected in samples obtained 3wk after AAV2 IVT, however,
the age of the mice in the study at the time of vector administration may have been responsible,
where decreased class-switching in older mice has been described in the literature [274].
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Inhibition of GC reactions identified as a possible mechanism of
action underpinning the effect of prednisolone on antibody synthesis

Having shown that prednisolone reduces NAb and TAb synthesis in AAV2 injected mice,
splenic lymphocyte populations were analysed to examine possible cellular mechanisms underlying the steroids effects. First, Treg levels were assessed, which were elevated in prednisolonetreated mice, but also Group A and Group D mice who received no immunosuppression compared to control Group C mice. This may have reflected the ability of the immune system
to induce Treg responses when encountering a new infection as a means of controlling immune activation and dampening the potentially deleterious activity of conventional helper Tcells [275]. Interestingly, no differences in Treg levels were observed between Group A and
prednisolone-treated Group B mice, who both received repeated AAV2 bilateral IVTs. This
suggested that the mechanism by which prednisolone attenuated NAb and TAb synthesis may
not have involved the induction of a Treg response, a finding that could be at variance with
reports in the literature investigating autoimmune disorders [276] and rejection of transplanted
organs [277]. In this experiment, CD25 was used as a marker to delineate Treg cells [278],
however, further research into the Treg response induced by IVT of AAV2 could expand upon
this by analysing FoxP3, CD127 and CTLA4 [278]. In addition, in vitro Treg suppression
assays [279] could be employed to determine the immunosuppressive activity of the Treg
population in different scenarios, for instance, in mice injected with AAV2 and treated with
prednisolone. It is possible that, although no differences in Treg levels were observed in this
study, the AAV-specific Tregs in the prednisolone treatment group were more immunosuppressive than those in mice who did not receive any immunosuppression. If a significant role
for Tregs was determined in terms of dampening anti-AAV immune activation, one possible
translational line of investigation could seek to administer AAV-specific Tregs as a means of
reducing humoral immune activation and enabling repeated gene transfer, similar to a recent
strategy outlined in the literature in which an autoantibody-mediated immune disorder was
treated [280]. An advantage of this approach may be that it avoids the risks associated with
general immunosuppression, such as potentiating opportunistic infection and dampening antitumour T-cell responses.
The next lymphocyte population that was analysed was Tfh cells, which are a T-cell subset
that facilitate dendritic cell interactions with B-cells in splenic GCs in order to upregulate
antibody synthesis by promoting survival and class-switching of B-cells [281]. Reduced Tfh
levels were seen in the prednisolone-treated mice, suggesting that the reductions in NAbs
and TAbs observed in this group vs. mice who did not receive any immunosuppression may
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have been partly due to reduced Tfh activity in the spleens, a finding similar to that reported
in studies investigating autoantibody-mediated disorders [282]. To determine the molecular
mechanisms by which prednisolone may reduce Tfh levels in the spleen, sorting of Tfh cells
and a characterisation of cellular transcriptomes could be used. For instance, steroids have
been shown to block CD28-mediated cell cycle entry via upregulation of CTLA4 mRNA in
CD4 T-cells as a means of inhibiting the proliferation of these cells, and a similar mechanism
could have been involved here [283]. Interestingly, higher Tfh levels were seen in Group A
(AAV2 →AAV2) mice vs. Group D (PBS →AAV2) mice, suggesting that AAV2 vectors in
Group A were still capable of inducing GC reactions despite being neutralised in the vitreous
after the 2nd IVT, possibly because the antibody-bound virions were engulfed by APCs in the
retina or spleen, leading to Tfh priming. This observation may therefore be in agreement with
reports of NAb-coated AAV vectors accumulating in the spleen [86].
Analysis of the changes induced in B-cell populations by prednisolone administration began by quantifying the levels of splenic GC B-cells. B-cells are known to migrate to the
GCs in response to a new infection where they proliferate and undergo somatic hypermutation prior to selection based upon the affinity of their B-cell receptor to a particular antigen
[236]. GC B-cell levels were lower in prednisolone-treated mice, suggesting that the steroid
immunosuppressant may have inhibited proliferation of the cells in accordance with reports
in the literature [284], possibly by binding to GRs on B-cell surfaces and inducing cell cycle arrest via repressing expression of CDK4/cyclin D3, and cMyc/E2F-1, the latter of which
are key transcription factors mediating the G1 to S phase transition [285]. Interestingly, the
levels of GC B-cells were equitable when comparing Group A (AAV2 →AAV2) and Group
D (PBS →AAV2). The reasons for this were not completely clear, however, it is possible
that GC B-cell levels in Group A (AAV2 →AAV2) mice began to decline due to GC reaction
progression/resolution [286].
Lastly, changes in B-cell class-switching were assessed by analysing the expression of IgM
and IgD. Briefly, class-switch recombination (CSR) is a process that proceeds somatic hypermutation (mutation of antigen binding domains) in B-cell GCs. CSR is driven by activationinduced cytidine deaminase (AID)-mediated mutation of ’switch’ regions between immunoglobulin constant regions. These mutations induce the formation of single- and double-stranded
DNA breaks that enable the excision of immunoglobulin constant region DNA mediated by
recombinase enzymes. Thus, transcription of IgM mRNA can be changed to IgG mRNA,
effectively switching the antibodies produced by that B-cell from IgM to high affinity IgG
molecules with new effector functions, such as antibody-dependent cytotoxicity (ADCC) and
antibody-dependent phagocytosis (ADP) [204, 287]. In this study, the levels of unswitched
IgM+ IgD+ GC B-cells was increased in prednisolone-treated mice, and in parallel, switched
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IgMlo IgDlo GC B-cell levels were increased in mice who were treated with the immunosuppressant. Thus, one possible reason that NAb and TAb levels were reduced in prednisolonetreated mice is that the drug acted to inhibit CSR, a finding that be in accordance with reports
in the literature suggesting that AID mRNA synthesis may be reduced by administration of
glucocorticoids [221]. As discussed above, however, prednisolone treatment also limited GC
B-cell levels and Tfh levels, suggesting the cellular and molecular mechanisms governing the
effect of the steroid on antibody synthesis may have been multifaceted in which a number of
inhibitory pathways acted synergistically to attenuate NAb and TAb synthesis. Comparing
the patterns of B-cell CSR between Group A (AAV2 →AAV2) and Group D (PBS →AAV2)
also yielded interesting findings, in which CSR appeared to be higher in mice that received
repeated bilateral AAV2 IVTs vs. a single set of bilateral IVTs, suggesting that CSR could
still be upregulated by AAV2 vectors that had likely been neutralised upon injection into the
vitreous by NAbs. Further work will be required to understand the pathways involved here,
however, similar patterns were observed with Tfh levels in these groups, highlighting that increased DC-mediated priming of Tfh cells in Group A may have been involved, which could
be assessed via expression of MHC c. II on cDC1 and cDC2 subsets with flow cytometry.
Whether increased DC activation was driven by the infiltration of the cells to the retina [210]
or draining of soluble antigen via the circulation to the spleen [264] remains to be determined,
however.
To summarise, this set of experiments suggested that prednisolone inhibited GC reactions
in AAV2 challenged mice which may explain the reductions in NAb and TAb titres described
earlier. Whilst no change in Treg levels was observed in steroid-treated and -untreated animals, further work could implicate AAV-specific Treg responses as a possible cellular player
underpinning prednisolone-mediated immunosuppression.

6.3.3

Prednisolone limits CD4 and CD8 T-cell infiltration into the retina
in AAV2-challenged mice

Previous reports have demonstrated that CD4 and CD8 T-cells can infiltrate into the retina
after IVT of AAV2 [210]. Having shown that prednisolone administration was associated with
reduced NAb and TAb titres in AAV2-challenged mice, the possibility that the immunosuppressant may inhibit CD4 and CD8 T-cell infiltration into the retina was tested. Mice in the
prednisolone treatment arm (Group B) demonstrated reduced CD4 and CD8 T-cell levels compared to mice in Group A who received no immunosuppression. These findings may therefore
be in support of reports that CD4 infiltration may be modulated by glucocorticoid administration in studies examining T-cell levels in adrenocortical carcinoma [288]. Overall, however,
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there has been little evidence to date suggesting that steroids may limit CD4 T-cell infiltration to inflamed tissues in response to viral infections. Given the capacity of CD4 T-cells to
secrete proinflammatory cytokines, and possibly, eliminate infected cells in rare instances via
cytolytic activity, this broad class of T-cell clearly plays an important role in antiviral immunity [289], and the findings of this study suggest that prednisolone may attenuate CD4 activity
at the site of infection as well as in the spleens. The mechanism by which prednisolone inhibited CD4 T-cell infiltration may require further investigation, however. It is possible that
the steroid acted via direct and indirect mechanisms. For instance, apoptosis of activated lymphocytes may have played a role [290], and upregulation of miR-98 may have been induced
by the drug as a means of suppressing CD4 T-cell functionality [291]. Both of these possible
aspects of prednisolone immunobiology have only been described in fields outside of AAV
gene therapy, yet they provide a useful starting point for aiding future lines of inquiry.
There was also a significant reduction in the levels of CD8 T-cells infiltrating into the retina
in the prednisolone-treated group, and this reduction appeared to be more pronounced than the
differences observed with the CD4 T-cell analysis, suggesting that the drug may have had a
bigger impact on the CD8 T-cell subset than the CD4 subset. This data therefore suggested
that steroid administration may be beneficial in attenuating the infiltration of cytolytic cells,
which may clear transduced cells expressing AAV antigen to CD8 T-cells via MHC c. I
[292], however, this has not been demonstrated in the retina. As with the CD4 analysis,
more research will clearly be need to establish a precise model for prednisolone-mediated
immunosuppressive effects on CD8 T-cells. There is, however, some literature pertaining
to the effect of glucocorticoids on CD8 T-cell subset function that may assist in explaining
the results outlined in this study. Interestingly, this seemingly involves ablation of naiive
CD8 T-cells via the induction of apoptosis in herpes simplex virus infections, as opposed
to a mechanism affecting activated CD8 T-cells, in which the susceptibility to apoptosis of
the T-cells was correlated with NR3C1 protein expression [293]. It is therefore possible that
a similar effect occurred in this study, in which prednisolone ablated the naiive CD8 T-cell
pool, thereby reducing the number of cells with T-cell receptors capable of recognising AAV
epitopes presented on APCs, without altering the activation of primed CD8 T-cells (which has
been demonstrated in melanoma models) [294]. One possible line of investigation that could
be employed to this end would involve the sequencing of the T-cell repertoire based on a prior
understanding of the sequence of anti-AAV T-cell receptors, in addition to flow cytometry
analysis of circulating, splenic, lymph node and thymic naiive CD8 T-cells [295].
One aspect of T-cell infiltration to the retina that may require further study is the role that
innate immune activation and concomitant release of cytokines that elevate vascular permeability could play [259]. As discussed above, it is possible that AAV-microglia interactions
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upon IVT results in increased levels of proinflammatory cytokines in the retina, which may
temporarily compromise the blood retinal barrier, thus potentiating leukocyte transmigration
into the retina [296]. Considering the findings outlined in a recent review in which glucocorticoids were posited to elicit a downregulatory effect on vascular hyperpermeability [297]
and another study investigating steroid administration in VEGF-challenged retinae (in which
reduced blood vessel leakage was attributed to inhibition of signalling pathways downstream
of the VEGF receptor) [298], one possible explanation for the attenuation of CD4 and CD8
T-cell infiltration into the retina exhibited by prednisolone-treated mice was that reduced vascular permeability limited the transmigration of lymphocytes. An interesting future line of
investigation could be to test whether steroid administration can limit APC infiltration into the
retina, thereby highlighting a possible mechanism by which prednisolone attenuated NAb and
TAb synthesis in addition to the inhibition of GC reactions as outlined above.
One key observation of the assessment of CD4 and CD8 T-cells was that the highest levels
of the infiltrating lymphocytes were seen in Group D (PBS → AAV2) mice. This may reflect
the timings of adaptive immune responses to IVT AAV2, which have been shown to resolve
over time [210]. It is possible that AAV2 vectors in Group A and B mice were neutralised
in the vitreous after the second injection, negating a secondary T-cell response to the antigen.
However, this seems unlikely given reports that neutralised AAV vectors accumulate in the
spleen and lymph nodes [86] which could be linked to cDC1-mediated T-cell priming [239]
and subsequent localisation to the site of infection at the retina. Another possible explanation,
in accordance with recent reports is that the T-cell response in an AAV-primed mouse (one
previously exposed to AAV antigen) occurs at a faster rate compared to animals naiive to
AAV antigen [210]. Therefore, at the timepoints examined in this study, the T-cell response
had begun to resolve in Groups A and B, but not yet in Group D, leading to the observation
of higher T-cell levels in the retina at the endpoint of the study. As discussed in more depth
below, it is possible that the disparities in T-cell levels between Group A/B and Group D mice
could explain the differences in electrophysiological activity exhibited by these groups.
To summarise, this set of experiments suggested that prednisolone administration may inhibit the infiltration of T-cells in to the retina, however, further research will be required to
understand whether this occurred via direct modulation of T-cell activity/induction of apoptosis, or by mediating vascular permeability. The study also provided possible insights into the
role of vector neutralisation in the vitreous, however, it also remains unclear whether NAbs
inhibit secondary T-cell responses, or prior exposure to AAV facilitate faster T-cell responses.
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Prednisolone administration is not associated with a detectable change
in retinal microglia activation in mice receiving AAV2 IVTs

The next set of experiments sought to establish whether prednisolone administration
would affect microglia activation in AAV2-injected mice. Here, IBA1 immunoreactivity was
measured at the end of the study, however, there was not a statistically significant difference
seen between mice who were treated with prednisolone (Group B) and those who did not
receive any immunosuppression (Group A). This may be because prednisolone did not have
any impact on the activation of microglia cells, however, this would not be consistent with
reports that administration of corticosteroid drugs is associated with a reduction in microglia
activation [299], and further, microglia cells are known to express glucocorticoid receptors
[300]. An alternative explanation relates to the resolution of the retinal immune response to
AAV2, which has been described in recent literature reports [210]. It is possible that microglia activation levels were higher in Group A vs. Group B mice at earlier timepoints (e.g.
1-2wk after the 2nd IVT), however, microglia activation had declined by the 6wk timepoint
at which IBA1 expression was assessed. A useful future line of investigation here could be
to assess microglia activation in the days and 1-2wks proceeding the 2nd IVT, and in addition to whether this is attenuated in prednisolone-treated animals. This may prove valuable
information in understanding whether neutralised AAV2 can elicit innate immune activation
in the retina. Whilst it is possible that antibody-bound AAV2 cannot infect neuronal cells
(via blocking of binding to cell surface receptors, see below), opsonised viral particles can
be engulfed by phagocytic cells, such as microglia cells [301], which express Fcγ receptors
[302], and possibly the IBA1+/MHC c. II+ co-immunolabelled macrophages in the vitreous as discussed above. Therefore it is possible that neutralised AAV2 can still activate microglia/macrophage responses in the retina, possibly because the engulfed/endocytosed viral
particles activate TLR9-mediated MyD88/NFκB responses via unmethylated CpG sensing
[303]. Notably, AAV2-primed mice (via intramuscular injection) were recently reported to
exhibit higher microglia levels than AAV2-naiive counterparts after IVT of AAV2, suggesting that pre-exposure to the virus may exert a positive effect on microglia activation/function
[210]. Whilst the reasons for this remain unclear, the interaction between microglia and infiltrating CD4 T-cells could be involved and requires further characterisation [230].
Interestingly, the highest level of IBA1 immunoreactivity was observed in Group D mice
(PBS →AAV2), which was similar to the trends observed with the levels of CD4 and CD8
T-cell infiltration discussed above. This may reflect the fact that the innate immune response
to intravitreally-delivered AAV2 vectors gradually resolves over time in accordance with recent reports [210]. Given that AAV2 was likely neutralised in the vitreous after the 2nd IVT
in Groups A and B, but not in Group D, then the assessment of IBA1 immunoreactivity ef-
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fectively occurred 6wk after the introduction of the inflammatory stimuli in Groups A and B,
but only 3wk in Group D. Hence, the innate immune response had begun to resolve in Groups
A and B but not in Group D, which may provide a possible explanation for the patterns of
microglia activation observed. Considering the capacity of activated microglia cells to secrete
proinflammatory cytokines [304] and engulf synapses in neurodegenerative pathologies [305],
both of which may have a detrimental affect on the electrophysiological activity of the retina,
the patterns of microglia activation observed in this experiment may provide a possible explanation for the ERG perturbations exhibited between the groups in this study, which is further
discussed below.

6.3.5

Immunosuppression via prednisolone monotherapy is insufficient
in enabling repeated gene transfer to the inner retina with AAV2
vectors

The experiments discussed above demonstrated that perioperative prednisolone administration is associated with a reduction in adaptive immune activation in response to intravitreallydelivered AAV2 vectors, in particular, the compound elicited significant reductions in NAb and
TAb levels.
It was then tested whether this would be sufficient to enable repeated gene transfer, i.e. the
reduction in NAb and TAb levels would be to an extent that the 2nd IVT of AAV2 would not
be neutralised in the vitreous, resulting in robust mCherry expression levels in prednisolonetreated Group B mice.
First, the levels of GFP expression (1st set of IVTs were GFP-expressing AAV2 vectors)
was assessed. This showed that robust GFP synthesis was present in Group A and Group B
mice, which was in line with expectations. Next, the levels of mCherry expression (2nd set
of IVTs were mCherry-expressing AAV2 vectors) was analysed. No mCherry expression was
seen in Group A or Group B mice, however, high levels of mCherry synthesis was seen in
Group D mice. This experiment therefore showed that prednisolone monotherapy was insufficient in lifting the blocking effect imposed by anti-AAV2 NAbs, and suggests that further
improvements could be required so that gene therapy vectors can be repeatedly (and safely)
readministered to the vitreous compartment. These findings may therefore support the conclusions of the literature review in Chapter 1 in which a comprehensive strategy could be needed
to enable repeated injections of AAV2.
A possible future line of investigation here could seek to combine the findings of Chapter 4 and 5, by assessing whether readministration of AAV2 (TM), which was found to be
more resistant to neutralisation to anti-AAV2 NAbs, may be possible in prednisolone-treated
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animals who received an initial IVT of wild-type AAV2. In the Appendix (A.2.1) an experiment in which an initial IVT of wild-type AAV2 was followed by a 2nd IVT of AAV-DJ is
outlined. AAV-DJ is a mutant capsid that was derived by ’shuffling’ the cap genes of multiple wild-type AAV serotypes to develop a library of AAV cap genes. Following selection
in a mouse model, AAV-DJ was identified as a capsid capable of increased liver transduction
and reduced sensitivity to neutralisation by anti-AAV2 NAbs [143]. Work by Lerch et. al.
showed that binding of a key anti-AAV NAb, A20, was limited in AAV-DJ incubations due to
changes in the VR-I region of the capsid [306]; a change depicted in Appendix Figure A.2.1.
For this reason, AAV-DJ was selected as a mutant capsid that may be able to circumvent the
blocking effect imposed by anti-AAV2 NAbs that proceeds IVT. Whilst no rescue of mCherry
expression was seen in the AAV-DJ group in this experiment, it is possible that prednisolone
immunosuppression combined with a capsid shuffling strategy or the incorporation of phosphodegron mutations into AAV2 capsids could be sufficient to bypass the NAb response to
intravitreally-delivered vector protein.

6.3.6

Repeated bilateral injections of AAV2 may be associated with electrophysiological perturbations in the murine retina

The results outlined above showed that T-cell infiltration and microglia activation may be
induced by injections of AAV2. As a result, it was then tested whether this immune activation
may be associated with electrophysiological changes in the murine retina. Assessment of ERG
recordings showed that pSTR (RGC function) values were lower in Group A and B mice than
PBS IVT control Group C mice. Further, the lowest pSTR values were observed in Group D
(PBS →AAV2) mice. These trends were largely recapitulated in the B-wave (rod bipolar function) and A-wave (rod photoreceptor function) datasets, wherein reduced electrophysiological
activity was detected in Group A and B mice compared to Group C mice in the PBS IVT control group. However, when assessing B-wave and A-wave data, no significant differences were
observed between Group A/B and Group D mice. These data may therefore suggest that the
repeated bilateral IVTs of AAV2 were associated reduced electrophysiological function in the
retina, and that the immune response induced by the gene therapy vectors may have elicited
a degenerative effect on RGC, rod bipolar and rod photoreceptor function. For instance, the
induction of microglia activation may have increased the pruning/engulfment of synaptic junctions in the RGC layer, inner plexiform layer (IPL) and outer plexiform layer (OPL). Whilst
microglia-mediated synaptic pruning is an important aspect of regulating the architecture of
neuronal circuits during development under non-pathological conditions, excessive pruning
is a common facet of neurodegeneration [307] and may be associated with aberrant synap-
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tic function [308]. However, determining the precise cellular and molecular pathways that
provide a possible link between synaptic pruning and reduced electrophysiological activity
in the retina would require further investigations. Another possibility is that the production
of proinflammatory cytokines arising from the AAV2 IVTs was responsible. Activated microglia cells, for example, are thought to upregulate release of cytokines like TNFα,which
has been associated with the induction of apoptosis in neuronal cell types [309]. Microglia
may not have been the only cell type responsible however, as elevated TNFα production has
been described in astrocytes and neurones in response to inflammatory stimuli [310]. Therefore another possibility for the reduced ERG recordings observed may relate to the induction
of neuronal apoptosis by proinflammatory cytokines however, further work would be required
to establish this as a mechanism underpinning perturbed electrophysiological function. For
instance, qPCR or ELISA could be used to establish elevated TNFα and IL1β levels and
immunohistochemistry to identify changes in expression of apoptotic markers like BAX or
caspase-3 could be beneficial. It is possible that inflammation in the retina modulated electrophysiological activity in the retina through other mechanisms, however. Several reports
have documented reduced electrophysiological activity in neuronal cells arising from TNFα
[310, 311] and interleukin-6 (IL-6) exposure [312], which may be relevant to the inflammation observed in this study. However, the relationship between increased cytokine levels and
neuroelectrophysiology is clearly complicated, where in some scenarios, elevated TNFα and
IL1β have been linked with elevated excitatory glutamatergic transmission and downregulated
inhibitory GABAergic transmission in seizure/epilepsy models [313].
An alternative source of cytokines that may have affected ERG recordings was the infiltration of CD4 T-cells outlined above. In response to a viral infection, CD4 T-cells can elicit
pro-apoptotic signalling by secreting FAS and TRAIL ligands which bind to cognate receptors on virally-infected cells [314]. The infiltration of the retina by CD8 T-cells may also have
played a role, given the documented capacity of these cells to induce cytotoxicity in MHC c.
I+ virally-infected cells [315]. However, a precise delineation of the role of T-cell-mediated
killing of virally-infected cells in response to AAV2 IVTs would require further experimentation, for instance, starting with an assessment of whether the infiltrating cells are exhibiting
effector functionality as outlined above. Initially, this could be achieved via sorting for a particular population of cells and analysing differential gene expression levels with single cell
RNA sequencing technologies. This could be subsequently expanded to a spatial multiomics
approach in which the co-localisation of a cytolytic CD8 T-cell and a virally-infected RGC
could be used to describe a possible role for these cells in eliciting apoptosis, which may explain reduced pSTR ERG recordings, for example. Another approach that could be tested to
this end is a synapse engulfment assay, in which the expression of lysosome-associated mark-
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ers (like CD68) in microglia cells is co-localised with pre- and post-synapse markers [316].
A key issue arising from the assessment of ERG perturbations induced by AAV2 IVTs
in this thesis was the apparent disparity between the results of Chapter 4 and Chapter 5. In
Chapter 4, the IVTs were not associated with ERG deficits across any of the injection groups,
nor population of retinal neuron (pSTR, B- and A-wave etc). In Chapter 5 however, significant
differences between PBS-injected and AAV2-injected mice were detected. Clearly, one key
difference between these two studies is that mice in Chapter 4 were injected once with AAV2
whilst mice in Chapter 5 received repeated bilateral injections of the virus. The age of the
mice enrolled in the studies may also have played a role. Mice in Chapter 4 were six weeks
old when IVTs were performed, however in Chapter 5, the 1st set of IVTs were performed at
ten weeks and the 2nd set at 13 weeks. In humans, age-related changes in immune function
has been described, and this may involve an increase in the intensity and duration of innate
immune responses [317], and reports in the literature focussing on mouse models have demonstrated elevated microglia activation in older mice in response to the injection of inflammatory
stimuli into the hippocampus [318], which may be due to elevated MHC c. II expression
[319] in addition to increased toll-like receptor expression [320]. However, whether an increase in the innate immune response in the older animals enrolled in Chapter 5 vs Chapter 4
was responsible for the differences in ERG recordings will require further investigation. An
interesting set of experiments in this regard could be to undertake a direct comparison of the
innate immune response arising from AAV2 IVTs in aged vs. young mice, in terms of severity/magnitude and duration/time to resolution, and to test whether this correlates to changes
in ERG recordings similar to that outlined in Chapter 5. This may be of relevance to complex
non-genetic diseases of the retina, such as glaucoma and diabetic eye disease, in which the
innate immune response to the vectors may be greater, highlighting a possible safety issue
to ocular gene therapy in these patients. To validate the perturbations in electrophysiological
function observed in this study, immunohistochemical analysis of synapse markers, such as
VGlut1, synaptotagmin-1, and PSD-95 etc could be used. Ideally, a synapse coupling assay
would be employed in which a dendrite (MAP2) counterstain is used to delineate RGC dendrites and a pre- and post-synapse markers are co-localised using tools like Puncta Analyser,
thus enabling accurate quantification of synaptic damage [321].

6.3.7

Summary of effects of prednisolone on attenuating immune activation in AAV2-challenged mice

The results from this study showed that perioperative prednisolone administration limited
the induction of a humoral immune response to intravitreally delivered AAV2 vectors. Mech-
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anistically, this was shown to be via the inhibition of GC reactions, specifically, reductions in
Tfh/GC B-cell levels and inhibition of B-cell class-switching. Prednisolone also reduced the
levels of infiltrating CD4 and CD8 T-cells into the retina, although no changes in microglia activation were observed, possibly due to the timing of the innate and adaptive immune response
to the vectors. Whilst significant reductions in NAb and TAb levels were seen, the effect of
prednisolone monotherapy was insufficient to enable repeated gene transfer to the inner retina,
indicating that the optimal immunosuppression protocols need to be further evaluated. Finally,
repeated bilateral injections of AAV2 were associated with electrophysiological perturbations
in the murine retina. Further work from independent research groups will be important to validate these findings, for instance, by assessing possible synaptic changes that may have been
facilitated by activated microglia cells.
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Summary of the findings of this thesis

This thesis began with a literature review of clinical and preclinical studies investigating
the generation of humoral immune responses to intraocular injections of AAV gene therapies,
and possible solutions to circumvent this problem. This analysis concluded that a comprehensive and multifaceted strategy may be needed in order to repeatedly and safely administer
AAV to the inner retina, and possibly to other organs as well. This was deemed an important problem to address given the possible benefits of achieving repeated gene transfer in
patients, namely, (i) the ability to treat complex pathologies by injecting multiple therapeutic
constructs, (ii) the potential to increase the therapeutic effect if clinical benefits diminished
over time, and (iii) the need to safely and effectively inject into the contralateral eye in ocular
gene therapy trials. As such, two possible components of the comprehensive strategy outlined
in Chapter 1 were tested. First, a capsid mutagenesis strategy was utilised, in which phosphodegron residues were mutated to prevent cytosolic degradation of vector protein and enable
robust transduction at low vector dose. However, these designer capsids elicited an increase
in humoral and cellular adaptive responses and glial cell activation vs. wild-type counterparts.
Further, attenuated binding to AAV2’s primary receptor was identified as a possible facet of
phosphodegron capsid biology that could provide insight into the mechanisms underpinning
the increase in immune activation. These possible changes in AAV2 oligomeric conformation was also linked to a slight escape from neutralisation by anti-AAV2 NAbs, highlighting
a possible utility in overcoming pre-existing humoral immunity to the capsids. Second, the
benefits of a small molecule immunosuppressant, prednisolone, were assessed in the context of depleting anti-AAV2 NAb titres in responses to repeated bilateral IVTs. Perioperative
administration of the compound was found to reduce NAb and TAb levels, possibly via the
inhibition of splenic GC reactions. In addition, reduced CD4 and CD8 T-cell infiltration into
the retina was observed, although no detectable changes in microglia activation were evident
in prednisolone treated mice. However, prednisolone monotherapy alone proved insufficient
in lifting the blocking effect imposed by anti-AAV2 NAbs, suggesting further optimisation
to immunosuppression protocols may be required. Nonetheless, this study demonstrated that
perioperative prednisolone administration could be a useful means of enabling repeated gene
transfer if used in conjunction with other means of circumventing humoral immunity. In
summary, this thesis outlined the need for a comprehensive strategy to enable repeated gene
transfer in patients, highlighted novel aspects of AAV2 phosphodegron mutant capsid immunobiology and identified prednisolone administration as a possible tool that could be used
to reduce NAb responses to vector protein.
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A.1

Flow cytometry example flow plots for key cell populations
Figure A.1: Example flow plots of key cell populations

Example flow plots from flow cytometry experiments. Spleens were processed for analysis
and gated for T-cell, B-cell or dendritic cell markers. These populations were further assessed
for combinations of markers to delineate specific lymphocyte populations, such as Tfh cells,
or pDCs.
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Immunology of a rationally-designed AAV2 capsid mutant in the ocular compartment
Representative ERG waveforms after IVT of wild-type and mutant vectors

Figure A.2: Average ERG waveforms from phosphodegron mutant AAV study

Injection of phosphodegron mutant vectors is not associated with changes in electrophysiological function in the murine retina. Vectors were injected via IVT and ERG was performed after three weeks.
250ng of lipopolysaccharide (LPS) 24h prior to ERG. Representative pSTRs, B-waves and A-waves
from each treatment group are shown.
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A.2.2

Summary of trRossetta work to delineate structure of AAV2 mutant and wild-type capsids
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Figure A.3: Summary of trRossetta work to delineate structure of AAV2 mutant and wild-type
capsids

trRossetta generated predicted structures for wild-type and phosphodegron mutant capsids visualised
in PyMol. High and very high TM-scores were assigned by trRossetta to its predictions, indicating a
high degree of confidence with which it may have accurately calculated the protein structure. However,
when the coordinate files were visualised in PyMol, gross structural changes were observed which
appeared to be unrelated to the mutation. RMSD = root mean squared deviation, a measurement of the
degree of structural misalignment exhibited by two protein structures.
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A.2.3

Comparison of microglia and Muller glia activation after AAV2
(high titre) and AAV2 (high titre null) IVTs

Figure A.4: Comparison of microglia and Muller glia activation after AAV2 (high titre) and
AAV2 (high titre null) IVTs
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Mice received IVTs of AAV2.CAG.GFP or AAV2.CAG.Null (2E10 GC/eye). Eyes were enucleated
after 3wk and tissue sections were stained for IBA1 and GFAP expression, which are markers of microglia and Muller glia activation respectively. These representative images showed that no apparent
differences in innate immune activation between the two groups tested, suggesting that the immune
activation observed in this study was likely due to the capsids and not the expression of GFP reporters.

Appendix

A.3

237

Perioperative prednisolone administration attenuates immune activation following intravitreal injection of AAV2,
but fails to enable repeated gene transfer to the inner
retina

A.3.1

Capsid shuffling strategy fails to circumvent anti-AAV2 NAb response and enable repeated gene transfer to the murine retina
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Figure A.5: Capsid shuffling strategy fails to circumvent anti-AAV2 NAb response and enable
repeated gene transfer to the murine retina
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Appendix Figure A.2.1 – Capsid shuffling strategy fails to circumvent anti-AAV2 NAb response
and enable repeated gene transfer to the murine retina.
(a) Overview of study plan. Group A received a 1E10 GC/eye IVT of AAV2.CAG.GFP followed by
1E10 GC/eye AAV-DJ.hSyn.mCherry. Group B received a PBS injection followed by a 1E10 GC/eye
AAV-DJ.hSyn.mCherry IVT. Eyes were enucleated at day 42 for analysis.
(b) PyMol rendering of 6ih9 (a 2.8Å resolution cryoelectron microscopy (cryoEM)-derived wildtype AAV2 structure) and 7kfr (a 1.56Å resolution cryoEM-derived AAV-DJ structure) with heparin
binding domains (HBD) highlighted. This shows the HBD of AAV-DJ is conserved from the parental
capsid, wild-type AAV2.
(c) PyMol rendering of variable region I (VR-I) in AAV2 and AAV-DJ shows differences in the
A20 binding domain (A20BD), a known anti-AAV2 NAb.
Comparison of VR-I sequences at residues 262-268/270 (AAV2 VP3 numbering), and root mean
square deviation (RMSD; a measure of structural divergence between two proteins) values comparing
AAV2 and AAV-DJ VR-I regions.
(d) GFP and mCherry expression following repeated bilateral IVTs of AAV2 and AAV-DJ. Eyes
were enucleated on day 42, processed into 13µm cryosections, and stained for GFP and mCherry. RGC,
retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

