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Abstract

Dose-dependent inflammatory responses in adeno-associated virus (AAV)-mediated
retinal gene therapy trials have restricted the use of high vector doses and impeded
the ability to enhance therapeutic efficacy. Characterising the nature of this response,
and devising methods to overcome it, are thus becoming increasingly important in the
clinical application of gene therapies. In the experiments herein, I investigated the
composition, timing, and magnitude of the cellular immune response to retinal gene
therapy in mice using quantitative flow cytometric analysis. I observed a significant
increase in retinal leukocytes from 14 days after subretinal injection of an AAV8 vector
expressing green fluorescent protein (GFP). These consisted of a constant population
of resident microglia and infiltrating peripheral leukocytes including macrophages,
natural Killer cells, CD4 and CD8 T cells, and natural killer T cells. An identical vector
at an equivalent dose encoding a human therapeutic transgene elicited a diminished
response compared to paired injections with a GFP vector. However, the proportions
of the leukocyte populations remained similar, suggesting a common mechanism of
immunity. In addition to the induction of a cell-mediated immune response, innate
detection of AAV vectors may directly restrict transgene expression. Preliminary
evidence suggested in vitro AAV transduction may be limited by the anti-viral nucleic
acid sensors Toll-like receptor 9 and cyclic GMP AMP synthase, suggesting possible
detection of transgenic AAV genomes. I also showed that the immunomodulatory drug
hydroxychloroquine can significantly enhance AAV transduction in vitro, ex vivo, and
in vivo, with indirect indication of the partial antagonism of TLR9. The lack of structural
change in the retina following subretinal hydroxychloroquine delivery indicates that it
could be a safe adjunct for improving retinal gene therapy efficacy.
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1 General introduction

1.1 Adeno-associated viruses

1.1.1 Structure

Adeno-associated viruses (AAV) are non-enveloped parvoviruses within the genus
Dependoparvovirus and are composed of an icosahedral protein capsid ~26 nm in
diameter with a 4.7 kb single stranded DNA (ssDNA) genome [1]. The wildtype AAV
genome encodes two open reading frames (ORFs), rep and cap, which are flanked by
inverted terminal repeat (ITR) sequences at either end (Figure 1.1) [2]. The rep ORF
encodes four alternatively spliced transcripts (Rep78, Rep68, Rep52, and Rep40),
which are vital in encoding proteins for AAV genome replication. The cap ORF encodes
three alternatively spliced transcripts (virion protein 1 (VP1), VP2, and VP3), which
interact to form the icosahedral AAV capsid in a ratio of 1:1:10 of VP1:VP2:VP3. The
cap ORF also encodes assembly-activating protein (AAP), which is essential for the
construction of the viral capsid [3, 4], and the recently discovered membrane-
associated accessory protein (MAAP), which may regulate wildtype AAV replication
through an unknown mechanism [5]. Each 145 bp ITR sequence includes a 125 bp
palindromic sequence that can anneal by complementary base pairing to form a T-
shaped hairpin structure [6]. ITR sequences are key in mediating second-strand
synthesis of the viral genome, which is an essential step in gene expression. These
sequences are also important in mediating enclosure of the AAV genome within the

assembled capsid and its integration into the host cell genome [7].
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Figure 1.1. Genome of adeno-associated viruses (AAV). The 4.7 kb single stranded DNA
(ssDNA) genome of wildtype AAV is enclosed within an icosahedral protein capsid. The
genome encodes open reading frames for replication and packaging (rep) and the viral capsid
(cap) with a downstream polyadenylation (pA) sequence; the genome is flanked by hairpin
inverted terminal repeat (ITRs) sequences. Each mRNA sequence is displayed below the
genome with the three promoters displayed above. Exons are indicated as coloured blocks,
introns as grey angulated lines, and untranslated regions as grey horizontal lines. Rep78 and
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1.1.2 Transduction

AAV transduction is a multi-step pathway that commences with the binding of viral
capsid proteins to serotype-specific primary glycan receptors on the target cell surface
membrane [8] (Figure 1.2). This interaction is further assisted by a secondary
interaction between the capsid and specific proteinaceous receptors. The specificity of
these receptor interactions contributes to AAV serotype-specific tropism. The most
widely investigated serotype is AAV2, which initially binds to heparan sulfate
proteoglycan (HSPG) and can engage various integrins and growth factors, such as avf3s
integrin, human fibroblast growth factor receptor 1, hepatocyte growth factor
receptor, and laminin receptor, to mediate internalisation [9-13]. The entry factors
AAV receptor (AAVR) and GPR108 have been identified as necessary for infection of
several AAV serotypes by facilitating the trafficking of AAV particles from the cell
membrane to the trans-Golgi network, which further contributes to AAV-specific

cellular tropism [14, 15].

Following cell surface receptor binding, AAV particles are internalised by endocytosis.
Reports have suggested that this may occur through several different mechanisms
including clathrin- and caveolin-mediated endocytosis [16, 17], macropinocytosis [18,
19], and clathrin-independent endocytosis mediated by clathrin-independent carriers
(CLICs) [20]. These studies suggest that many routes of AAV entry exist that are likely
dependent on the capsid serotype, host cell type, and the presence of specific receptors
and co-receptors [21]. Once internalised, AAV particles must escape from endosomal
compartments into the cytosol. An important step in endosomal escape is the exposure

of the hidden phospholipase A2 domain in the N-terminus of the viral capsid protein
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VP1, which is partially triggered by acidification of the endosome [22, 23]. This process
is activated by the gradual transition of endosomes from early to late stage and is
partially reliant on vacuolar H*-ATPases that pump protons into the vesicular lumen
[24]. The phospholipase A2 domain consequently induces the breakdown of lipids in
the endosomal membrane into fatty acids and lysophospholipids to enable virion

escape [25-27].

Following their escape into the cytosol, AAV particles accumulate around the
perinuclear space and traverse through nuclear pore complexes directly into the
nucleus [28, 29]. Their transport is facilitated by nuclear localisation sequences
present in the four basic regions (BR1-4) of the VP1/2 region of the viral capsid, which
are exposed during endosomal sorting [25, 30]. Once inside the nucleus, the AAV
genome is released from the viral capsid to enable conversion of the ssDNA genome
into a double-stranded DNA (dsDNA) sequence, which is a key limiting step in AAV
transduction. This has been suggested to occur through either second strand synthesis
or the annealing of complementary plus and minus strands of the AAV genomes [31,
32]. Packaging of the AAV genome into capsids occurs from the 3’ end of the plus and
minus strand of the dsDNA sequence, resulting in a 50:50 population of AAV particles
that contain either version of the genome [33, 34]. In the absence of a helper virus, such
as adenovirus or herpes virus, wildtype AAV is replication defective and will establish
latency by preferentially integrating into a specific site in chromosome 19 of the host
cell genome [35, 36]. However, in the presence of a helper virus, AAV genomes can
replicate to form new virions, which emerge from the host cell by helper virus-

mediated cell lysis.
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Figure 1.2. Recombinant AAV transduction pathway. Transduction of recombinant AAV
vectors requires several successful steps for expression of the transgenic protein. (1) The
transduction pathway is initiated by interactions between the AAV capsid and specific cell
surface primary glycan and secondary proteinaceous receptors. (2) Successful receptor
binding enables AAV internalisation through various endocytic pathways. (3) AAV vectors are
exposed to the acidic pH of endosomal compartments to promote their escape into the cytosol.
(4) AAV particles accumulate around the perinuclear region prior to entry into the nucleus
through nuclear pore complexes (NPCs). (5) Once in the nucleus, AAV vectors are uncoated to
release the ssDNA genomes which undergo (6) either second strand synthesis or strand
annealing to create a double stranded DNA (dsDNA) intermediate product. dsDNA products

can circularise and concatenate to form episomal DNA structures. (7) Transcription and (8)
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translation are mediated by the host machinery for expression of transgenic proteins. Adapted

from ‘AAV Vector Infection’, by BioRender.com.

1.1.3 Use in gene therapy

In order to manufacture a recombinant AAV vector for gene therapy, the rep and cap
genes are removed from the AAV genome and replaced by a transgenic DNA sequence
[1]. All traces of the viral DNA are removed from the AAV genome except ITR
sequences, which are key for AAV replication and packaging during vector production.
The removal of viral DNA helps to minimise the immunogenicity and cytotoxicity of
recombinant AAV vectors for their use in gene therapy. The transgenic genome can be
easily manipulated using molecular techniques, although must remain within the
restrictions of the 4.7 kb packaging limit. In the absence of the rep and cap genes, AAV
is unable to replicate, even in the presence of a helper virus, and thus loses the ability
to integrate into the host genome [36]. Following second strand synthesis, the dsDNA
recombinant AAV vector genome circularises and concatenates to form episomal DNA
constructs that autonomously persist in host cell nuclei (Figure 1.2) [37, 38]. This
enables long-term persistence and transgene expression, which is particularly
important in the treatment of post-mitotic cells. The rate-limiting second strand
synthesis step can be overcome with the use of a self-complementary AAV vector,
where both strands are packaged into a single genome that can refold upon uncoating

to produce a dsDNA construct [39].

A typical recombinant AAV transgenic genome includes a promoter, transgene, and
transcription termination signal. Many therapeutic AAV vectors include strong

ubiquitous promoters that will enable a high level of transgene expression in
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transduced cells, such as a cytomegalovirus (CMV) or a hybrid CMV enhancer fused to
chicken B-actin promoter (CAG) [40]. However, increased specificity and reduced off-
target expression can be achieved with the use of cell-specific promoters. Increased
transgene expression can be attained with the use of additional cis-regulatory
elements such as the woodchuck hepatitis post-transcriptional regulatory element
(WPRE) [41, 42]. The choice of AAV capsid serotype allows for a degree of increased
tissue tropism. The majority of AAV gene therapy trials in clinical development target
diseases of the central nervous system (CNS) (including the brain and eye), liver, and
striated muscle, in part due to the natural tropism of wildtype AAV vectors [1]. Many
gene therapies currently in development treat loss-of-function mutations in
monogenic autosomal recessive or X-linked diseases with gene supplementation.
Following the success in treating these diseases, treatments have been extended to
gene editing via the incorporation of CRISPR/Cas (clustered regularly interspaced
short palindromic repeats/CRISPR associated protein) components, thus greatly

increasing the potential disease targets of gene therapies [43].

1.2 Anti-viral immune responses

1.2.1 Innate immunity

Innate immunity is the first line of defence against microorganisms such as viruses.
Initial detection is mediated by a series of pattern recognition receptors (PRRs) that
survey the intracellular and extracellular environment for conserved pathogen-
associated molecular patterns (PAMPs), such as viral DNA, RNA, and surface
glycoproteins that are indicative of infection [44]. PRRs are typically expressed by

leukocytes, however are also present or induced in many other cell types. Detection of
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PAMPs by host cells leads to the rapid expression of pro-inflammatory cytokines and
interferons, which are critical in initiating innate and adaptive immune responses [45].
The primary family of membrane bound PRRs are toll-like receptors (TLRs) which are
localised to endosomal and cell surface membranes. Within this family TLR3, TLR7,
TLR8, and TLR9 are nucleic acid sensors that are exclusively found within endosomes
so to minimise exposure to self-DNA or -RNA [46]. TLR3 detects double-stranded RNA
(dsRNA) [47], TLR7 and TLR8 recognise single-stranded RNA (ssRNA) [48], and TLR9
is activated by DNA containing unmethylated CpGs which are abundant in microbial
but rare in vertebrate genomes (i.e. 60-90% of mammalian CpGs are methylated) [49,
50] (Figure 1.3). Conversely, TLR2, TLR4, TLR5, and TLR6 are located on the cell
surface membrane and detect microbial lipids, lipoproteins, and proteins [51],
however only TLR2Z and TLR4 are involved in recognition of viral proteins [52].
Conversely, non-membrane bound PRRs are typically located in the cytosol and detect
DNA or RNA nucleic acids. A major family of RNA-sensing PRRs are the retinoic acid-
inducible gene-I (RIG-I)-like receptors, which detect viral RNA [53]. RIG-I detects 5’-
triphosphorylated RNA (a common feature in viral genomes) [54, 55], melanoma
differentiation-associated protein 5 (MDAS5) is activated by long dsRNA (>2 kb) [56],
and laboratory of genetics and physiology 2 (LGP2) is a regulator of RIG-I and MDA5S
[57]. Cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase
(cGAS) [58, 59] is considered the key cytosolic DNA sensor [60] and can be activated
by dsDNA and the stem-loop structures of viral ssDNA [61, 62]. Activation of cGAS
induces production of the secondary signalling dinucleotide cGAMP from GTP and ATP
[59, 63], which in turn activates the endoplasmic reticulum-bound stimulator of

interferon genes (STING) and is small enough the traverse the cell membrane [64, 65].
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Many of these PRR-mediated immune pathways converge on a series of transcription
factors to induce pro-inflammatory cytokine and interferon expression. Typically, the
transcription factor nuclear factor kappa B (NF-kB) mediates upregulation of pro-
inflammatory cytokines, while interferon regulatory factors (IRF) induce expression of
type I interferons [51]. All members of the TLR family induce NF-kB-mediated pro-
inflammatory cytokine expression and many activate members of the IRF family to
induce type I interferon expression [66]; cGAS induces activation of NF-kB and IRF3

[67]; and RIG-I-like receptors activate NF-kB, IRF3, and IRF7 [53] (Figure 1.3).

Interferon-mediated responses are coordinated by signalling via the Janus kinase-
signal transducer and activator of transcription (JAK-STAT) pathway to induce
expression of hundreds of interferon-stimulated genes (ISGs) [68]. In response to viral
infection, ISGs function to inhibit all stages of their life cycle including viral entry,
translation, replication, and release. Pro-inflammatory cytokines, such as tumour
necrosis factor (TNF)-q, interleukin (IL)-1f3, and interferon (IFN)-y, are key in driving
inflammatory processes through increasing vascular permeability and stimulating
leukocyte proliferation and differentiation [69, 70]. A subset of cytokines, termed
chemokines, are involved in mediating the chemotaxis of leukocytes to the site of
infection [71]. The coordinated efforts of these various cytokines result in a regulated

cell-mediated inflammatory response to viral infection.
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Figure 1.3. Pattern recognition receptor-mediated innate immune pathways to viral
infections. Toll-like receptor 9 (TLR9), TLR3, TLR7, and TLR8 are located within endosomes
and function to detect viral DNA containing CpG motifs, single-stranded RNA (ssRNA), and
dsDNA, respectively. TLR9 and TLR3 induce the transcription factors nuclear factor kappa B
(NF-xB) and interferon regulatory factor 7 (IRF7), while TLR7 and TLR8 activate NF-kB and
IRF3. TLR2 and TLR4 are located on the cell surface membrane and are activated by viral
proteins. TLR2 activates NF-kB and TLR4 induces activation of both NF-xB and IRF3. Cylic GMP
AMP synthase (cGAS) is located in the cytosol and detects viral DNA, which in turn activates
IRF3 and NF-kB. Retinoic acid-inducible gene-I (RIG-I) and melanoma differentiation-
associated protein 5 (MDA5) are located in the cytosol and are activated by viral RNA to induce
activation of IRF3, IRF7, and NF-xB. The IRF and NF-kB transcription factors induce type I
interferon and pro-inflammatory cytokine expression, respectively, which mediate anti-viral

immune responses.

28



1.2.2 Cellular immunity

All leukocytes can be broadly divided into two main developmental lineages, either
deriving from a common myeloid or lymphoid progenitor [72]. Cells of a myeloid
lineage are typically limited to macrophages, granulocytes (neutrophils, basophils,
eosinophils, and mast cells), erythrocytes, and megakaryocytes, while those of a
lymphoid lineage include T cells, B cells, and natural killer (NK) cells. Dendritic cells
can be grouped into either lineage as subsets can arise from both myeloid and
lymphoid progenitor cells [73]. Leukocytes are further characterised by their role in
mediating immunological responses; cells involved in the innate immune response
include macrophages, granulocytes, NK cells, and dendritic cells, while T and B cells

are key in mediating adaptive immunity.

1.2.2.1 Innate leukocytes

Cytokine production at the site of viral infection coordinates an innate immune
response by recruiting neutrophils, monocytes/macrophages, dendritic cells, and NK
cells [74]. These innate leukocytes play an important role in the detection and
clearance of viral infection and initiate adaptive immunity through pro-inflammatory
cytokine release and antigen presentation. One of the earliest leukocytes to respond to
a viral infection are neutrophils. Like many other leukocytes, neutrophils express high
levels of PRRs and can thus respond directly to viral infection by inducing expression
of various cytokines, toxic proteins, and granular enzymes [75]. Neutrophils are also
phagocytic and so can engulf infected cells, thus exposing viral PAMPs to intracellular
PRRs [76, 77]. An activity unique to neutrophils is the production of neutrophil

extracellular traps (NETs), which are networks of extracellular neutrophil genomic
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DNA and various antimicrobial proteins [78]. NETs function to bind, disarm, and
destroy microorganisms in the extracellular space and, although have been primarily
investigated in the context of bacterial infections, NETs have been associated with anti-

viral responses [79, 80].

Macrophages also play an important role in the innate immune response to viral
infections through PRR-mediated pro-inflammatory cytokine expression and the
phagocytosis of microorganisms and cellular debris [81, 82]. Macrophages are also
professional antigen-presenting cells (APCs) and can thus present viral antigens,
derived either from phagocytosis or direct infection, via major histocompatibility
complex (MHC) class Il molecules to activate cluster of differentiation 4 (CD4) T cells
[83]. Macrophages are typically derived from circulating monocytes in response to an
inflammatory stimulus. Upon entry into an infected tissue, the inflammatory
microenvironment drives monocyte differentiation into two subtypes of macrophage;
pro-inflammatory M1 macrophages or pro-resolving M2 macrophages [84]. M1
macrophages dominant the early stages of an infection by expressing pro-
inflammatory cytokines, while M2 macrophages promote return to homeostasis with
the expression of anti-inflammatory cytokines. A subset of macrophages, such as
microglia in the CNS and Kupffer cells in the liver, are specialised tissue-resident
immune cells, which originate during embryonic development and function to

maintain active immune surveillance in their resident environment [85].

Another professional APC with an active role in viral infection is the dendritic cell. Like
macrophages, dendritic cells detect viral infections through PRRs to induce expression

of significant quantities of type I interferons and pro-inflammatory cytokines to
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mediate T cell responses [86, 87]. Dendritic cells can be classified as either
conventional dendritic cells (cDCs) or plasmacytoid dendritic cells (pDCs). cDCs are
the most abundant type of dendritic cell; they are a sentinel cell in surveillance of viral
infection and antigen presentation, and primarily populate most lymphoid and non-
lymphoid tissues [88]. pDCs are specialised in TLR7- and TLR9-mediated expression
of type I interferons in response to viral infections and are mainly located in the

peripheral blood and lymphoid tissues [89].

NK cells play a key role in fighting viral infections and can be activated by direct
recognition of viral derived products, viral peptide-loaded MHC molecules, and stress-
induced ligands, or indirectly by the production of cytokines from infected cells,
macrophages, or dendritic cells [90]. Following activation and recruitment, NK cells
can Kkill infected cells by releasing cytotoxic granules such as perforin and granzyme,
which permeabilise and apoptose cells, respectively, or by expressing ligands that
trigger apoptotic pathways in infected cells [91]. NK cells are considered an innate
lymphoid cell (ILC), a class of innate leukocytes derived from a common lymphoid
progenitor that lack T cell receptors (TCR). ILCs can be divided into three main groups:
group 1 includes NK cells and ILC1s, group 2 includes ILCZs, and group 3 is comprised
of ILC3s and lymphoid tissue-inducer (LTi) cells [92]; these classifications are defined
based on their ability to produce type 1, 2, or 3 cell-mediated effector immunity,
respectively, as discussed in more detail in section 1.2.2.2 [93]. With the exception of
NK cells, ILCs are tissue-resident under homeostatic conditions [94]. Group 1 ILCs are
typically associated with their involvement in microbial-mediated immune responses.

ILC1 cells are the non-cytotoxic equivalent of NK cells which perform a helper function

31



by expressing inflammatory cytokines, in particular IFN-y, and, as a tissue-resident

cell, are critical in the early stages of viral infection [95].

1.2.2.2 Adaptive leukocytes

Adaptive immunity is mediated by T and B cells, which undertake roles in cell-
mediated and antibody responses, respectively. There are two major subtypes of T
cells: CD8 (cytotoxic) T cells and CD4 (helper) T cells. CD8 T cells are so named due to
their expression of the TCR co-receptor CD8 and can kill infected cells through
cytotoxin production and expression of apoptotic ligands to induce apoptosis in
infected cells, in a similar mechanism to NK cells [96]. CD4 T cells, however, express
the TCR co-receptor CD4 and mediate control of adaptive immune responses through
the expression of key cytokines. Activation of T cell-mediated adaptive immune
responses are induced by antigen presentation via MHC class I and I molecules, which
induce activation of CD8 and CD4 T cells through a direct interaction with their
respective TCRs. The TCR is comprised of a highly variable a-chain and -chain
heterodimer that is complexed with multiple CD3 subunits, including CD3y, CD3§,
CD3g, and a CD3¢ homodimer [97]. The interaction of a TCR with an MHC molecule
recruits the CD8 or CD4 co-receptors, which can bind to conserved regions in the MHC.
MHC class I molecules are expressed on all nucleated cells and classically process
intracellular antigens by proteasomal degradation for detection by CD8 T cells [98].
The processing of extracellular material for antigen presentation is undertaken by
professional APCs (macrophages, dendritic cells, and B cells), which typically utilise
the lysosomal pathway to display short peptides on MHC class II molecules for

detection by CD4 T cells [99]. However, cross-presentation pathways enable the
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display of extracellular antigens on MHC class I molecules, therefore enabling non-APC
cells to activate CD8 T cell responses [100]. During cross-presentation, viral antigens
are either processed through the vacuolar pathway, where degradation typically
occurs in the lysosome, or by the endosome-to-cytosol pathway, where antigens must
escape the endosome to be degraded by the cytosolic proteasome; the latter is thought

to be a significant pathway for processing of endocytosed viruses such as AAV.

Natural killer T (NKT) cells are a unique subset of leukocytes that occupy the
intersection between adaptive and innate immunity. NKT cells perform a range of
functions including expression of cytokines and chemokines, cytotoxic activities, cross-
talk to other leukocytes, and activation of B cell immunity [101, 102]. These cells
express an invariant Va14-Ja18 TCR which recognises lipids presented on the antigen-
presentation molecule CD1d, thus differing from conventional T cells which express
diverse TCR complexes [103]. Due to their limited TCR diversity these cells are often
termed invariant NKT cells and can typically be found together with conventional T
cells throughout the body. In addition to direct activation by antigen-presentation,
NKT cells can also be indirectly activated by microbial-mediated immune responses,
such as pro-inflammatory cytokine expression following TLR activation [103]. This
may explain how viruses, which do not synthesise lipids, can induce NKT cell

activation.

Together, innate and adaptive cellular immunity can be categorised into three classes:
atype 1, 2, or 3response [93]. Type 1 immune responses are typically directed against
intracellular microorganisms, such as viruses, and include IFN-y-producing helper

(CD4 Tul cells and ILC1) and cytotoxic cells (CD8 Tcl cells and NK cells).
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Subpopulations of both CD4 and CD8 T cells are classified by the cytokines they
produce, with Tul and Tc1 being defined by the production of IFN-y and TNF-f [93,
104, 105]. In contrast, a type 2 response is typically directed against helminths and

venom, while type 3 immunity responds to extracellular bacteria and fungi.

1.2.3 Humoral immunity

Humoral immunity is the extracellular branch of the adaptive immune system which
is mediated by the production of specific antibodies by B cells. Following the detection
of an antigen by a naive B cell via its B cell receptor, the antigen is internalised,
processed, and displayed on MHC class Il molecules for presentation to specialised CD4
T cells (follicular T cells) [106]. This T-cell dependent activation induces B cell
proliferation and differentiation through the engagement of the CD40 ligand on T cells
with their cognate receptor on B cells. Together with the secretion of cytokines
including IFN-y, IL-4, and IL-21, this interaction induces formation of germinal centres
where B cells undergo immunoglobulin isotype switching, somatic hypermutation, and
affinity maturation of immunoglobulins, to generate long-lived memory B cells and
antibody-secreting plasma cells [107]. In some cases, B cells can be activated in a T
cell-independent manner by microbial components, such as unmethylated CpG
sequences common in viral genomes [108, 109]. Antibodies, in turn, function to restrict
viral infections by several mechanisms, including directly binding to microorganisms
to neutralise their infectivity, promoting phagocytosis in leukocytes that can recognise
the constant fragment crystallisable (Fc) region of an antibody, promotion of antibody-

dependent cellular cytotoxicity by engagement of Fc regions with specific receptors,

34



and activation of the complement system to promote phagocytosis and lysis of

microorganisms [110].

Antibody-bound non-enveloped viruses are detected by the intracellular factor
tripartite motif-containing 21 (TRIM21) following infectious entry into cells. In
contrast to cell surface Fc receptors, TRIM21 is expressed in all cells and thus occupies
a unique position between innate and adaptive immunity [111]. TRIM21 induces rapid
neutralisation of viruses by promoting both proteasome-mediated degradation and
activation of innate immune pathways to upregulate expression of pro-inflammatory
cytokines, interferons, and chemokines [112, 113]. TRIM21-mediated degradation of
virions and release of viral genomes can, in turn, enhance RIG-I and cGAS sensing of

cytosolic nucleic acids [114].

1.3 Theretina

1.3.1 Anatomy

The mammalian retina is comprised of several layers of specialised cells that
undertake the detection and initial processing of light stimuli. From the inner to the
outer retina, this laminated structure is comprised of the nerve fibre layer, ganglion
cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer
nuclear layer, and the inner and outer photoreceptor segments (Figure 1.4). External
to this lies the retinal pigment epithelium (RPE) which arises from Bruch’s membrane,
an elastin- and collagen-rich extracellular matrix that separates the RPE from the
choroid [115]. Photoreceptors are the primary light sensing cells in the neural retina

and span from their synaptic connections with bipolar cells in the outer plexiform layer
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to the RPE. There are two types of photoreceptors, rods, which are the most abundant
cell type in the retina and primarily function in dim light to enable night vision, and
cones, which function in bright lights and are responsible for colour and high acuity
vision [116]. Cones can be further categorised into three subtypes by the wavelength
of light they absorb. In humans, the fovea in the central retina is the area of maximal
cone density, which has the highest visual acuity. Although the fovea is unique to
primates, other mammals, such as mice, have cone-enriched regions [117]. During the
process of light detection, or phototransduction, photons travel through the cornea
and lens to photoreceptor outer segments; this, in turn, initiates a signal transduction
cascade leading to their hyperpolarisation [118]. These changes are detected by
bipolar cells, which relay the signal on to ganglion cells, with lateral processing
mediated by horizontal and amacrine cells [119]. Ganglion cell axons exit the eye
through the optic nerve, which propagates the signal through neurons via the thalamus

to the visual cortex.

In addition to the neuronal cells of the retina, there are several types of retinal glial
cells (Miiller glia, astrocytes, and microglia). Miiller glia are the largest cell in the retina
and span the entire retinal thickness, which provides a structural role and supports
the function and metabolism of retinal neurons, such as through neurotransmitter
recycling, ion and water homeostasis, and regulating retinal blood flow [120]. Retinal
astrocytes are confined to the nerve fibre layer. They are believed to have migrated
from the CNS to the retina via the optic nerve during embryonic development and
contribute to the inner blood-retina barrier [121]. Microglia are the resident retinal
immune cell and maintain homeostasis in the retina by immune surveillance,

phagocytosis of cellular debris, maintaining synaptic structure and function,
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neurogenesis, and neural plasticity [122]. Microglia are normally distributed
throughout the inner retina, within the ganglion cell layer, inner plexiform layer, inner

nuclear layer, and the outer plexiform layer [123].

The RPE is a monolayer of hexagonal pigmented cells firmly attached to the base of the
retina and the underlying vascular choroid. Beneath Bruch’s membrane and within the
choroid is a layer of capillaries termed the choriocapillaris, which is responsible for
supplying and removing metabolites from the outer retina [124]. The RPE has several
important functions including absorbing scattered light; transport of ions, water, and
metabolites; delivery of nutrients to photoreceptors; phagocytosis of shed outer
segments; maintenance of photoreceptor excitability; and formation of the outer

blood-retina barrier together with endothelial cells of the choriocapillaris [125].
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Figure 1.4. Structure of the mammalian retina. Schematic representation of the
retinal neural cells that constitute to the laminated structure of the retina. Adapted

from ‘Structure of the Retina’, by BioRender.com.

1.3.2 Immunology

In order to prevent deleterious inflammatory responses from damaging resident non-
regenerating and post-mitotic cells, the retina is maintained within an immune
privileged environment. The concept of retinal immune privilege has been attributed
to several mechanisms including the dual physical barriers of tight junctions between

RPE cells (outer blood-retina barrier) and retinal capillary endothelial cells (inner
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blood-retina barrier) [126]. Tight junctions are maintained by various transmembrane
proteins, including claudins, occludins, and junctional adhesion molecules (JAMs),
which are in turn anchored via zonula occluden proteins to the actin cytoskeleton;
these barriers are further enforced by basal adheren junctions [127]. These junctions
prevent movement of cells and large molecules into and out of the eye, and enable the
maintenance of an immunosuppressive environment to subdue inflammation. For
instance, retinal neurons have been shown to express CD200 which suppresses
microglia-mediated inflammation [128] and RPE cells can express neuropeptides that

stimulate immunosuppressive activity in microglia and macrophages [126, 129].

As the retina is excluded from the peripheral immune system, immune surveillance is
undertaken by resident microglia cells. Under normal homeostatic conditions,
microglia maintain a ramified morphology with multiple projecting cellular processes
to enable constant surveillance of the retinal environment [130]. However, upon
activation, microglia can retract their processes, adopt an amoeboid morphology, and
migrate to the outer retina and subretinal space [122, 131]. In the CNS, microglia
express many PRRs that enable intracellular innate immune responses to viral
pathogens [132, 133]; several have also been identified in retinal microglia, which are
likely to exert similar PRR-mediated responses [134, 135]. Upon activation, microglia
induce expression of pro-inflammatory cytokines and chemokines, and, under certain
conditions such as viral infection or glaucoma, have been shown to upregulate MHC

class Il molecules [122, 130, 131, 136].

Although microglia are the primary immune cell of the retina, a small population of

perivascular macrophages reside in close proximity with the retinal vasculature [137,
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138]. During experimentally-induced inflammation these cells have been shown to
upregulate MHC class Il molecules and migrate to the sites of injury or damage in the
blood-retina barrier, where they phagocytose dead or dying cells [139, 140]. Retinal
glial cells can also respond to damage and degeneration in the retina by undergoing
reactive gliosis. Although initially induced as a protective response, under sustained
stress, chronic gliosis can induce pathological effects including upregulation of pro-
inflammatory cytokines, antigen presentation, and breakdown of the blood-retina

barrier [141].

Although the blood-retina barrier functions to protect the retina from
neuroinflammation, sustained activation of innate immune pathways can induce
leukocyte recruitment and infiltration into this immune privileged environment.
Expression of pro-inflammatory cytokines, such as IL-1 and TNF-a, can induce
expression of adhesion molecules on the luminal surface of the retinal epithelium to
enable leukocyte tethering and rolling [142-145]. Engagement of chemokines with G-
protein coupled receptors on the surface of leukocytes can induce their activation,
which mediates firm adhesion via integrin molecules [127, 146, 147]. Secretion of
additional cytokines enables downregulation of tight junction proteins and leukocyte
extravasation, which ultimately leads to the breakdown of the blood-retina barrier

[127, 148, 149].

1.3.3 Retinal gene therapy

AAV-mediated gene therapies have demonstrated significant potential in the
treatment of retinal degenerations, with much of the pioneering work for gene therapy

being performed in the eye. The eye is a confined and compartmentalised organ with
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a relative immune privileged environment that enables direct delivery of AAV at
relatively low concentrations. Voretigene neparvovec, an AAV2 gene therapy encoding
retinal pigment epithelium-specific 65 (RPE65) protein for treatment of Leber’s
congenital amaurosis (LCA) [150], was the first in vivo gene replacement therapy to
gain US Food and Drug Administration (FDA) approval and has paved the way for other
retinal gene therapies. Success has been observed in the treatment of several other
retinal dystrophies, such as choroideremia, X-linked retinitis pigmentosa, and Leber’s
hereditary optic neuropathy [151-153], which have primarily utilised AAV2 and AAV8

capsid serotype vectors due to their ocular tropism [1].

The two primary routes of AAV delivery in retinal gene therapy are intravitreal and
subretinal injections. Intravitreal injections are achieved by direct delivery of AAV into
the vitreous humour, which enables transduction of anterior segment structures and
the inner retina, including retinal ganglion cells and Miiller glia [154]. Subretinal
injections are technically more challenging and generally require a pars plana
vitrectomy in large animals to remove the vitreous fluid; the AAV vector is
subsequently delivered through the retina to the subretinal space via a self-sealing
retinotomy [155]. Subretinal AAV injections are generally more efficacious for gene

therapies targeting cells of the outer retina such as photoreceptors and the RPE [154].

1.4 Immune responses to retinal gene therapy

1.4.1 Immune responses to AAV

AAV vectors are considered minimally immunogenic compared to other major viral

vectors such as lentiviruses and adenoviruses [156]. However, several key features of
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AAV vectors have the potential to elicit an innate or adaptive immune response,
including the capsid, genome, and recombinant transgene. Although retinal
inflammation following subretinal and intravitreal AAV vector-mediated gene
therapies has been observed, the mechanisms of the immune response are poorly
understood. As the immune and inflammatory responses to AAV in the retina could
ultimately lead to reduced transgene expression and diminished durability of gene
therapy, a better understanding of these immune responses could lead to improved

clinical outcomes.

1.4.1.1 Immunity to the capsid

During early stages of transduction, immunological responses to the AAV vector are
mediated through detection of epitopes in the proteinaceous capsid shell. One study
demonstrated AAV2 and AAV8 capsids to induce TLR2-mediated pro-inflammatory
cytokine expression in non-parenchymal liver cells and liver sinusoidal endothelial
cells in vitro, demonstrating a role of the innate immune system in the detection of viral
capsids [157]. Furthermore, structural modifications of AAV capsid proteins appear to
drive differential immune responses. For instance, intramuscular injection of
macaques with an AAV2 or AAVrh32.33 vector induced a significant capsid-specific T
cell response that was not observed with an AAV8 serotype vector [158, 159]. The
source of this response was mapped to the VP3 capsid region, suggesting an effect of

capsid structure on AAV-mediated immunity.

Since humans are a natural host of AAV, capsid proteins can provide a potential for
induction of adaptive immune responses. Concerns for T cell responses to the AAV

capsid were first raised in clinical trials for haemophilia B patients following hepatic
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delivery of an AAV2 vector encoding the coagulation factor IX (FIX); patients initially
demonstrated significant transgene expression, however this gradually decreased to
baseline over an eight-week period [160]. Subsequent studies have revealed that a
proportion of healthy human donors contained capsid-specific memory CD8 T cells,
which may be responsible for this response [161]. In splenocytes approximately 60%
of human subjects had an IFN-y response following stimulation with an AAV capsid
peptide library, suggestive of capsid-specific T cell populations [162]. Specific AAV
capsid epitopes were shown to be immunogenic and induce CD8 T cell responses, some
of which were conserved across multiple serotypes [162]. Nonetheless, not all gene
therapy studies have detected AAV capsid-mediated T cell responses [163, 164], thus
the effect of pre-existing adaptive immunity currently remains unclear. The presence
of CD8 T cells following AAV gene therapy suggests antigen presentation of AAV
peptides on MHC class I molecules, likely through cross-presentation pathways that
allow for presentation of extracellular antigens [100]. An in vitro study demonstrated
that AAV antigen presentation was markedly reduced in a hepatocellular carcinoma
cell line (HepG2) stably expressing the MHC class I molecule H-2Kb following
inhibition of endosomal and proteasomal pathways [165]. The authors suggested that
AAV particles rely on the endosomal pathway for internalisation but, upon release into
the cytosol, are degraded by the proteasome enabling presentation on MHC class I
molecules. Since AAV particles traverse the endosomal pathway, it is possible that
antigen presentation could also be achieved with MHC class Il molecules to activate
CD4 T cells. However, given that the transduction efficiency of AAV in APCs remains

unclear, this process has not yet been defined.
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In addition to pre-existing cellular adaptive immunity in the population, 40-70% of
sampled individuals had pre-existing neutralising antibodies to AAV capsid proteins
[166]. The prevalence of humoral immunity in patients poses a potential limitation to
gene therapy, where antibodies may bind to AAV particles and reduce transduction
efficacy. In the haemophilia B trial, the level of pre-existing neutralising antibodies
correlated with the level of transduction [160]. In rhesus macaques, even the presence
of low antibody concentrations neutralised the AAV8.FIX vector and consequently
reduced transduction efficiency; in animals with undetectable levels of pre-existing
antibodies, significant transduction was achieved [167]. Although the effect of
circulating antibodies theoretically poses a much greater risk for systemic AAV
delivery, antibodies have also been detected in the eye following intravitreal injections
[168]. The authors found that the presence of neutralising antibodies prior to injection
correlated with weak, decaying, or no transgene expression following intravitreal AAV
injections of macaques. Nonetheless, it remains to be seen whether there is a
significant impact of pre-existing antibodies on the therapeutic outcome of all gene
therapies, as the response will likely be influenced by serotype, dose, and route of

administration.

1.4.1.2 Immunity to the genome

Although the removal of the rep and cap ORFs from the viral genome mitigate the
immunogenicity of recombinant AAV vectors, the ITR sequences must be retained,
which provide evidence of its viral origin. Furthermore, the presence of DNA within
endosomal and cytosolic compartments is, in itself, indicative of a viral infection and

can active PRR-mediated responses. For instance, intramuscular injection of
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recombinant AAV in wildtype mice elicited TLR9-mediated activation of pDCs and
induced a type I interferon response independent of AAV serotype [169]. The TLR9
pathway was critical for activation of a CD8 T cell response against the AAV capsid and
transgene, suggesting that this innate pathway is important in mediating adaptive
immune responses. The immunogenic serotype AAVrh32.33 has also been shown to
elicit a TLR9-mediated CD8 T cell response in vivo, which was significantly diminished
upon depletion of CpG sequences (the ligands for TLR9 receptors) in the viral genome
[170]. These CpG sequences were found throughout the transgenic genome, with 308
in the lacZ transgene and 16 in the ITRs; it therefore remains to be seen if a vector with
a mammalian transgene with minimal CpG sequences will elicit a comparable
response. While AAVs containing self-complementary genomes can provide higher
levels of transgene expression in vitro, they are associated with greater pro-
inflammatory innate immune responses in vivo as the double-stranded AAV genome
can activate TLR9 more strongly than ssDNA vectors [171]. In immortalised cell lines,
primary human hepatocytes, and the hepatocytes of systemically AAV-injected
chimeric mice, a dose-dependent upregulation of MDA5 was observed following
transduction with a self-complementary AAV vector [172]. Knockdown of MDAS
prevented initiation of this response and increased AAV transduction, suggesting a
possible immune response to dsRNA transcribed from the AAV genome. It was
hypothesised that reverse mRNA transcripts, generated from inherent promoter
activity of the AAV 3’ITR, could anneal to the transgene mRNA to generate
immunogenic dsRNA transcriptional intermediates [172]. Together, these studies

reveal the ability for AAV, like other viruses, to activate PRRs and elicit both
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intracellular and cellular immune responses that can determine the efficacy of gene

therapy.

As with capsid proteins, the AAV transgene protein has the potential to elicit adaptive
immune responses. Of particular relevance is T cell-mediated immunity to antigen
presentation by transduced cells, which may be of increased significance in patients
with null mutations where the therapeutic protein has not been previously expressed.
As seen with the studies discussed above, TLR9-mediated responses are sufficient to
induce a CD8 T cell reaction, suggesting a transgene specific response [169, 170]. AAV-
mediated gene therapies targeting the muscle have demonstrated a significantly
greater T cell response compared to those targeting other organs [173]. The
intramuscular treatment of patients with Duchenne’s muscular dystrophy induced
significant CD4 and CD8 T cell responses to the transgene dystrophin, which correlated
with a loss of long-term transgene expression [174]. Nonetheless, transgene specific T
cell responses have been observed in other trials and their presence in retinal gene

therapy will be discussed below.

1.4.2 Immune responses in retinal gene therapy

Despite assumptions of immune privilege in the retina, the presence of resident APCs
and expression of PRRs make the retina susceptible to AAV-induced immune
responses. Key PRRs (TLR9, cGAS, and RIG-I) and downstream pro-inflammatory
cytokines and chemokines (IFN-y, TNF-q, IL-1f3, and C-X-C motif ligand 10 (CXCL10))
are upregulated in the retina following AAV gene therapy in wildtype mice and non-
human primates, suggesting the activation of intracellular innate immune pathways

[175-177]. Several in vivo studies have also demonstrated increased
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immunohistochemical staining for the microglia activation marker ionized calcium
binding adaptor molecule 1 (Ibal) and have observed corresponding morphological
changes of microglia following subretinal injection of AAV, suggesting activation of this
resident immune cell [176, 177]. Given the implications of pro-inflammatory cytokine
and chemokine expression in the eye, these responses have the potential to recruit
peripheral leukocytes to the retina. Indeed, following subretinal injection of AAV8 in
cynomolgus macaques, co-staining of MHC class I and the macrophage marker F4/80
was detected, suggesting active antigen presentation in macrophage cells [176].
Furthermore, immunohistochemical staining of CD8, CD20, and MHC class Il were
detected, suggesting the presence of CD8 T cells, B cells, and active antigen
presentation in APC cells, respectively [176]. Similar inflammatory responses have
been detected in intravitreally injected rats and dogs with retinal staining of
macrophages, neutrophils, B cells, CD4 T cells, and CD8 T cells [178, 179]. Together
these studies suggest AAV-mediated induction of intracellular and cellular immune

responses in the retina.

Signs of retinal inflammation have been identified in gene therapy trials in large animal
models following subretinal AAV injections. Several cynomolgus macaques injected
with AAV2 and AAVS8 serotype vectors demonstrated a dose-dependent increase in
capsid-specific neutralising antibodies, despite none present at baseline [180]. A
systemic T cell response to the green fluorescent protein (GFP) transgene was detected
in two of the 14 animals that received high vector doses (1x1011 genome copies
(gc)/eye), which correlated with the appearance of retinal infiltrates and toxicity
[180]. Subretinal injection of cynomolgus macaques with an AAV2tYF vector (with

three capsid tyrosine to phenylalanine mutations) expressing the gene CNGB3 led to
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inflammatory responses in the anterior and posterior segments at both 1.2x101! and
1.2x1012 gc/eye, with one animal developing severe inflammatory endophthalmitis; all
animals had an increase in neutralising antibodies to the AAV2tYF capsid [181].
Cynomolgus macaques injected with the AAV7m8 demonstrated high expression of the
glial activation marker glial fibrillary acidic protein (GFAP) at the highest vector dose
(1x101%2 gc/eye) [182]. Severe retinal inflammation was detected with signs of
lymphocytic retinal infiltrates, perivascular inflammation, loss of RPE, and chronic
choroidal inflammation [182]. The presence of a dose dependent inflammatory
response to AAV2-mediated retinal gene therapy was first observed in humans in a
phase 1/2 clinical trial treating RPE65-associated LCA where five of the eight high dose
patients (1x1012 gc/eye) had signs of intraocular inflammation such as anterior uveitis,
mild vitritis, and optic disc swelling [183]. In a phase 1/2 clinical trial of AAV2-
mediated gene therapy for choroideremia, one of 14 high dose patients (1x1011
gc/eye) developed intraocular inflammation in the form of vitritis, retinitis, and
choroiditis, which was associated with reduced visual function [151]. Similarly, in a
phase 1/2 trial of AAV8-mediated gene therapy for retinitis pigmentosa GTPase
regulator (RPGR)-associated X-linked retinitis pigmentosa, seven out of nine high dose
patients (0.6-4x1011 gc/eye) developed steroid-responsive subretinal inflammation
associated with transient changes in retinal sensitivity [152]. Typically, inflammatory
responses have been controlled in retinal gene therapy trials using a course of systemic
immunosuppression, however, persistent immune responses against the AAV

transgene may diminish the long-term durability of the treatment.

Retinal gene therapy trials in animal models and humans demonstrate a significant

correlation between vector dosage and the level of AAV-induced retinal inflammation
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[184]. However, it is currently unclear whether this intraocular inflammation is
directed at the viral capsid, therapeutic cassette, or the transgene product itself. Some
studies have implicated the promoter as a potential determinant of inflammation.
Vectors expressed in the RPE have been proposed to be associated with a greater risk
of retinal toxicity irrespective on the nature of the transgene, with the authors
suggesting RPE sensitivity to AAV vectors [177]. Others, have implicated unregulated
transgene overexpression driven by ubiquitous promoters as a potential source of
retinal toxicity [185]. The route of retinal gene therapy delivery has been strongly
implicated in AAV-mediated immune responses. Intravitreal delivery of AAV results in
persistent systemic distribution of AAV particles in the blood and lymphatic tissue,
suggesting an ability for the vector to leave the eye, likely along aqueous drainage
through Schlemm’s canal and into systemic circulation [186]. However, following
subretinal injections, very little AAV was detected outside of the retina. It seems likely
that systemic dissemination of AAV following intravitreal delivery will increase the
risk of adaptive immune responses. This is supported by findings that intravitreal AAV
injections induce capsid-specific neutralising antibody responses in the serum and
intraocular fluid [187, 188]. Neutralising antibody responses can limit transgene
expression following intravitreal AAV delivery, suggesting that these responses may
be a limiting factor in the therapeutic outcome of intravitreal gene therapy following
re-administration to the second eye [168]. Conversely, provided that the AAV vector is
delivered via the subretinal route, the presence of pre-existing neutralising antibodies
to AAV does not appear to correlate with a higher risk of retinal inflammation or
reduced therapeutic efficacy, thus allowing for subsequent AAV gene therapy of the

fellow eye [187-189].
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1.5 Thesis overview

AAV has emerged as the vector of choice for gene therapies due to its low
immunogenicity, good safety profile, and versatility [156]. However, an increasing
number of studies have revealed that inherent features of a recombinant AAV vector,
including the capsid protein and viral genome, are responsible for activating targeted
innate and adaptive immune responses, implicating AAV as a viral immunogen [157,
169-172]. In the context of gene therapy, immune reactions to AAV vectors can greatly
differ due to presence of clinical variables such as dose, route of administration, and
the presence or absence of pre-existing adaptive immunity to AAV [156]. Due to the
compartmentalised and immune privileged nature of the subretinal space, retinal gene
therapies have demonstrated significant success in the treatment of retinal
dystrophies [150-152, 190]. Despite assumptions of immune privilege, dose-
dependent inflammation has been observed in several retinal gene therapy trials
[184]. Our current understanding of the cellular immune response to AAV-mediated
retinal gene therapy is primarily based upon clinical observations in patients and
qualitative data from animal models. Together, these data suggest that peripheral
leukocytes can infiltrate the retina and may be a significant feature of intraocular
inflammation to retinal gene therapy. Given that it is generally the method of choice
for retinal gene therapies targeting photoreceptors and the RPE, this thesis will focus

on immune responses to subretinal delivery of AAV during retinal gene therapy.

This thesis will investigate the mechanism of the cellular immune response to retinal
gene therapy by characterising and quantifying the infiltrating leukocyte populations.

The recruitment of leukocytes to the eye would suggest a resident inflammatory signal,
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such as pro-inflammatory cytokines and chemokines, which may enable the
chemotaxis and infiltration of circulating leukocytes [127, 175-177] and may explain
observations of a transient breakdown of the blood-retina barrier [184]. Since many
retinal cell types express PRRs, a resident innate immune reaction to AAV is possible
[175, 191, 192]. Unlike innate immunity to bacteria, anti-viral responses are typically
directed against intracellular ligands, such as viral nucleic acids [193]. It is therefore
possible that the transgenic genome is the predominant source of AAV-mediated
immunity. This thesis will investigate the role of the innate anti-viral nucleic acid
sensors TLR9 and cGAS in restricting the rate of AAV transduction. Moreover,
characterising the exact nature of the immune responses to AAV and devising methods
for overcoming these counterproductive responses have become of great interest as
gene therapies go from proof of concept to clinical application. This thesis will
therefore also investigate the adjunctive use of the immunomodulatory drugs that
inhibit innate immune responses in an attempt to enhance the efficacy of retinal gene

therapy.

Overall, this thesis aims to:

1. Characterise and quantify the cellular immune response to subretinal AAV
retinal gene therapy in mice with the use of quantitative multicolour flow
cytometric analysis to identify the presence of key leukocyte populations

(Chapter 3).

2. Assess the effect of the GFP transgene on the cellular immune response to in
vivo retinal gene therapy by comparing the leukocyte population with a human

therapeutic transgene (Chapter 3).
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Investigate the effect of the key anti-viral nucleic acid sensors TLR9 and cGAS

on AAV transgene expression in vitro (Chapter 4).

. Assess the effect of the immunomodulatory anti-malarial drugs
hydroxychloroquine and chloroquine on the efficacy of AAV transduction in
vitro, ex vivo, and in vivo, in cell types relevant for retinal gene therapy (Chapters

4 &5).

. Assess the effect of the corticosteroid and immunosuppressant dexamethasone

on the efficacy of AAV transduction in vitro (Chapter 4).

Investigate the mechanism of action of hydroxychloroquine-mediated

enhancement of AAV transduction (Chapter 6).
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2 General materials & methods

2.1 Molecular biology

2.1.1 Restriction digestion

Restriction digestion reactions were undertaken in a 50 pL total volume with 1 pg of
DNA, 1 pL of enzyme (20 units), and 5 pL of 10X CutSmart Buffer (New England
BioLabs). Control reactions with a single enzyme, no enzyme, or no DNA were run in
parallel. Reactions were incubated at the optimal temperature and duration for

enzyme activity as recommended by the manufacturer.

2.1.2 Polymerase chain reaction & gel electrophoresis

Custom oligonucleotide primer pairs were designed in silico using the Geneious Prime
software 2020.2.2. Polymerase chain reaction (PCR) was performed in a total volume
of 20 pL with 80 ng of complementary DNA (cDNA) template, 1X KOD Hot Start Master
Mix (Sigma-Aldrich), and forward and reverse primers (each at a final concentration
of 0.5 uM). PCR conditions consisted of an initial polymerase activation and DNA
denaturation step at 95°C for two minutes, followed by 40 cycles of the following
conditions: 95°C for 20 seconds to denature, 50°C for 10 seconds for annealing, and

70°C for 10 seconds for extension.

Gel electrophoresis of DNA samples was performed using a 1% agarose gel with an
UltraRanger 1 kb DNA ladder (Norgen) for DNA sequences >1 kb in length and a 2%
agarose gel with a PCRRanger 100bp DNA ladder (Norgen) for DNA sequences <1 kb

in length. Agarose gels were prepared in Tris/acetate/EDTA buffer with 0.5 pg/mL
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ethidium bromide. Gels were submerged into an electrophoresis tank containing
Tris/acetate/ETDA buffer and DNA samples were pre-stained with a 6X gel loading
dye (New England BioLabs) prior to loading into the gel; electrophoresis was
performed at 100 V. Following electrophoresis, gels were visualised and photographed
using a UV transilluminator (U:Genious, Syngene). Where the DNA was required for
downstream applications, the bands were excised with a scalpel under direct
visualisation with a blue light. The gel fragments were weighed and the DNA product
was extracted using the QIAquick gel extraction kit (QIAGEN) according to

manufacturer’s instructions. DNA was eluted in 30 pL of nuclease-free water.

2.1.3 RNA extraction & reverse transcription

All surfaces and pipettes were treated with RNaseZap wipes (Invitrogen) prior to RNA
extraction to remove environmental RNases. Total RNA was extracted from cell pellets
using the RNeasy Mini Kit (QIAGEN) including an additional DNA digestion step with
the RNase-free DNase Kit (QIAGEN). Cells were lysed and homogenised in Buffer RLT
(QIAGEN) freshly supplemented with 1% B-mercaptoethanol. RNA was extracted
following the manufacturer’s instructions and eluted in 30 uL RNase-free water. RNA
concentrations were quantified using a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific). Reverse transcription was performed
with the Superscript III Kit (Invitrogen) using 1-2 pg RNA and an oligo dT primer
(Invitrogen). cDNA products were purified using the QIAquick PCR Purification Kit

(QIAGEN).
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2.1.4 Quantitative PCR

Quantitative PCR (qPCR) was performed on DNA or cDNA samples to determine gene
expression levels using gene-specific primers. qPCR was performed using either the
iTaq Universal SYBR Green Supermix (Bio-Rad) or TagMan assay (Thermo Fisher
Scientific). Prior to setting up the reaction, all workspaces and pipettes were
disinfected with 10% bleach for 30 minutes to degrade contaminating DNA products.
All gPCR assays were prepared on ice using sterile filter pipette tips. Each sample was
run in triplicate in opaque Hard-Shell 96-well PCR plates (Bio-Rad). qPCR assays using
iTaq were performed in a 10 pL total reaction volume with 5 pL 2X iTaq Universal
SYBER Green Supermix (Bio-Rad), 1 puL of both the forward and reverse primer (2 uM),
2 pL of molecular grade water, and 1 pL of the DNA product. TagMan assays were
performed in a 20 pL total reaction volume with 10 pL of 2X TagMan Fast Universal
PCR Master Mix no AmpErase UNG, 1 pL of 20X gene-specific TagMan assay mix (both
Thermo Fisher Scientific), 7 pL. molecular grade water, and 2 pL of DNA. The TagMan
assay mix consists of a mixture of gene-specific unlabelled primers, a TagMan probe
with a FAM dye label at the 5’ end, and a minor groove binder and nonfluorescence
quencher at the 3’ end. Controls were run for all gPCR plates with molecular grade
water used in place of the DNA template to determine the presence of contaminating
DNA sequences. qPCR plates were sealed with a Microseal ‘B’ PCR plate film (Bio-Rad)
and were briefly centrifuged to collect the reaction volume at the bottom of the wells.
gPCRreactions were performed using the CFX Connect real-time PCR detection system
(Bio-Rad). Before experimental use, the efficiency of the primers and probes was

determined using a standard curve prepared with five-fold dilutions of a target DNA
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sequence. Primers and probes with 95-105% efficiency were deemed acceptable for

experimental use.

The cycle conditions for the iTag were an initial polymerase activation and DNA
denaturation step at 95°C for three minutes, followed by 40 cycles of: 95°C for 10
seconds to denature and 60°C for 30 seconds for annealing and extension. This was
followed by a melt curve analysis of 60-95°C with 0.5°C increments (each held for five
seconds) to confirm a single distinct peak that indicates the amplified product is a
single discrete species. The cycle conditions with the TagMan assay were an initial step
of 95°C for 10 minutes to activate the polymerase, followed by 40 cycles of: 95°C for
15 seconds to denature the DNA and a one minute 60°C annealing and extension step.
For gene expression analysis, the gene of interest was normalised to the housekeeping
gene Actb. The cycle threshold (Ct) was determined based on where the threshold line
intersects the reaction curve; this was placed at the beginning of the exponential phase.
The three technical repeats were averaged and normalised to the mean of the
housekeeper genes (ACt) as per equation 2.1, which were transformed using the

function 2-2Ctprior to analysis.

AC; = mean C, (gene of interest) - mean C; (housekeeping gene) (2.1)

If a treated sample was to be normalised to the control of the group, the difference in
ACt between these samples was calculated (AACt) as per equation 2.2, which was

transformed using the function 2-2ACtprior to analysis.
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AAC, = AC; (treated sample) - AC; (control sample) (2.2)

2.1.5 Protein extraction & quantification

Protein extraction was performed with radioimmunoprecipitation assay (RIPA) lysis
buffer supplemented with cOmplete™ EDTA-free Protease Inhibitor Cocktail (PI)
(Roche). All retinal samples were homogenised with a hand-held homogeniser and
incubated on ice for 30 minutes. Protein samples were centrifuged at 10,000 xg for 20

minutes at 4°C and the supernatant was stored on ice until protein quantification.

The total protein concentration was determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific) as per the manufacturer’s instructions. Protein samples
were diluted 1:5 with lysis buffer and 10 pL of the diluted protein sample was used for
quantification. The colourimetric absorbance of each sample and a standard curve of
bovine serum albumin (BSA) (125-2000 pg/mL) was measured at 595 nm using an

iMark Microplate Absorbance Reader (Bio-Rad).

2.1.6 Western blot analysis

Protein samples were combined with 6X Laemmli loading buffer to a final 1X
concentration and were denatured by heating to 95°C on a hot block. Protein samples
and BLUeye prestained protein ladder (Sigma-Aldrich) were loaded onto Criterion TGX
precast gels (Bio-Rad) and subject to sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) in Tris/Glycine/SDS running buffer (National
Diagnostics) at 100 V. The separated proteins were transferred onto a polyvinylidene

difluoride (PVDF) membranes using the TransBlot Turbo (Bio-Rad) at 2.5 A. The
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transfer was performed for seven minutes for proteins 5-150 kDa in size and for 10

minutes for proteins >150 kDa.

The membranes were washed in phosphate buffered saline (PBS) supplemented with
1% Tween-20 (PBS-T) (for analysis with horseradish peroxidase (HRP)-conjugated
antibodies) or Tris-buffered saline (TBS) (for fluorophore-conjugated antibodies) for
seven minutes. The membranes were blocked with 3% BSA in PBS-T for 45 minutes
(for HRP-conjugated antibodies) or 5% donkey serum in TBS supplemented with 1%
Tween-20 (TBS-T) for one hour (for fluorophore-conjugated antibodies) at room
temperature with gentle agitation. Membranes were incubated in primary antibodies
as per Table 2.1 for one hour. Membranes were washed three times for seven minutes
each in PBS-T (for HRP-conjugated antibodies) or TBS-T (for fluorophore-conjugated
antibodies). Membranes were subsequently incubated in secondary antibodies as per
Table 2.1 for 30 minutes. Membranes were washed another three times for seven
minutes each with PBS-T or TBS-T and the excess liquid was removed. For membranes
with HRP-conjugated secondary antibodies, the protein ladder was marked using a
WesternSure pen (LI-COR Inc.) and the membranes were incubated with the Clarity
Western enhanced chemiluminescence substrate (Bio-Rad) according to the
manufacturer’s instructions. Membranes blotted for [-actin were subject to an
additional two minute incubation with fresh chemiluminescence substrate to enhance
detection. Membranes were imaged using the Odyssey Fcimaging system (LI-COR Inc.)
using the chemiluminescence channel. Membranes with fluorophore-conjugated
secondary antibodies were protected from light and left to completely dry before

imaging with the 700 nm and 800 nm channels.
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Table 2.1. Western blot primary and secondary antibody conditions.

Target Host Primary Primary Secondary | Secondary
species | antibody antibody antibody | antibody
concentration | buffer conjugate | buffer
GFP Rabbit 1/10,000 3% BSA in HRP 3% BSA in
PBS-T PBS-T
B-actin Mouse 1/10,000 3% BSA in HRP 3% BSA in
PBS-T PBS-T
ABCA4 Rabbit 1/1,000 1% donkey | 800CW TBS-T
serum in
TBS-T
a-tubulin Mouse 1/2,000 1% donkey 680RD TBS-T
serum in
TBS-T (for
ABCAA4 blot)
TBS-T (for
Histone H3
blot)
Histone H3 | Rabbit 1/1,000 TBS-T 800CW TBS-T

GFP, green fluorescent protein; BSA, bovine serum albumin; PBS-T, phosphate
buffered saline-(tween 20); HRP, horse raddish peroxidase; ABCA4, ATP binding
cassette subfamily A member 4; TBS-T, Tris buffered saline-(tween 20).

2.2 Plasmid vector cloning

2.2.1 DNA ligation & transformation

DNA ligation reactions were performed in 20 pL reaction volumes with 1 pL of T4 DNA
ligase, 2 puL of 10X T4 DNA ligase buffer (both New England BioLabs), and 70 ng of the
vector DNA in a 1:3 molar ratio of vector to insert. The following controls were run in
parallel: no insert DNA to check for vector re-circularisation, no insert DNA or ligase to

determine if the vector was digested, and no vector and insert DNA to check for
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contaminating DNA. Ligation reactions were performed at room temperature

overnight.

The products of the ligation reaction were transformed into XL-10 Ultracompetent E.
coli cells (Strategene). 2 pL of 1.43 M 3-mercaptoethanol was added to 50 uL of the
cells on ice and were stirred every two minutes for 10 minutes with a sterile pipette
tip. 5 pL of each of the ligation reactions, including the controls, or the 1/10 diluted
pUC18 positive control plasmid (Strategene) were added to the prepared cells.
Samples were mixed with a sterile pipette tip and incubated on ice for 30 minutes. The
reactions were subsequently heat shocked at 42°C in a water bath for 30 seconds and
subsequently incubated on ice for two minutes. Samples were spread with a sterile
spreader onto a Luria’s broth (LB)-agar plate supplemented with 100 pg/mL
ampicillin and the plates were incubated in a 37°C incubator overnight. The number of
colonies on each plate was used to estimate the efficiency of the ligation reaction.
Colonies from plates transformed with the vector and insert were picked with a sterile
pipette and placed into 4 mL of LB media supplemented with 100 pg/mL ampicillin.

These starter cultures were incubated for 18 hours in a 37°C shaker at 250 rpm.

2.2.2 Plasmid extraction & amplification

Glycerol stocks were prepared by mixing 500 pL of the starter cultures with 50%
glycerol and were frozen at -80°C. The ligated DNA plasmid was extracted from the
E.coli cells with the endotoxin-free Zyppy plasmid miniprep kit (Zymo Research)
according to manufacturer’s instructions. DNA was eluted in 30 pL of nuclease-free

water.
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For vector production, vector plasmids were amplified using a Mega kit (QIAGEN).
Glycerol stocks were picked with a sterile pipette tip and placed into 5 mL LB media
supplemented with 100 pg/mL ampicillin. The cultures were incubated for eight hours
in a 37°C shaker at 250 rpm. Subsequently, the cultures were diluted 1:500 into 0.5 or
2.5 L of LB media with ampicillin depending on whether the plasmid was a high or low
copy plasmid, respectively (Table 2.2). These cultures were incubated overnight in a
37°C shaker at 250 rpm. Plasmids were extracted using the Mega kit according to the
manufacturer’s instructions until the point where plasmids were eluted in 35 mL of
Buffer QN (QIAGEN). The eluate was split into two 17.5 mL aliquots and the DNA was
precipitated using the PureLink HiPure precipitator module (Thermo Fisher Scientific)
according to manufacturer’s instructions. The final concentration of plasmid DNA was

determined using a NanoDrop Spectrophotometer (Thermo Fisher Scientific).

Table 2.2. Origin of replication and copy number of vector plasmids.

Plasmid Origin of replication | Low/high copy
CAG.GFP.WPRE ColE1 High
CAG.nullGFP.WPRE ColE1 High
pAdDeltaF6 pBluescript Low
pRep2/Cap8 pBR322 Low

2.3 Cell & tissue culture

2.3.1 Culturing immortalised cell lines

Immortalised cell lines were maintained at 37°C with 5% CO2 within humidified tissue
culture incubators. Immortalised cells were cultured in Dulbecco’s Modified Eagle
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Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine
(2 mM), penicillin (100 U/mL), and streptomycin (100 ug/mL) (complete DMEM) (all
Gibco, Thermo Fisher Scientific). Cells were maintained in T-75 flasks (Sarstedt) and
passaged twice a week after reaching 80-100% confluence. To passage the cells, the
old media was removed from flasks and the cells were washed in warm sterile PBS.
TrypLE Express (Gibco, Thermo Fisher Scientific) was added to the cells and the flask
was incubated at 37°C for approximately five minutes. Warm complete DMEM media
was added to the cells to inactivate the TrypLE and the cells were resuspended by
repeat pipetting. An appropriate proportion of the suspension was added to a new T-
75 flask and were topped up with fresh complete DMEM media. The remaining cell

culture suspension was discarded.

Wildtype and Cgas/- mouse embryonic fibroblasts (MEFs) were provided as a kind gift
from Dr Leo James and Dr Sarah Caddy. This knockout cell line was created from Cgas
/- mice that have a deletion in the second exon of the Cgas gene [194]. For in vitro
experiments, wildtype and Cgas7/- MEFs were seeded at 1.5x105 and 1.8x105 cells per

well of a 6-well plate (Sarstedt), respectively.

2.3.2 Harvesting rhesus macaque RPE cells

Primary RPE cells were derived from rhesus macaque (M. mullata) eyes collected post-
mortem from animals’ euthanised for other purposes by the MRC Centre for Macaques,
Porton Down, UK. After enucleation, the cornea and lens were removed and incisions
were made towards the posterior pole to flatten the eyecup. The retina was removed
by blunt dissection and the remaining eyecup was placed in media and stored on ice

until processing. To detach the RPE cells, the eye cup was incubated in 3 mL of 2.5%
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trypsin (Gibco, Thermo Fisher Scientific) at 37°C for 30 minutes. The trypsin was
subsequently neutralised in 5 mL of advanced DMEM supplemented with L-glutamine
(2 mM), penicillin (100 U/mL), streptomycin (100 pg/mL), and 10% FBS (all Gibco,
Thermo Fisher Scientific). The eye cup was repeatedly washed with the media to
detach the RPE cells. Once the media was saturated with cells, the suspension was
transferred to a tube and the process was repeated twice more. The cell suspension
was centrifuged at 300 xg for five minutes and the pellet was resuspended in advanced
DMEM. RPE cells from a single eye were seeded into three wells of a 6-well plate. Cells
were maintained at 37°C in a humidified environment maintained with 5% CO2 and

passaged a maximum of two times to prevent loss of the epithelial phenotype.

2.3.3 Culturing human retinal tissue ex vivo

Fresh human retinal explants were collected with informed consent during routine
retinal detachment surgery where a retinectomy was clinically indicated. The
procedure was approved by the UK National Research Ethics Committee (ref:
10/H0505/8). Small retinal fragments approximately 500 um in diameter were
obtained using the 23-gauge cutter of a surgical vitrectomy system (Constellation
Vision System, Alcon). Within one hour of tissue collection, individual retinal
fragments were transferred using a Pasteur pipette into organotypic culture inserts
(Falcon, Corning) within 24-well plates. The retinal explants were cultured in 500 pL
(100 pL inside and 400 pL outside the insert) of Neurobasal-A medium supplemented
with L-glutamine (0.8 mM), penicillin (100 U/mL), streptomycin (100 pg/mL), 2% B-
27 Supplement, and 1% N-2 Supplement (all Thermo Fisher Scientific). Samples were

maintained at 34°C in a humidified 5% CO2 environment.
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2.3.4 Cell & tissue treatment

A 0.15 M stock solution was created by weighing hydroxychloroquine sulphate or
chloroquine diphosphate (both Acros Organics, Thermo Fisher Scientific) in a fume
hood and dissolving in water. The solution was aliquoted and stored at -20°C for up to
one month. The 0.15 M stock solution was further diluted to a 1.5 mM working stock
solution in DMEM prior to further serial dilutions in DMEM. The media from cells or
tissue was removed, and media containing the appropriate concentration of
hydroxychloroquine or chloroquine was added. Cells and tissue were incubated in the
hydroxychloroquine or chloroquine containing media for one hour prior to AAV

transduction.

A 1.9 mM dexamethasone phosphate solution (Dropodex, Rayner) was diluted directly
in DMEM media to achieve the appropriate concentrations. For incubation in
dexamethasone 24 hours prior to AAV transduction, cells were seeded directly in
media containing the appropriate concentration of dexamethasone. For treatment six
hours prior to transduction, the media from cells was removed and the

dexamethasone-containing media was added.

MEF cells were treated with 754.6 uM of the oligodeoxynucleotide (ODN) sequence
CpG-A (5’-GGGGGACGATCGTCGTCGGGGGG-3’) (Integrated DNA technologies)
30 minutes prior to transduction. The CpG-A sequences were modified to contain
phosphorothioate bonds between each base to protect the DNA from nuclease

degradation.
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2.3.5 AAV transduction

For immortalised cell lines, cells were counted using either a manual Neubauer
Improved haemocytometer (Hawksley) or a TC20 Automated Cell Counter (Bio-Rad)
24 hours after cell seeding. The volume of virus used to achieve a specific multiplicity
of infection (MOI) was calculated based on the total number of cells and the titre of the
AAV using equation 2.3. The AAV vector was subsequently added directly to the tissue

culture well.

MOI x total cell no. (2.3)
AAV titre (genome copies/mL)

Volume of virus (mL) =

2.3.6 Cell fractionation

Wildtype MEF cells were separated into nuclear, mitochondrial, and cytosolic fractions
using the Cell Fractionation Kit (Abcam). Prior to fractionation, the cells were detached
with TrypLE Express (Gibco, Thermo Fisher Scientific) and centrifuged at 300 xg for
five minutes. The supernatant was discarded and the cells were washed in pre-warmed
PBS before centrifugation at 300 xg for five minutes at 4°C. This was step was repeated
twice more to ensure all AAV not internalised into cells was removed. Cells were
resuspended in 1 mL of 1X Buffer A (Abcam) and a small volume was reserved for cell
counting. The cells were centrifuged at 300 xg for five minutes at 4°C, the supernatant
was discarded and cells were resuspended to a concentration of 4x106 cells/mL in 1X
Buffer A. The remainder of the protocol was followed according to manufacturer’s

instructions.
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2.4 AAV production

AAV vectors were manufactured by co-transfecting HEK293T cells with the following

three plasmids:

1. Helper plasmid (pAdAF6) encoding the adenovirus genes E4, E2a, and VA to

mediate AAV replication

2. Rep/Cap plasmid (pRepCap) encoding genes for AAV replication and capsid

synthesis

3. Transgene plasmid (pTransgene) encoding the AAV transgenic genome
containing a promoter, transgene, and bovine growth hormone pA tail flanked

by ITR sequences

2.4.1 HEK293T cell culture

HEK293T cells were seeded into three T-175 flasks (Sarstedt) and cultured in complete
DMEM. Once confluent, three T-175 flasks were seeded into two HYPERFlasks
(Corning) for each virus manufactured. The HYPERFlasks were carefully topped up
with media so to avoid creating bubbles. Each HYPERFlask was gently tapped on the
short edge to bring the bubbles to the surface and the bubbles were removed using a
pipette. The HYPERFlasks were incubated at 37°C in a humidified environment

maintained with 5% COz for 72 hours until confluent.

2.4.2 Transfecting cells

After 72 hours, each HYPERFlask of HEK293T cells was transfected with a total of

500 pg of DNA with the amount of each plasmid depending on its size as described in
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Table 2.3. The appropriate amount of each plasmid was supplemented with 150 mM
NaCl (prepared in molecular grade water) to a total of 10 mL. In a separate tube, 667 pg
polyethylenimine was also supplemented with 150 mM NaCl to 10 mL. The DNA and
polyethylenimine were complexed by dropwise addition of the polyethylenimine
mixture into the DNA; the complex was subsequently incubated at room temperature
for 20 minutes. Transfection media consisting of DMEM supplemented with 2% FBS,
L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 pg/mL) was
prepared and 50 mL was set aside; the complexed DNA was added to the transfection
media. 20 mL of the set aside transfection media was added the now empty complexed
DNA tube to collect any residual solution. This was poured into the transfection media
containing the complexed DNA. The HYPERFlasks were drained and the full volume of
the transfection media containing the complexed DNA was carefully added. The
HYPERFlasks were topped up with the remaining transfection media, bubbles were
removed per section 2.4.1 and the HYPERFlasks were incubated at 37°C in 5% CO:

environment for a further 72 hours.

Table 2.3. Calculations to determine the amount of each plasmid required for
AAV production.

Plasmid Size (kb) Amount per transfection (pg)?!
pAdAF6 15.4 154 xR

pRepCap 7.3 7.3xR

pTransgene T TxR

Total K 500

1Ratio (R) calculated as 500/K.
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2.4.3 Harvesting & lysing cells

After 72 hours, 250 mL of media was discarded from the HYPERFlasks before shaking
vigorously to mechanically detach the cells. This was confirmed by visualising the cells
under a light microscope. The cell suspension from each HYPERFlask was poured into
a separate 400 mL centrifugation bottle and were centrifuged at 1,200 xg for
10 minutes at 20°C. The supernatant was carefully removed to leave 20-50 mL of
media. The remaining supernatant was used to resuspend the cell pellet and was
transferred into a 50 mL tube. The cell suspension was centrifuged again at 1,200 xg
for 10 minutes at 20°C. The supernatant was removed and the cell pellet was
resuspended in 15 mL lysis buffer (1 M Tris and 150 mM NaCl in water, pH 8.5). 500
uL of lysis buffer supplemented with PI (prepared with one PI tablet in 1 mL lysis
buffer) was added to this lysate. The lysates were frozen at -80°C for at least one hour,
after which the samples were thawed in a 37°C water bath for 15 minutes. This was

repeated twice more and on the final freeze /thaw cycle the lysate was stored at -80°C.

2.4.4 |solation of AAV particles

The lysates were thawed in a 37°C water bath for 20 minutes. 15 pL of benzonase
endonuclease enzyme (Merck Millipore) was added to the thawed lysate to a final
concentration of 150 U/mL and were incubated at 37°C for a further 45 minutes with
vigorous shaking every 15 minutes. The lysates were centrifuged at 3,700 xg for

20 minutes at room temperature.

lodixanol gradients were prepared by the layering fractions with different densities as
described in Table 2.4. One AAV preparation, with two lysate aliquots, requires three
iodixanol gradients. 7.2 mL of the 15% fraction was pipette directly into the base of a
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32.4 ml OptiSeal ultracentrifuge tube (Beckman-Coulter Life Sciences) using a 5 mL
long-neck Pasteur pipette. 4.8 mL of the 25% fraction was pipette beneath this layer
by carefully passing the pipette through the 15% fraction to the bottom of the
ultracentrifuge tube. This was repeated first with 4 mL of the 40% fraction and then
with 4 mL of the 60% fraction. The supernatant of the lysate was gently layered on top
of the iodixanol gradient and was topped up with lysis buffer if necessary (Figure 2.1).
The ultracentrifuge tubes were sealed with caps and centrifuged in 70Ti
ultracentrifuge rotor (Beckman-Coulter Life Sciences) at 59,000 rpm for 1.5 hours at
20°C in an Optima ultracentrifuge (Beckman-Coulter Life Sciences). The seal was
removed from each tube and an 18G needle was passed into the interface between the
60% and 40% fractions with the bevel kept up. As much of the 40% fraction as possible
was collected without disturbing the cell debris in the 25% fraction above
(approximately 1-1.5 mL). This AAV containing fraction was collected from all

gradients and stored at 4°C overnight.

Table 2.4. Preparations for two iodixanol gradients for isolation of AAV
particles.

Fraction Iodixanol | 5M NaCl |5XPBS-MK | H20 Phenol Red
(mL)* (mL)? (mL)? (mL)* | (uL)>

15% 4 3.2 3.2 5.6 -

25% 5 - 2.4 4.6 20

40% 6.7 - 2 1.3 -

60% 10 - - - 20

1lodixanol: OptiPrep density gradient medium (Sigma-Aldrich).25 M NacCl in
molecular biology grade water. 3 5x PBS-MK: PBS with 5 mM MgClz and 12.5 mM KCI.
4Molecular biology grade water. > Phenol Red: 0.5% solution (Sigma-Aldrich).
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Figure 2.1. lodixanol gradient for AAV separation prior to centrifugation. HEK293T cell
lysates containing AAV particles are layered on top of an iodixanol gradient of 15%, 25%, 40%,

and 60% in OptiSeal ultracentrifuge tubes.

2.4.5 Purification & concentration of AAV

The AAV iodixanol fraction was purified and concentrated using an Amicon Ultra 100K
filter (Millipore). The Amicon filter was washed with 5 mL of sterile PBS and
centrifuged at 3,000 xg for 15 minutes at 20°C; the flow through was discarded. PBS
was added to the AAV iodixanol fraction to a total of 15 mL, this was carefully mixed
by repeat pipetting. The solution was then applied to the Amicon filter and centrifuged
at 3,000 xg at 20°C until the volume was reduced to 500 pL at which point the flow
through was discarded. This filter was supplemented with 14 mL of PBS and the
solution was mixed by repeat pipetting. The filter was centrifuged again at 3,000 xg
until the volume was reduced to 500 pL. This wash was repeated twice more. During
the final wash, the Amicon filter was centrifuged until the total volume was reduced to
below the 250 pL. marker. The AAV concentrate was pipette over the filter 20 times on
each side to collect the remaining AAV particles and were separated into 10 pL aliquots
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for storage at -80°C. 500 uL PBS was added to the Amicon filter and this was washed
over the filter 20 times on each side. The AAV wash was divided into 50 pL aliquots

and stored at -80°C.

2.4.6 Titrating AAV & assessing purity

AAV vector genome titres were quantified using qPCR. To remove any contaminating
DNA, 1 puL of AAV concentrate or wash was mixed with 1 uL of DNase I, 1 uL of 10X
DNase buffer (both New England BioLabs), and 7 pL of molecular biology grade water
in a 10pL total reaction. Samples were incubated for 30 minutes in a 37°C water bath
and subsequently heated to 95°C on a PCR machine for 10 minutes. The latter step was
to terminate the reaction and denature the capsids to release the viral genomes for

titration. Samples were stored on ice until titration.

In order to titrate, the AAV samples were diluted 1:10 and 1:100 with water. A five-
point 10-fold dilution standard curve was created using the CAG.GFP.WPRE plasmid
(1-0.0001 ng). gPCR reactions were performed with 1 pL of the diluted AAV samples
using the iTaq method as per section 2.1.4. Primers were directed to the pA tail of the
viral genome (forward primer: CCAGCCATCTGTTGTTTGCC; reverse primer:
GAAAGGACAGTGGGAGTGGC). Reactions were performed in triplicate as per the
reaction conditions detailed in section 2.1.4. The plasmid copy number for the
standard curve was calculated based on the size of the plasmid, i.e. 1 ng of the 6,074 bp
plasmid equated to 1.53x108 gc. The AAV titres were then interpolated from the

standard curve.

The purity of the AAV preparation was determined using SDS-PAGE. 10 uL of

concentrated AAV and 24 pL of the AAV wash were stained with 5X protein loading
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buffer (National Diagnostics). Samples were heated on a 95°C hot block for 10 minutes
and were loaded onto a 10% Criterion™ TGX™ Precast Protein Gel (Bio-Rad) with 10 pL
of BLUeye prestained protein ladder (Sigma-Aldrich). Electrophoresis was performed
on the protein gel at 100 V for approximately one hour and 45 minutes after which the
gel was removed and washed in water with gentle agitation for five minutes. This wash
was repeated twice more with fresh water. The protein gel was covered in EZBlue
protein stain (Sigma-Aldrich) and incubated at room temperature for one to two hours
with gentle agitation until three bands became clearly visible. Three bands should be
clearly visible at 87, 72, and 62 kDa, which correspond to the VP1, VP2, and VP3 AAV
capsid proteins, respectively. The presence of additional bands would indicate protein

contamination in the AAV preparation.

2.5 Invivo procedures

2.5.1 Animals

The wildtype mice C57BL/6] were purchased from Charles River, UK and
129S2/SvHsd mice from ENVIGO, UK. Both were housed in the Biomedical Sciences
Division, University of Oxford, UK. The Abca4~/- mice (129S4/Sv]ae-ABCA4tm1Ght) were
provided by Gabriel Travis (David Geffen School of Medicine, University of California,

Los Angeles, CA) and bred in the Biomedical Sciences Division, University of Oxford.

Mice were housed in a 12-hour light-dark cycle, with food and water available ad
libitum. All animal procedures were undertaken in accordance with the Association for

Research in Vision and Ophthalmology guidelines for the humane use of laboratory
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animals in ophthalmic research, and were approved by local and national ethical and

legal authorities.

2.5.2 Anaesthesia & pupil dilation

Mice were anaesthetised by an intraperitoneal injection of ketamine (Vetalar,
Boehringer Ingelheim or Narketan, Vetoquinol) at 80 mg per kg of body weight and
xylazine (Rompun, Bayer) at 10 mg per kg of body weight. At the end of a procedure,
the anaesthetic was reversed by intraperitoneal injection of atipamezole (Antisedan,
Zoetis) at 2 mg per kg of body weight. Pupils were dilated whilst the mice were under
anaesthesia with sequential drops of phenylephrine hydrochloride 2.5%
weight/volume (w/v) and tropicamide 1% w/v (both Minims, Bausch & Lomb); each

were allowed to act for 30 seconds.

2.5.3 Subretinal injection

Prior to subretinal injection, mice were anaesthetised and the pupils were dilated as
described in section 2.5.2. An additional drop of proxymetacaine hydrochloride 0.5%
w/v (Minims, Bausch & Lomb) was applied to the eye for 30 seconds to provide local
anaesthesia. A paracentesis was performed by briefly puncturing the mid-peripheral
cornea with a 33G needle. This released a small volume of aqueous fluid to lower the
intraocular pressure and minimise the risk of trans-scleral reflux during or after
subretinal injection. Viscotears Liquid Gel (Alcon) were liberally applied to the corneal
surface before placement of a 5 mm glass coverslip over the eye to allow for
visualisation of the posterior pole. The animal was positioned on a foam operating mat
to be viewed under a foot pedal-controlled Leica microsurgical operating microscope.
A NanoFil 10 pL syringe was attached to a 35G NanoFil needle (both World Precision
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Instruments) and the injection material was drawn up. The eye was stabilised by
grasping the superior rectus muscle with notched forceps and the needle was passed
through the sclera and into the subretinal space. Once the bevel was in the subretinal
space, the superior rectus muscle was released and the syringe carefully depressed to
inject the material into the subretinal space. This injection created a subretinal bleb.
The needle was carefully withdrawn and the cover slip was removed. A drop of the
antibiotic chloramphenicol 0.5% w/v (Minims, Bausch & Lomb) was applied to the eye
followed by Viscotears to prevent corneal dehydration during recovery. All AAV
vectors injected were diluted in PBS to achieve the appropriate concentration. All
subretinal injections in this thesis were performed by Dr Alun Barnard or Dr Imran

Yusuf.

2.5.4 Retinal imaging

Animals were anaesthetised and pupils were dilated as described in section 2.5.2. A
drop of hypromellose 0.3% w/v (Blumont Healthcare Ltd.) was applied to the surface
of the eye and a polymethyl methacrolate contact lens of specification 3.2 mm
diameter, 1.7 mm back optic zone radius, 0.4 mm central thickness, and plano
refractive power (Cantor & Nissel Ltd.) was carefully placed onto the eye. Retinal
imaging was performed using the Spectralis ophthalmic imaging platform (Heidelberg
Engineering) with a 55° lens. The animal was positioned onto a customised platform
and aligned to the Spectralis camera. The contact lens was positioned so to allow for
optimal imaging. Fundus images were taken using the inbuilt confocal scanning laser
ophthalmoscope (cSLO) using the ‘High Resolution’ (8bits/pixel and 1536 x 1536 pixel

resolution) and automatic real-time (ART) mode which averages multiple images into
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a single image to increase resolution. Correct alignment was achieved using the near-
infrared reflectance (NIR) mode (815 nm wavelength diode laser) and the camera arm
was moved to focus on the retina with the image centred on the optic disc. The camera
was positioned to align the optic nerve to the centre of the camera field of view, the
dioptric focus was adjusted to focus on the plane with the highest infrared reflectance,
thought to be the RPE [195]. The sensitivity was adjusted to the maximum brightness
without overexposing the image. An image was taken in the NIR mode with an ART of
25 and the normalisation was turned off and kept off for the remainder of imaging to
allow for quantification of the images. GFP fluorescence was viewed within this focal
plane using the Spectralis blue autofluorescence (BAF) mode with an excitation laser
at 486 nm and an emission filter between 498 and 720 nm. BAF images were taken

with a range of sensitivities between 60 and 107 with an ART mode of 25.

Spectral domain-optical coherence tomography (SD-OCT) imaging was acquired with
the mouse in the same position as for the cSLO imaging on the NIR mode. Using a 55°
lens, images were taken with eight equally distributed radial scans centred on the optic
nerve at an ART of 25. Total retinal thickness was measured at approximately 3700 pm
from the optic disc using the Spectralis software with a calliper to measure from the
internal limiting membrane to the RPE basement membrane (the innermost layer of

Bruch’s membrane) (Figure 2.2) [196].
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Figure 2.2. Measurement of total retinal thickness of spectral domain optical coherence
tomography (SD-OCT) of the mouse retina. A SD-OCT image of a PBS injected mouse eye.
Total retinal thickness (indicated with *) is measured from the internal limiting membrane
(ILM) to the Bruch’s membrane (BM) 3700 pm from the optic disc. NFL: nerve fibre layer; [PL:
inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear
layer; ELM: external limiting membrane; IS/0S: inner segment/outer segment junction; RPE:

retinal pigment epithelium; C: choroid.

2.5.5 Tissue collection

Mice were sacrificed by overdose of anaesthetic with 20 mg of pentobarbital
(Pentoject, Animalcare) or by cervical dislocation if the mouse was already
anaesthetised for a procedure. Death was confirmed using cervical dislocation or
decapitation if cervical dislocation was used as the primary method of culling. Eyes
were enucleated using curved forceps and dissections were performed in PBS under
direct observation with a dissecting microscope. The cornea was punctured with a 30G
needle and the cornea was excised with Vannas scissors. The iris was removed, the
zonule of Zinn was blunt dissected, and the lens was removed. The optic nerve was cut

to its base and retina was carefully separated from the RPE and choroidal tissue.
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2.6 Flow cytometry

2.6.1 Processing of MEF cells

MEF cells were detached in TrypLE and resuspended in 1 mL of DMEM media. Cells
were centrifuged for five minutes at 600 xg, the supernatant was discarded and cells
were washed in 1 mL of PBS to remove residual media. Samples were centrifuged at
600 xg for five minutes and fixed in 500 pL of 4% methanol-free formaldehyde in PBS
for 15 min at room temperature. Cells were centrifuged for five minutes at 600 xg and
the supernatant was discarded. Cells were washed in 1 mL of 1% BSA in PBS,
centrifuged at 600 xg for five minutes and resuspended in 500 pL of 1% BSA in PBS.
Samples were stored on ice until assessment. Cells were incubated with the cell
viability dye 7-aminoactinomycin D (7-AAD) for five minutes in the dark immediately
prior to flow cytometric analysis using a LSRFortessa flow cytometer (BD Biosciences).
Wildtype MEFs were stained with 10 pL of 7-AAD and Cgas7/- MEFs with 5 pL in a final

volume of 500 pL of 1% BSA in PBS.

2.6.2 Flow cytometry of MEF cells

Flow cytometry was performed using the LSRFortessa with a blue laser at the band-
pass filter 695 nm/40 mW and 530 nm/30 mW to detect the fluorophores of 7-AAD
and GFP, respectively. Events were gated to exclude debris and doublets; a stopping
gate of 20,000 events was applied to this gate. Cells expressing GFP were gated for
using untransduced controls, and dead (7-AAD*) cells were excluded using a killed cell
population control prepared by heating cells to 60°C for 20 minutes. GFP gating was
achieved using untransduced cell samples. Analysis was performed using the Flow]o

software (v10.7.1; BD Life Sciences).
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2.6.3 Retinal dissociation

Dissociation was performed immediately following retinal dissection with the Papain
Dissociation System (Worthington Biochemical Corporation). Reagents were prepared
according to the manufacturer’s instructions and stored at -20°C in individual aliquots.
The PBS was carefully removed from the retinae and 250 pL of the papain/DNase
solution (20 U/mL papain and 0.005% DNase in Earle’s Balanced Salt Solution (EBSS))
was added to each retina. The samples were incubated for 14 minutes in a 37°C water
bath and were flicked to dislodge the retinae every two minutes. 500 pL of pre-warmed
EBSS was added to each sample to dilute the papain and the samples were centrifuged
for five minutes at 300 xg. The supernatant was discarded and the cell pellet was
resuspended in a solution of 450 pL EBSS, 50 uL ovomucoid inhibitor (10 mg/mL of
ovomucoid and BSA), and 25 puL DNase (2000 U/mL). This suspension was carefully
layered over 500 pL of ovomucoid inhibitor without mixing the two solutions. The
samples were centrifuged at 70 xg for six minutes. The supernatant was discarded and
the cell pellet was resuspended in staining buffer (2% FBS, 2 mM EDTA, and 0.1%

sodium azide in PBS).

2.6.4 Antibody staining

Antibody staining of dissociated retinal cells was performed in a 96-well round bottom
plate (Corning). Cells were transferred into the 96-well plates and centrifuged at
300 xg for five minutes at 4°C. The supernatant was removed by swiftly inverting the
plate over the sink and gently blotting on a paper towel. The pellet was loosened by
tapping the side of the plate. To wash the cells, 300 pL of staining buffer was added

prior to centrifugation at 300 xg for five minutes at 4°C; the supernatant was removed
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as before. TruStain FcX PLUS block (BioLegend) was added at a final concentration of
0.25 pg to the cell suspensions in a total volume of 50 pL to block non-specific binding
of antibodies to the leukocyte Fc receptors CD16 and CD32; cells were incubated on ice
for 10 minutes. Without removing the Fc block, cells were stained with fluorophore-
conjugated antibodies (all Biolegend) in staining buffer at concentrations according to
Table 2.5 in a total volume of 100 puL; cells were incubated on ice in the dark for 20
minutes. The cells were washed three times with up to 300 pL of staining buffer as
before. The cell pellets were resuspended in staining buffer and cells were stained with
4' 6-diamidino-2-phenylindole (DAPI) at a final concentration of 0.1 pg/mL five

minutes prior to flow cytometric analysis.

The appropriate concentration of each antibody was initially optimised in retinal cells
for antigens expressed in the normal retina (CD45, CD11b, CD68) or in splenocytes for
those not expressed in the retina (CD3, CD4, CD19, CD11c, and NK1.1). For staining of
splenocytes, a mouse spleen was dissected from a C57BL/6] mouse and stored in RPMI
1640 media (low HEPES, low bicarbonate, no glutamine; Gibco, Thermo Fisher
Scientific) supplemented with 2% FBS, L-glutamine (2 mM), penicillin (100 U/mL),
and streptomycin (100 pg/mL). The spleen was cut in half and the cells were gently
pushed out of the spleen membrane and through a 70 pm cell strainer using the rubber
tip of a syringe plunger. Cells were repeatedly passed through the strainer until a single
cell suspension was achieved; cells were subsequently centrifuged at 70 xg for 7
minutes at 4°C. The supernatant was removed and the cells were resuspended in cold
RPMI media prior to antibody staining as per section 2.6.4. The appropriate

concentration of antibody was selected based on a combination of maximal
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segregation between negative and positive populations, and minimal spread of the

negative population.

Table 2.5. Flow cytometry antibodies.

Antigen Clone Fluorophore Staining concentration (pg/mL)
CD45 30-F11 Brilliant Violet 711 | 0.5

CD45 30-F11 PE 0.5

CD11b M1/70 APC 0.25

CD68 FA-11 PE 0.25

CD3 17A2 Alexa Fluor 700 5

CD4 RM4-5 Brilliant Violet 785 | 0.5

CD19 6D5 APC/Fire 750 2

NK-1.1 PK136 PE/Cyanine7 1

CD11c N418 PerCP/Cyanine5.5 |1

2.6.5 Flow cytometry of retinal samples

Compensation on the LSRFortessa (BD Biosciences) was performed using single colour

controls prepared with CompBeads (BD Biosciences) and GFP BrightComp eBeads

(Invitrogen). Events were gated to exclude debris and doublets; a stopping gate of

20,000 events was applied to this gate. Gating was achieved using a fluorescence minus

one (FMO) control for the CD68-PE (clone FA-11) and GFP, which included all

fluorophores minus one to account for the spread of the negative population.

Spectral unmixing on the Aurora spectral analyser (Cytek Biosciences) was performed

using single colour controls prepared with CompBeads (BD Biosciences), UltraComp
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eBeads (Invitrogen) (for CD11c clone N418), GFP BrightComp eBeads (Invitrogen),
and dead splenocytes which had been heated at 60°C for 20 minutes. A stopping gate
0f 500,000 events was applied to all events. Gating was achieved using an FMO control
for the fluorophores CD45-PE (clone 30-F11), CD11b-APC (clone M1/70), CD3-Alexa
Fluor 700 (clone 17A2), CD4-Brilliant Violet 785 (clone RM4-5), NK1.1-PE/Cyanine 7
(clone PK136), CD11c-PerCP/Cyanine 5.5 (clone N418), and GFP. All data analysis was

performed using the Flow]o software (v10.7.1; BD Life Sciences).

2.7 Statistical analysis

All statistical analysis was performed and all graphs were created using the Prism
software (version 8.4.3; GraphPad Inc.). Data are presented as mean * standard error
of the mean (SEM). Datasets were tested for normality using a Shapiro-Wilk test. Data
that were normally distributed were analysed using a parametric test (t test or
ANOVA); paired data were handled accordingly. A one-way ANOVA was used for
comparing three or more groups with one independent variable, while a two-way
ANOVA was used for comparing multiple groups with two variables. For ANOVA tests,
multiple comparison’s testing was performed with a Dunnett’s test for comparing
every mean to a control mean or a Sidak’s test for selected pairs of means. Data that
were skewed were analysed using a non-parametric test; a Mann-Whitney test was
used for non-paired data, a Wilcoxon signed-rank test for two paired groups, and a
Friedman'’s test for three paired groups. For a Friedman'’s test multiple comparisons
testing was performed with a Dunn’s test. All statistical tests were performed using an
alpha level of 0.05 and two-tail p values. If multiple comparisons testing has been

performed then the p value of the respective comparisons test is described in text.

81



3 Cellular immune response to retinal gene therapy

3.1 Introduction

Despite the low immunogenicity of AAV and relative immune privilege of the eye [126],
dose-dependent inflammatory responses in retinal gene therapy clinical trials have
impeded the ability to increase vector doses. In the phase 1/2 dose-escalation trials for
RPE65-associated LCA, choroideremia, and RPGR-associated X-linked retinitis
pigmentosa, high dose patients have presented various signs of intraocular
inflammation, including anterior uveitis, vitritis, and retinitis [151, 152, 183],
suggesting the involvement of a cell-mediated immune response. Monitoring of this
response has primarily relied on incidental observations of inflammation in patients,
therefore little is known about this cellular immune reaction. Characterising the exact
nature of this response, and finding a means to prevent it, are thus becoming of

increasing interest as gene therapies transition into the clinic.

Attempts to characterise this cellular response in vivo have relied on qualitative
immunohistochemical staining of leukocyte markers. Subretinal injection of AAV8 in
cynomolgus macaques led to positive retinal immunohistochemical staining for MHC
class I and II (suggestive of active antigen presentation), CD8 (indicative of infiltrating
cytotoxic T cells), and CD20 (suggestive of infiltrating B cells) [176]. One possible
source of retinal inflammation following AAV gene therapy may be due to the
activation of retinal microglia, which are capable of detecting viral infections,
orchestrating local innate immune responses, and recruiting leukocytes to the retina

[197]. The involvement of microglia is consistent with reports of increased retinal
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immunohistochemical staining for Ibal, a microglia activation marker, following
subretinal injection of AAV in macaques and mice [176, 177]. However,
immunohistochemical analysis is limited in resolving populations expressing similar
marker profiles, for instance between microglia and macrophages, and prevents
quantitative analysis of the magnitude and mechanism of this response. Flow
cytometry provides a sensitive and quantitative means of investigating the cellular
response to AAV retinal gene therapy in vivo and enables effective discrimination of
leukocyte populations. Flow cytometric analysis using CD45 and CD11b specific
antibodies have been used to effectively identify microglial and macrophage
populations, which are characterised by CD11bhCD45 and CD11bhiCD45h

expression, respectively [138, 198-201].

The mechanism of inflammatory responses to retinal gene therapy remain unclear, in
part, due to the majority of investigations focussing on AAV-induced retinal toxicity at
high vector doses. For instance, a recent study in wildtype mice demonstrated
increased retinal and RPE toxicity with ubiquitous and RPE-specific AAV promoters
following subretinal injections at high vector doses (3x10° gc/eye); in contrast, no
response was detected with vectors exclusively targeting photoreceptors [177]. These
responses were unaffected by the nature of the transgene, suggesting a potential
promoter-induced reaction. A further study in wildtype mice showed retinal toxicity
with a null self-complementary vector and, to a greater extent, with a vector encoding
retinoschisin, when delivered at very high doses (1x101! gc/eye) [185]. Both vectors
were ultimately less toxic than a GFP-expressing vector suggesting a role of the

transgene in the level of retinal toxicity. However, it remains to be seen whether these
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factors are important determinants in the cellular immune response to retinal gene

therapy.

In this chapter, [ investigate the cellular immune response to subretinal AAV injections
in mice using sensitive flow cytometric techniques to define distinct cell populations
and quantitatively assess the role of the AAV transgene in retinal inflammation.
Although pre-existing immune responses to AAV may influence immune responses to
retinal gene therapy [184], analyses were performed in mouse models with no

previous exposure to AAV to primarily focus on innate responses to AAV vectors.

3.2 Aims

The aims of this chapter were as follows:

1. To manufacture and test AAV vectors expressing GFP with the serotypes AAVS,

AAV8(Y733F), and AAV2.

2. To manufacture and test an AAV8 vector expressing nullGFP.

3. To quantitatively detect resident retinal leukocyte populations using flow

cytometry.

4. To assess the effect of AAV subretinal injections on retinal leukocyte

populations.

5. To characterise the cellular immune response to AAV subretinal injections.

6. To determine the role of the vector transgene in the cellular immune response

to AAV subretinal injections.
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3.3 Materials & methods

3.3.1 Vector plasmid cloning

The CAG.GFP.WPRE plasmid was provided as a kind gift from Dr Maria Patricio
(Figure 3.1A). The GFP transgene was modified using Geneious Prime software to
create a nullGFP DNA sequence that does not encode a protein. The double stranded

nullGFP DNA sequence was synthesised by Integrated DNA Technologies.

A
®
o] I - PA
Xmal EcoRI Hindlll Xmal
B
pA
Xmal EcoRI BstBI Hindlll Xmal

Figure 3.1. AAV genome schematic. (A) CAG.GFP.WPRE vector construct with a Kozak
consensus sequence for initiation of protein translation. (B) CAG.nullGFP.WPRE vector
construct. The locations of restriction sites relevant to this study are indicated. CAG,
cytomegalovirus enhancer and chicken B-actin hybrid promoter; GFP, green fluorescent
protein; nullGFP, GFP sequence modified to not express a protein product; WPRE, woodchuck

hepatitis virus post-transcriptional regulatory element.

The CAG.GFP.WPRE and nullGFP DNA insert sequences were digested with the
enzymes EcoRI-high fidelity (HF) and HindIII-HF (both New England BioLabs)
according to manufacturer’s instructions and as per section 2.1.1. Reactions were

incubated at 50°C for 20 minutes. The correct size of the digested CAG.GFP.WPRE
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plasmid was confirmed by electrophoresis using a 1% agarose gel as described in
section 2.1.2. The band corresponding to the digested plasmid was excised and the
DNA was extracted using the QIAquick gel extraction kit (QIAGEN) according to
manufacturer’s instructions. The nullGFP digested DNA was purified using the

QIAquick PCR Purification Kit (QIAGEN) and eluted in 50 pL of nuclease-free water.

DNA ligation reactions of the digested CAG.GFP.WPRE plasmid and the nullGFP insert
were performed as per section 2.2.1 with 29.3 ng of the nullGFP sequence. The ligated
products were transformed into XL-10 Ultracompetent E. coli cells (Strategene) as per
section 2.2.1. The amplified DNA plasmid was harvested from the E. coli cells with the
endotoxin-free Zyppy plasmid miniprep kit (Zymo Research) according to section
2.2.2. The isolated CAG.nullGFP.WPRE plasmid was checked for successful ligation by
performing a restriction digestion with the BstBI enzyme (New England BioLabs) at
65°C for 15 mins as per section 2.1.1 (Figure 3.1B). Subsequently, the correct DNA
sequence was confirmed by Sanger sequencing (Eurofins Genomics). As the ITR
regions are difficult to sequence, their presence was confirmed using a restriction
digestion to Xmal sites in the ITRs (Figure 3.1A and B) at 37°C for 30 minutes as per
section 2.1.1. All plasmids used in the manufacture of AAV were amplified using the

Mega kit (QIAGEN) as per section 2.2.1.

3.3.2 AAV production

Four AAV vectors were manufactured for use within this study:

1. AAV8.CAG.GFP.WPRE: a GFP transgene with a WPRE enhancer under control by

the ubiquitous CAG promoter, which is terminated with a bovine growth
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hormone pA sequence. The transgenic sequence was packaged into a wildtype

AAVS serotype capsid.

. AAV8.CAG.nullGFP.WPRE: a null transgene that doesn’t express a protein
product due to removal of the Kozak sequence. The transgene contains a WPRE
enhancer and is under control by the ubiquitous CAG promoter. The sequence
is terminated with a bovine growth hormone pA sequence. The transgenic

sequence was packaged into a wildtype AAV8 serotype capsid.

. AAV2.CAG.GFP.WPRE: as for AAV8.CAG.GFP.WPRE but packaged into a

wildtype AAV2 serotype capsid.

. AAV8(Y733F).CAG.GFP.WPRE: as for AAV8.CAG.GFP.WPRE but packaged into a
mutant AAV8 serotype capsid with a one base pair change (Y733F) to minimise

proteasomal degradation [202, 203].

AAVS serotype vectors were manufactured by a triple transfection in HEK293T cells

with plasmids encoding pRep2Cap8, pAdAF6, and pTransgene as described in section

2.4. The AAV2 serotype vector was manufactured using a combined AAV2 Helper and

Rep/Cap plasmid (Plasmid Factory). The AAV8(Y733F) vector was manufactured

using pRep2Cap8(Y733F) and pAdAF6. The AAV vectors were manufactured as per

section 2.4. Viral genome titres were determined using qPCR and the purity of the

capsid proteins was established using SDS-PAGE as per section 2.4.6.

3.3.3 Subretinal injections

Three to five week-old female C57BL/6] mice were subretinally injected with 1.5 pL of

either AAV8(Y733F).CAG.GFP.WPRE, AAV8.CAG.GFP.WPRE, AAV8.CAG.nullGFP.WPRE,
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or AAV8.CAG.hREP1.WPRE at a total viral dose of 1x10°? gc per eye as per section 2.5.3;
sham injections of 1.5 uL. PBS were performed in paired eyes where appropriate. The
AAV8.CAG.hREP1.WPRE vector encoded the hREPI (encoding human Rab-escort
protein 1) with a WPRE enhancer under control by a ubiquitous CAG promoter; the
vector was provided as a kind gift from Dr Cristina Martinez-Fernandez Dela Camara.
Injections were delivered in PBS supplemented with 0.001% of the non-ionic
surfactant Pluronic F-68 (Thermo Fisher Scientific) to minimise vector loss due to

absorbance onto surfaces [204].

3.3.4 Retinal dissociation

Mice were sacrificed by overdose of anaesthetic with 20 mg of pentobarbital
(Pentoject, Animalcare), death was confirmed by cervical dislocation. If animals were
to be imaged prior to tissue collection, mice were sacrificed by cervical dislocation and
death was confirmed by decapitation. ¢cSLO and SD-OCT retinal imaging were
performed immediately prior to tissue collection according to section 2.5.4. Retinae
were harvested according to section 2.5.5 and were stored in cold PBS on ice until
dissociation. Retinal dissociation was performed as per section 2.6.3. Retinal cells from
AAV8(Y733F).CAG.GFP.WPRE-injected eyes were resuspended in PBS prior to

antibody staining.

3.3.5 Flow cytometry

All retinal cells not undergoing fixation and permeabilisation were processed

according to section 2.6.4.
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Dissociated retinal cells from AAV8(Y733F).CAG.GFP.WPRE-injected eyes were fixed
and permeabilised for intracellular CD68 staining. Cells were stained with the thiol
reactive viability dye ViaKrome 405 (Beckman Coulter) ata 1/1000 dilution in 50 pL
PBS for 20 mins on ice immediately following retinal dissociation. Cells were incubated
with TruStain FcX™ PLUS Fc block (2.5 pg/mL) (BioLegend) in staining buffer on ice
for 10 minutes in a total volume of 100 pL, without removing the ViaKrome 405
staining solution. Cells were washed twice with staining buffer prior to cell surface
antigen staining; the concentrations used were as per section 2.6.4. Cell surface
staining was performed on ice for 20 minutes in a total volume of 100 pL with samples
protected from light; cells were subsequently washed three times with staining buffer
as per section 2.6.4. Cells were incubated in 100 pL of Fixation/Permeabilization
solution (BD Biosciences) on ice for 20 minutes. Cells were washed three times in
Perm/Wash Buffer (BD Biosciences) as before. Intracellular antibody staining with
CD68-PE (clone FA-11) was performed on ice for 20 minutes in a total volume of 100
uL. with samples protected from light. Cells were subsequently washed three times
with Perm/Wash Buffer and were resuspended in staining buffer prior to flow

cytometric analysis.

Flow cytometry of dissociated retinal cells was performed using the LSRFortessa (BD
Biosciences) for AAV8(Y733F).CAG.GFP.WPRE-injected eyes and with the Aurora
spectral analyser (Cytek Biosciences) for all other samples as per section 2.6.5. The

specificity of the markers used in this thesis are detailed in Table 3.1.
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Table 3.1. Distribution of flow cytometry markers on leukocyte populations.

Marker Leukocyte population

CD45 All leukocytes

CD11b Monocytes/macrophages, dendritic cells, granulocytes, natural killer
cells, subsets of T and B cells

CD68 Monocytes/macrophages, microglia (upregulated in active microglia)
CD3 T cells, natural killer T cells
CD4 CD4 T cells, subsets of natural killer T cells
CD19 B cells
CD11c Dendritic cells
NK1.1 Natural killer cells, natural killer T cells
3.4 Results

3.4.1 Cloning of the nullGFP plasmid

In order to create the CAG.nullGFP.WPRE plasmid, cloning steps were undertaken to
remove the GFP sequence from the CAG.GFP.WPRE plasmid and replace it with a
nullGFP sequence that does not produce a GFP protein. Initially the nullGFP sequence
was designed by editing of the GFP sequence; this involved the following steps:
reversing the orientation of the GFP sequence, swapping the HindIll and EcoRI
restriction sites, and replacing the Kozak sequence with a random base pair sequence
to prevent protein translation initiation (Figure 3.2). Several studies have implicated
the ITR sequences to contain inherent promoter activity that can drive transgene

expression [205, 206]. To prevent inadvertent GFP expression from the promoter
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activity of the 5’ ITR, two TAG stop codons were added to the 5’-3’ coding sequence

(Figure 3.2C).

5!
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Kozak
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Figure 3.2. Design of nullGFP expressing vector construct. Steps in the creation of a
nullGFP DNA sequence that does not express a protein product; sequence editing was
performed using the Geneious software. (A) Reversal of the GFP sequence including the Kozak
consensus sequence and regions containing the EcoRI and HindlII restriction sites. (B) The
EcoRI and HindlII restriction sites were flipped. (C) The Kozak sequence was removed and
replaced with a random six base pair sequence. The codons encoding the 11th and 22rd amino

acid in the 5’-3’ direction were altered to create two TAG stop codons (indicated in red).

To excise the GFP DNA sequence from the CAG.GFP.WPRE plasmid, the plasmid was
incubated with EcoRI and HindlIII restriction enzymes; successful digestion of this
sequence was confirmed using gel electrophoresis. Two bands were visible
corresponding to the plasmid backbone (5537 bp) and excised GFP sequence (745 bp)

(Figure 3.3A). The synthesised nullGFP sequence has corresponding restriction sites
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(Figure 3.2) to enable its ligation into the plasmid backbone. Restriction digestion of
the nullGFP DNA sequence could not be confirmed by gel electrophoresis because only
30 bp were removed. The digested plasmid backbone and nullGFP DNA sequence were
subsequently ligated to create a CAG.nullGFP.WPRE plasmid (Figure 3.1B). Successful
ligation was confirmed by digesting the sequence with a BstBI restriction enzyme,
located within the nullGFP transgene, to linearise the plasmid (Figure 3.1B); the
linearised plasmid was visualised using gel electrophoresis with a single band at
6,074 bp (Figure 3.3B). The CAG.GFP.WPRE and CAG.nullGFP.WPRE plasmids were
digested with an Xmal enzyme to confirm the presence of the ITR sequences (Figure
3.1A and B). The presence of two bands corresponding to the transgene (2,874 bp) and
the backbone (3,197 bp) were visualised by gel electrophoresis (Figure 3.3C). Two
additional bands were observed in the digested samples which corresponded to the

undigested plasmid.
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Figure 3.3. Cloning of the CAG.nullGFP.WPRE AAYV vector. (A) The CAG.GFP.WPRE vector
construct was digested with EcoRI and HindllIl restriction enzymes to excise the GFP transgene,
producing a 5,337 and 745 base pair (bp) product; this was repeated with five replicates (1-
5). Undigested (UD), single enzyme, and no-template controls (NTC) were run in parallel. (B)
The presence of the nullGFP transgene in the CAG.nullGFP.WPRE plasmid was confirmed by
digesting with the BstBI restriction enzyme to produce a 6,074 bp product (replicates 1-6). (C)
The presence of the ITR sequences was confirmed by digesting the CAG.GFP.WPRE (GFP) and
CAG.nullGFP.WPRE (nullGFP) plasmids with an Xmal restriction enzyme, producing a 2,874

and 3,197 bp product.

3.4.2 Manufacturing of AAV vectors

Four AAV vectors were manufactured for use in this thesis with the capsid serotypes
AAVS, AAV2, and AAV8(Y733F). The viral genome titre for the concentrated and wash

AAV preparations was determined using qPCR; titres in the order of 1012 gc/mL were
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achieved for all AAV vectors (Table 3.2). The presence of the three AAV capsid proteins,

VP1, VP2, and VP3, and the lack of contaminating proteins was confirmed using SDS-

PAGE (Figure 3.4).

Table 3.2. Viral genome titres of AAV vectors.

AAV Vector AAV concentrate titre | AAV wash titre
(genome copies/mL) (genome copies/mL)
AAV8.CAG.GFP.WPRE 1.27x1012 2.58x1010
AAV8.CAG.nullGFP.WPRE 1.34x1012 3.68x1010
AAV2.CAG.GFP.WPRE 1.76x1012 1.25x1011
AAV8(Y733F).CAG.GFP.WPRE | 3.58x1012 4.73x1010
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Figure 3.4. SDS PAGE of AAV capsid proteins. EZBlue dye stained SDS-PAGE gels of purified
preparations of AAV8.CAG.GFP.WPRE, AAV8.CAG.nullGFP.WPRE, AAV2.CAG.GFP.WPRE, and
AAV8(Y733F).CAG.GFP.WPRE; image taken on the Odyssey Imaging System (LI-COR
Biosciences). Bands corresponding to VP1 (87 kDa), VP2 (72 kDa), and VP3 (62 kDa) are

indicated in the concentrated (conc.) and wash AAV preparations.

All AAV vectors were tested in vitro to establish transgene expression. HEK293T cells
were transduced with AAV8.CAG.GFP.WPRE, AAV8.CAG.nullGFP.WPRE, and
AAV8(Y733F).CAG.GFP.WPRE at an MOI of 20,000 (Figure 3.5A). HEK293 cells were
transduced with AAV2.CAG.GFP.WPRE at an MOI of 10,000 (Figure 3.5B). GFP
fluorescence was observed in cells transduced with GFP expressing AAV vectors while
no fluorescence was seen following transduction with AAV8.CAG.nullGFP.WPRE, thus
confirming a lack of GFP expression. No cytotoxicity was observed with any of the

vectors at the MOIs tested.
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Figure 3.5. Testing AAV vectors in vitro. (A) Fluorescence and transmission microscopy
images of HEK293T cells transduced with AAV8.CAG.GFP.WPRE, AAV8.CAG.nullGFP.WPRE,
and AAV8(Y733F).CAG.GFP.WPRE at an MOI of 20,000. (B) Fluorescence and transmission
microscopy images of HEK293 cells transduced with AAV2.CAG.GFP.WPRE at an MOI of

10,000. Images were acquired three days post-transduction (scale bar: 200 pm).

3.4.3 Detection of retinal leukocytes by flow cytometry

To detect the retinal leukocyte population, whole retinae from five week-old wildtype
C57BL/6] mice were dissociated, stained with the pan-leukocyte marker CD45, the
myeloid marker CD11b, and the macrophage marker CD68, and were analysed by flow
cytometry. Although CD45* retinal leukocytes constituted a mean 0.4% of all live cells
in the normal retina, three leukocyte populations were consistently identified
(Figure 3.6). Although both microglia and macrophages are CD11b*, they can be
distinguished by their level of CD45 expression; microglia typically express low levels
of CD45, while macrophages express relatively higher levels of CD45 [198]. The

majority (88.6%) of immune cells found in the normal retina were CD45!°CD11bhi (P1)
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and were CD68* (Figure 3.6F), suggesting these to be the resident microglial
population, while the 7.0% of cells defined as CD45hCD11bh (P2) were likely to be
macrophages (Figure 3.7A). In addition to the two CD11b* populations, 2.8% of cells
were CD45hiCD11b- (P3). These cells had a relatively low light scatter compared to
microglia and macrophage populations, hence were predicted to lymphocytes

(Figure 3.7B).
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Figure 3.6. Gating strategy for detection of leukocytes in the normal mouse retina. The
sequential exclusion of (A) debris, (B) cell doublets, and (C) dead cells in C57BL/6] mice
assessed using the BD LSRFortessa. (D) CD45* immune cells are gated (mean percentage of
CD45+ cells in the total retina is indicated) and (E) three retinal immune cell populations are
identified with differing levels of CD45 and CD11b co-expression; (P1) CD45°CD11bbi, (P2)
CD45hCD11bh, and (P3) CD45hiCD11b-. (F) All microglia cells were identified as CD68*. SSC-A,
side scatter area; FSC-A, forward scatter area; FSC-H, forward scatter height; VK405, ViaKrome

405.
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Figure 3.7. Retinal leukocytes in the normal mouse retina. (A) The mean proportions of
the retinal CD45+ leukocyte populations (P1, P2, and P3) in a wildtype C57BL/6] mouse as a
fraction of the total CD45+ retinal population; assessed using the BD LSRFortessa and
representative of n=4. (B) Representative FSC-A vs SSC-A plot demonstrating the light scatter

profile of these sub-populations.

3.4.4 AAV gene therapy induces a cellular immune response in the retina

In order to assess the effects of AAV gene therapy on the retinal leukocyte population,
three week-old wildtype C57BL/6] mice underwent subretinal injections of either PBS
or 1x10° gc of AAV8(Y733F).CAG.GFP.WPRE in paired eyes. Retinae were harvested at
three, seven, and 14 days post-injection (n=>5 for each time-point), and were stained
with CD45, CD11b, and CD68 antibodies prior to flow cytometric analysis. The CD68
antibody was used to assess microglia activation, as this marker is upregulated in
activated cells [207]. Although no significant difference was seen between paired PBS-
and AAV-injected eyes at three and seven days, by 14 days there was a significant
increase in the percentage of total CD45* cells in AAV-injected eyes (two-way ANOVA,
p=0.0038; n=5) (Figure 3.8A). Based on the co-expression of CD45 and CD11b, the

three distinct populations of leukocytes (P1, P2, and P3) could be seen in PBS-injected
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eyes. However, in AAV-injected eyes these immune cells spanned a spectrum of CD11b

expression levels, with cells appearing outside of these three gates (Figure 3.8B).

There was no significant change in the proportion of the microglia population (P1) at
any time-point tested (Figure 3.8C). However, by day 14 post-injection, there was a
significant increase in the percentage of macrophages (P2) (two-way ANOVA,
p=0.0031; n=5) (Figure 3.8D) and presumed lymphocytes (P3) (p=0.0066; n=5)
(Figure 3.8E) in AAV-treated retinae. There was no difference in the mean fluorescence
index (MFI) of CD68 in microglia cells between PBS- and AAV-injected mice at any time

point tested, despite a general trend to decreased MFI over time (Figure 3.8F).
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Figure 3.8. Subretinal AAV gene therapy leads to an increase in retinal leukocytes.
Wildtype C57BL/6] mice received subretinal injections of PBS or 1x10° gc of
AAV8(Y733F).CAG.GFP.WPRE in paired eyes. Retinae were harvested for flow cytometric
analysis at 3, 7, and 14 days post-injection and assessed using the BD LSRFortessa cytometer.
(A) Percentage of CD45+ cells in the retina gated to total live cells showing a significant increase
in immune cells in AAV-treated eyes by day 14. (B) Based on distinct patterns of CD45 and
CD11b expression, paired PBS- and AAV-injected retina from a representative mouse 14 days
post-injection show three immune cell populations: P1, P2 and P3, which are likely to
represent resident microglia, macrophages and lymphocytes, respectively. Changes in the
percentages of (C) microglia, (D) macrophages, and (E) lymphocytes gated to total live cells
(two-way repeated measures ANOVA with Sidak’s correction for multiple comparisons). (F)
Mean fluorescence index (MFI) of CD68 expressing microglia (two-way repeated measures
ANOVA with Sidak’s multiple comparisons test). **p < 0.01 (z standard error of the mean

(SEM), n=5).

In addition, in vivo SD-OCT imaging was performed on all mice analysed by flow

cytometry. Vitreous opacities were detected in three of the five animals in eyes injected
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with AAV, which are suggestive of immune cell infiltration (Figure 3.9). Moreover, the
presence of vitreous opacities correlated with the highest proportions of viral
transduction (as indicated by the percentage of GFP* cells) and immune cell infiltration

(CD45+* cells) (Table 3.3).

PBS AAV.GFP

T

g umener S

T = M

Figure 3.9. Vitreous opacities in SD-OCT images of AAV-injected retinae. Wildtype
C57BL/6] mice received subretinal injections of PBS or 1x10° gc of
AAV8(Y733F).CAG.GFP.WPRE (AAV.GFP) in paired eyes. SD-OCT images were taken 14 days
post-injection in five animals (1-5), which correspond to the data presented in Table 3.3.

Arrows indicate vitreous opacities, suggestive of inflammation.
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Table 3.3. GFP+ and CD45* retinal cells and vitreous opacities 14 days following
subretinal injections of AAV8(Y733F).CAG.GFP.WPRE.

Replicate GFP+ cells (%)! CD45+ cells (%)! | Vitreous opacities?
1 28.0 0.3 Absent
2 56.7 1.4 Absent
3 81.6 2.6 Present
4 81.9 6.3 Present
5 81.9 6.8 Present

1 GFP* and CD45* cells were quantified using the BD LSRFortessa flow cytometer.
2Vitreous opacities were identified on SD-OCT images by a masked individual.

GFP fluorescence, a readout for successfully transduced cells, was detected in a mean
3.0% of total retinal cells three days post-transduction, which increased to 41.4% by
seven days and 66.0% by 14 days (Figure 3.10A). A positive correlation of the
percentage of GFP+ cells to the percentage of CD45+* cells was identified at day 14 post-
injection (Spearman’s rank test, correlation coefficient=0.9429, p=0.0167)
(Figure 3.10B). Furthermore, a percentage of CD45* were GFP+ at all time points post-
injection; at day three a mean 2.4% of CD45* were GFP*, which increased to 11.8% by
day seven and 11.0% by day 14 (Figure 3.10C). Notably, a mean 81.5% of GFP+CD45+*
cells on day three, 89.9% on day seven, and 91.6% on day 14 were CD11b", suggesting
the presence of GFP protein within either microglia or macrophages (Figure 3.10C

and D).
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Figure 3.10. GFP expression following subretinal injections of

AAV8(Y733F).CAG.GFP.WPRE in mice. Wildtype C57BL/6] mice received a subretinal
injection of either AAV8(Y733F).CAG.GFP.WPRE vector or PBS in paired eyes. Retinae were
harvested for flow cytometric analysis at 3, 7, or 14 days post-injection and assessed using the
BD LSRFortessa cytometer. (A) Percentage of GFP+ cells in the retina gated to total live cells
(+SEM, n=5). (B) Non-linear fit of the correlation between the percentage of GFP+and CD45+*
at 14 days post-transduction. Correlation coefficient (p) indicated on graph. (*) indicates
presence of vitreous opacities on SD-OCT images. (C) Percentage of GFP+ cells within the
CD45+ population (+SEM, n=5), the proportion of this population that is CD11bh compared to
CD11ble/- is indicated. (D) Representative CD45 vs CD11b plot of an AAV-injected retina 14

days post-injection with GFP* (blue) and GFP- (red) CD45*immune cells.

3.4.5 Optimisation of leukocyte detection

In order to further characterise the AAV-induced inflammatory response in the retina,

multicolour flow cytometric analysis was performed using a panel of immune cell
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markers with the Aurora spectral analyser (Cytek Biosciences). Initially these markers
were optimised in mouse splenocytes to identify cells of lymphoid lineage: helper T
cells (CD3*CD4*NK1.1-CD11b"), cytotoxic T cells (CD3+*CD4-NK1.1-CD11b-), NKT cells
(CD3*NK1.1*CD11b-), NK cells (CD3-CD19-NK1.1*CD11b"), B cells (CD3-CD19+NK1.1-
CD11b), and natural Killer-like B cells (CD3-CD19*NK1.1*CD11b-); and of myeloid
lineage: monocytes (CD11bhCD11c) and classical dendritic cells (CD11b°CD11c*)

(Figure 3.11).
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Figure 3.11. Gating strategy of leukocyte populations in mouse splenocytes. The flow

cytometry gating strategy of C57BL/6] mouse splenocytes using the Cytek Aurora spectral

cytometer. The sequential exclusion of (A) debris, (B) cell doublets, (C) red blood cells, and (D)

dead cells. (E) CD45+ immune cells are selected and (F) cells were gated according to CD3

expression. (G) CD3*NK1.1* cells were identified as natural killer T (NKT) cells and (H) NK1.1-

cells were identified as CD3+CD4+NK1.1- (CD4 T cells) and CD3+*CD4-NK1.1- (CD8 T cells). (I)

CD3- populations were gated as CD3-CD19+NK1.1- (B cells), CD3-CD19+NK1.1+ (natural killer-

like B (NKB) cells), and CD3-CD19-NK1.1* (natural killer (NK) cells). (J) CD19-NK1.1- cells were

gated as CD11bhiCD11c- (monocytes) and CD11beCD11c* (classical dendritic cells (DC)).
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3.4.6 Characterising the cellular immune response to retinal gene therapy

To characterise the response to AAV, C57BL/6] mice underwent paired injections of
either PBS or 1x10° gc of AAV8.CAG.GFP.WPRE, with a wildtype AAV8 capsid serotype.
As seen with injections of AAV8(Y733F).CAG.GFP.WPRE (Figure 3.8), there was no
difference in the percentage of retinal CD45+* cells at day three post-injection, however
by day 14 there was a substantial increase in this population (Figure 3.12A). The
difference in the percentage of CD45* cells between AAV- and PBS-injected eyes
reached statistical significance upon multiple comparisons testing at day 28 post-
injection (two-way ANOVA, p=0.0088; n=6); at day 28 a mean 1.1% of total retinal cells
were detected as CD45* in PBS-injected samples which rose to 12.0% in AAV-injected

samples.

Retinal cells demonstrate a high level of autofluorescence [208, 209], therefore it was
necessary to select fluorophores for the flow cytometry panel that minimise spectral
overlap with channels containing significant contribution from retinal
autofluorescence; this meant utilising many long-emiting fluorophores, which, due to
their inherent properties, can result in a greater data spread. A limited antibody panel
was thus used against the markers: CD45, CD11b, CD3, CD4, NK1.1, CD19, and CD11c.
Using the panel of immune cell markers, a range of different cell populations were
identified within the retina following subretinal injections with AAV8.CAG.GFP.WPRE
(Figure 3.13). At day 28 post-injection, the majority of immune cells populations were
significantly increased compared to paired PBS-injected eyes (Figure 3.12B). These
included cells of myeloid lineage (microglia, macrophages, and an unidentified

CD11b°CD11c'NK1.1-CD3- myeloid cell) and cells of lymphoid lineage (NK cells, CD8 T
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cells, and CD4 T cells). Although CD11b is typically used as a marker for myeloid cells,
low level CD11b expression (CD11bl°) was identified in a minority of population of
CD3* lymphocytes (~3% of all leukocytes present by day 28), with subsets both
negative and positive for CD4 that were predicted to be subsets of CD8 and CD4 T cells,
respectively (P5 and P7) (Figure 3.13L). NK and NKT cell populations were also
identified as positive and negative for CD11b; the majority populations for these two
cell types were detected as CD11ble and CD11b-, respectively, and were significantly
increased in AAV-injected retinae (Figure 3.12B). Furthermore, two unknown
populations were detected: a CD4+*CD3- population (P9), which was not significantly
increased at day 28, and a population that was negative for all immune cell markers
except CD45 (P10) that was significantly upregulated compared to PBS-injected eyes
(Figure 3.12B and 3.13]). Notably, there were no CD19 or CD11c expressing cell
populations detected in either PBS- or AAV-injected eyes, suggesting an absence of B
cells and classical dendritic cells. There was no significant change in the microglia
population between PBS- and AAV8.CAG.GFP.WPRE-injected eyes, which represent

~19% of the total retinal cells.

107



4 *x
- 1 PBS *
A *x 2 3 *% =
209 = pBs n g T . AAV
- AAV ]
% 15 ns "a%
o — =
5 z
210 L
8 2
* 5 o 5
— B
o -]
3 14 28
Days post-injection

0 20 40 60 80
tSNE_1

Myeloid- Lymphoid- Unknown
derived cells derived cells

9
©

% of total CD45+ leukocytes

85.8% Microglia (P1)

3.9% Macrophage (P2)

0.8% CD11b" myeloid cell (P3)
2.5% CD8T cell (P4)

0.0% CD11b° CD8 T cell (P5)
1.6% CD4 T cell (P6)

0.0% CD11b° CD4 T cell (P7)
0.3% NKcell (P8)

0.0% CD4*CD3- (P9)

5.1% Negative (P10)

IR00NORO0O0

% of total CD45+ leukocytes

35.7% Microglia (P1)

12.8% Macrophage (P2)

10.0% CD11b" myeloid cell (P3)
7.6% CD8T cell (P4)

1.0% CD11b° CD8 T cell (P5)
10.2% CD4 T cell (P6)

2.2% CD11b° CD4 T cell (P7)
1.7% NKcell (P8)

3.7% CD4'CD3 (P9)

15.1% Negative (P10)

IR00NORO00

tSNE_1

Figure 3.12. Characterisation of the cellular immune response to AAV8.CAG.GFP.WPRE
subretinal injections in mice. Wildtype C57BL/6] mice received a subretinal injection of
either AAV8.CAG.GFP.WPRE vector or PBS in paired eyes. Retinae were harvested for
multicolour flow cytometric analysis using the Cytek Aurora spectral cytometer at 3, 14, or 28
days post-injection. (A) Percentage of CD45+* cells in the retina gated to total cells (two-way
repeated measures ANOVA with Sidak’s multiple comparisons test). (B) Percentage of immune
cell populations gated to total cells at day 28 post injection (each population was assessed with

a ratio paired t-test or a Wilcoxon test depending if the populations were parametric or non-
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parametric, respectively). *p < 0.05, **p < 0.01 (+SEM, n=6). (C) Scatter plot of t-distributed
stochastic neighbour embedding (t-SNE) dimensional reduction of C57BL/6] mice at day 28
post-injection; cells from either PBS- or AAV-injected eyes are coloured as blue or red,
respectively, and were concatenated from n=6 per injection material (2,730 CD45+ events per
injection material). (D) Gating of different immune cell populations informed by both marker
expression and clusters. Scatter plot of t-SNE dimensional reduction of (E) PBS- and (F) AAV-
injected eyes, cell populations are coloured as indicated on the corresponding pie charts

demonstrating the percentages of leukocyte populations within the total CD45+ population.

In order to visualise these leukocyte populations, t-distributed stochastic neighbour
embedding (t-SNE) dimensional reduction was performed on concatenated samples
from both PBS- and AAV-injected eyes of all animals. A scatter plot of this t-SNE
analysis indicated the appearance of clusters that were absent in PBS-injected eyes but
present in those injected with AAV (Figure 3.12C). Characterisation of these clusters
using co-expression of specific markers enabled visualisation of these leukocyte
populations (Figure 3.12D). In PBS-injected eyes, t-SNE analysis revealed the majority
of immune cells were microglia (Figure 3.12E); the proportions were relatively
equivalent to those seen in uninjected retinae (Figure 3.14). In AAV-injected eyes,
significant proportions of the total CD45* leukocytes consisted of cells from both
myeloid and lymphoid lineages, rather than primarily consisting of microglia

(Figure 3.12F).
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Figure 3.13. Gating strategy in AAV8.CAG.GFP.WPRE-injected mouse retina. The

flow cytometry gating strategy of dissociated retinal cells 28 days following injection

with an AAV8.CAG.GFP.WPRE vector in C57BL/6] mice assessed using the Cytek

Aurora spectral cytometer. The sequential exclusion of (A) debris, (B) cell doublets,

and (C) red blood cells. (D) Cells that were not acquired in a continuous flow stream

were excluded by applying a time gate. (E) Live CD45* leukocytes are gated to exclude

dead cells and those not of interest in this study.

(F) Two CD11bh expressing

populations are identified; microglia (P1) and macrophages (P2). (G) NK1.1* cells were

identified and (H) further delineated as CD11b*/- NK and CD11b*/-NKT cells. (I) CD11b-

NK1.1- cells were (J) identified as CD3+CD4- (CD8 T cells), CD3*CD4+* (CD4 T cells), CD3-

CD4+, and CD3-CD4  (negative). CD11bl°NK1.1- cells were identified as (K) CD3-
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myeloid cells and (L) CD3+* cells, with the populations CD11bCD3+CD4- (CD11b'! CD8

T cells) or CD11bleCD3+CD4* (CD11bl CD4 T cells).

89.9% Microglia

3.7% Macrophage

0.5% Myeloid cells

0.8% CD8T cells

0.0% CD11b*° CD8 T cells
1.6% CD4T cells

0.0% CD11b* CD4 T cells
0.3% NKcells
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Figure 3.14. Leukocyte populations in an uninjected mouse retina. The mean proportions
of each of leukocyte population within an uninjected C57BL/6] mouse retina assessed using

the Cytek Aurora spectral cytometer; representative of n=6.

To further evaluate AAV transduction of retinal immune cells in this injected cohort,
which could indicate a potential source of retinal inflammation, the level of GFP
transgene expression was assessed. GFP fluorescence was detected in a mean 13.7%
of total retinal cells at day three, 57.1% at day 14, and 58.3% at day 28 post-injection
(Figure 3.15A). Within the CD45* immune cell population, a mean 1.5% of cells were
GFP* at day three, 37.2% at day 14, and 46.7% at day 28 post-injection (Figure 3.15B).
AAV transduction of retinal immune cells might be expected to primarily target the
resident microglia, however, while a mean 44.0% of the GFP* leukocytes were
microglia, the remaining 56.0% included cells that would not be resident at the time of
injection (Figure 3.15B). Nevertheless, the GFP MFI, used as a readout for the level of
transgene expression per cell, was significantly greater in microglia (P1) cells than

CD11blo cells (P3; one-way ANOVA, p=0.0192, n=6) and lymphocytes (P4; p=0.0132,
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n=6). Similarly, the GFP MFI was significantly greater in macrophages (P2) than in P3
(p=0.0267, n=6) and P4 (p=0.007, n=6) (Figure 3.15C). The majority of microglia were

GFP+ at days 14 and 28 with means of 68.1% and 78.5%, respectively (Figure 3.15D).
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Figure 3.15. Retinal GFP expression following subretinal injections of
AAV8.CAG.GFP.WPRE in mice. Wildtype C57BL/6] mice received a subretinal injection of
either AAV8.CAG.GFP.WPRE vector or PBS in paired eyes. Retinae were harvested for
multicolour flow cytometric analysis at 3, 14, or 28 days post-injection and assessed using the
Cytek Aurora spectral cytometer. (A) Percentage of GFP+ cells in the retina gated to total live
cells (+SEM, n=6). (B) Representative plot of an AAV-injected retina 28 days post-injection
with GFP* (blue) and GFP- (red) CD45+ leukocytes, and the percentage of GFP+ cells within the
CD45+ population. The proportion of microglia (P1) versus non-microglia cells (P1, P2 and P3)
is indicated. (C) GFP MFI of four gated GFP* immune cell populations as indicated (*SEM, n=6)
*p <0.05, **p <0.01 (one-way repeated measures ANOVA with Sidak’s multiple comparisons

test). (D) Percentage of GFP* microglia (P1) gated to total microglia. (+SEM, n=6).
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3.4.7 AAV transgene influences the cellular immune response to retinal gene

therapy

To assess whether retinal inflammation following AAV gene therapy is dependent on
the expression of a transgene protein, subretinal injections of AAV8 vectors that were
identical except for the transgene (1x10° gc of either AAV8.CAG.GFP.WPRE or
AAV8.CAG.nullGFP.WPRE) were performed in paired eyes of wildtype C57BL/6] mice.
The AAV8.CAG.nullGFP.WPRE vector construct was identical to the
AAV8.CAG.GFP.WPRE vector in terms of the DNA sequences present, except that the
transgene has been reversed and modified with stop codons to prevent the production
of any GFP protein (Figure 3.1 and 3.2). Unexpectedly, the AAV8.CAG.nullGFP.WPRE
vector induced significant retinal toxicity with dramatic levels of retinal thinning and
loss of the ellipsoid zone on SD-OCT images at day 28 post-injection (Figure 3.16A and
B). The nullGFP vector induced a marked cellular immune response in the retina
compared with PBS-injected eyes; by 28 days post-injection a mean 91.6% of total live
retinal cells were CD45+, in keeping with loss of photoreceptors (two-way ANOVA, day

14: p=0.0002; day 28: p<0.0001; n=6) (Figure 3.16C).
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Figure 3.16. AAV8.CAG.nullGFP.WPRE vector induces significant toxicity in the mouse
retina. Wildtype C57BL/6] mice received a subretinal injection of either
AAV8.CAG.nullGFP.WPRE vector or PBS in paired eyes. (A) Representative SD-OCT images
from fellow eyes that received either PBS or AAV8.CAG.nullGFP.WPRE at day 28 post-injection.
Total retinal thickness was measured at indicated points (*). (B) Mean total retinal thickness
of points (*) of the superior, inferior, nasal, and temporal regions at 28 days post-injection. (C)
Percentage of CD45+ cells in the retina gated to total live cells at 3, 14, and 28 days post-
injection measured by flow cytometric analysis using the Cytek Aurora spectral cytometer
(two-way repeated measures ANOVA with Sidak’s multiple comparisons test). ***p < 0.001,

***4p < 0.0001 (xSEM, n=6).

Due to the toxicity of the AAV8.CAG.nullGFP.WPRE vector, an AAV8.CAG.hREP1.WPRE
vector was subsequently used to determine whether retinal inflammation following
AAV gene therapy is dependent on the nature of the transgene. The expression of both

GFP and hREP1 transgenes were driven by the ubiquitous CAG promoter, enhanced by
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WPRE, and packaged into a wildtype AAV8 capsid serotype. REP1 aids addition of a
geranylgeranyl group to Rab GTPases, through a process termed prenylation [210]. A
similar AAV2 construct has previously been used in retinal gene therapy trials to treat
choroideremia, a blinding disease caused by loss-of-function mutations in the CHM
gene [151, 211]. C57BL/6] mice underwent paired injections of 1x10° gc of either
AAV8.CAG.GFP.WPRE or AAV8.CAG.hREP1.WPRE; neither vector induced any retinal
thinning (Figure 3.17). Retinae were stained with an antibody panel specific for
leukocyte markers and harvested for flow cytometric analysis at 14 days post-
injection; CD19 and CD11c antibodies were omitted from these experiments due to
lack of staining in Figure 3.12. The results showed a significant difference in the total
percentage of CD45* retinal leukocytes between paired AAV8.CAG.GFP.WPRE (mean
8.3%) and AAV8.CAG.hREP1.WPRE (mean 2.0%) injected eyes at 14 days post-
injection (Figure 3.18A). In particular, the AAV8.CAG.GFP.WPRE injected retinae
contained substantially greater numbers of the majority of leukocyte populations
detected (Figure 3.18B). No difference was seen in the resident microglia population
between the GFP and REP1 vector-treated eyes, which remained at ~1% of all retinal

cells.
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Figure 3.17. Retinal toxicity is not observed with either the GFP- or hREP1-expressing
AAV8 vector. Wildtype C57BL/6] mice received a subretinal injection of 1x109 gc of either
AAV8.CAG.GFP.WPRE (GFP) or AAV8.CAG.hREP1.WPRE (REP1) vector in paired eyes. Mean
total retinal thickness of the superior, inferior, nasal, and temporal regions at 14 days post-

injection analysed using SD-OCT images (+SEM, n=6).

A t-SNE dimensional reduction was performed on the concatenated samples from both
AAV8.CAG.GFP.WPRE and AAV8.CAG.hREP1.WPRE injected eyes of all animals. A
scatter plot of the t-SNE analysis indicated that all the major infiltrating leukocyte
clusters were present in eyes injected with both vectors (Figure 3.18C and D). The
CD45+ cells detected in AAV8.CAG.GFP.WPRE-injected eyes consisted of significant
proportions of a range of cells of both myeloid and lymphoid lineages (Figure 3.18E).
The total CD45* cells detected in AAV8.CAG.hREP1.WPRE-injected eyes primarily
consisted of microglia cells, however, all other immune cell populations were detected
(Figure 3.18F). The relative proportions of infiltrating leukocyte populations were
generally very similar between the two vectors, although macrophages and NK cells
appeared to be more prevalent in the AAV8.CAG.GFP.WPRE-treated retinae

(Figure 3.18G).
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8.0% Macrophage (P2)

4.4% CD11b" myeloid cell (P3)
6.3% CD8T cell (P4)

0.8% CD11b° CD8 T cell (P5)
7.7% CDA4 T cell (P6)

1.9% CD11b° CD4 T cell (P7)
1.0% NKT cell (P8)

2.6% NK cell (P9)

1.1% CD4*CD3- (P10)

4.4% Negative (P11)

Figure 3.18. Effect of transgene on the cell-mediated immune response to subretinal

AAV gene therapy. Wildtype C57BL/6] mice received a subretinal injection of 1x109 gc of

either AAV8.CAG.GFP.WPRE (GFP) or AAV8.CAG.hREP1.WPRE (REP1) vector in paired eyes.

Retinae were harvested for multicolour flow cytometric analysis using the Cytek spectral

cytometer at 14 days post-injection. (A) Percentage of live CD45+ cells in the retina gated to
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total cells (paired t test). (B) Percentage of live immune cell populations gated to total cells
(each population was assessed with a ratio paired t test or a Wilcoxon test depending if the
populations were parametric or non-parametric, respectively). *p <0.05, **p <0.01. (C) Scatter
plot of t-SNE dimensional reduction of cells from either eyes injected with GFP or REP1, which
are coloured red or blue, respectively. Data is concatenated from n=6 per injection material
(9,000 CD45+ events per injection material). (D) Gating of different immune cell populations
informed by both marker expression and clusters. Scatter plot of t-SNE dimensional reduction
of (E) GFP vector and (F) REP1 vector-injected eyes. Cell populations are coloured as indicated
on the legend with the corresponding percentages of leukocyte populations as a fraction of the
total retinal CD45+ leukocyte population, which is demonstrated in corresponding pie charts.
(G) Bar chart of GFP and REP1 vectors indicating the relative proportions of infiltrating
leukocyte populations as a percentage of the total retinal CD45+* leukocyte population (as a
fraction of 100%). Note that resident microglia have been excluded from the bar charts for
clarity as their numbers remain unchanged as seen in panel B. The identity of each population

corresponds with those in panel E and F.

The total percentage of CD45* leukocytes was compared between the cohort of mice
that underwent paired injections of PBS vs AAV8.CAG.GFP.WPRE used for Figure 3.12
(cohort 1), and those injected with AAV8.CAG.GFP.WPRE vs AAV8.CAG.hREP1.WPRE
in Figure 3.18 (cohort 2). Although the data in these cohorts were collected on separate
days, all experimental settings were equivalent. The overall percentage of leukocytes
at day 14 was equivalent between the AAV8.CAG.GFP.WPRE injected eyes in the two
cohorts, indicating reproducibility of the immune response. There was, however, no
significant difference between the PBS and AAV8.CAG.hREP1.WPRE injected eyes in

these two cohorts (Figure 3.19).
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Figure 3.19. The magnitude of the cellular immune response to AAV8.CAG.hREP1.WPRE
is comparable to sham injections. Comparison between the percentage of total live CD45+
cells from C57BL/6] mice injected with PBS vs AAV8.CAG.GFP.WPRE (GFP) in paired eyes eyes
(cohort 1) and mice injected with AAV8.CAG.GFP.WPRE vs AAV8.CAG.hREP1.WPRE (REP1)
(cohort 2) (two-way ANOVA with Sidak’s multiple comparisons test) (+SEM, n=6). All
injections were performed with 1x10° gc/eye and retinae were analysed at 14 days post-

injection.

In vivo SD-OCT imaging was performed on all mice analysed by flow cytometry. Very
mild vitreous opacities were detected in five of the six animals injected with
AAV8.CAG.GFP.WPRE and two animals injected with AAV8.CAG.REP1.WPRE
(Figure 3.20). The number of opacities appeared significantly reduced compared to
eyes injected with the equivalent mutant capsid vector
(AAV8(Y733F).CAG.GFP.WPRE) (Figure 3.9). However, the percentage of CD45* cells

correlated with the presence of vitreous opacities on SD-OCT images (Table 3.4).
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AAV8.GFP AAV8.REP1

Figure 3.20. Mild vitreous opacities in SD-OCT images of AAV-injected retinae. Wildtype
C57BL/6] mice received subretinal injections of 1x10° gc of either AAV8.CAG.GFP.WPRE
(AAV8.GFP) or AAV8.CAG.hREP1.WPRE (AAV8.REP1) vector in paired eyes. SD-OCT images
were taken 14 days post-injection in six animals (1-6), which correspond to the data presented

in Table 3.4. Arrows indicate vitreous opacities, suggestive of inflammation.
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Table 3.4. Retinal leukocytes 14 days following subretinal injections with the
GFP- or hREP1-expressing AAV8 vector.

AAV8.CAG.GFP.WPRE AAV8.CAG.REP1.WPRE
Animal | CD45* cells (%)! | Vitreous CD45+ cells (%) Vitreous
opacities? opacities?
1 12.4 Present 1.7 Absent
2 7.7 Present 1.2 Absent
3 1.1 Absent 1.4 Absent
4 3.0 Present 1.4 Absent
5 14.7 Present 4.0 Present
6 11.3 Present 2.3 Present

1 CD45+ cells were quantified using the Cytek Aurora spectral cytometer. 2 Vitreous
opacities were identified on SD-OCT images by two independent individuals.

It was noted that there were two NK1.1* populations, a population with a low scatter
that was in line with lymphocytes (P1) and one with a higher scatter that was similar
to macrophages detected in this study (P2) (Figure 3.21A). Neither of these
populations were present in the NK1.1 FMO (which included all antibodies except
NK1.1) (Figure 3.21B), suggesting that the population was as a result of antibody
staining. P1 was situated within the CD11b- and CD11ble gates, while P2 was situated
within the gates for macrophages and microglia (Figure 3.21C). Cells within P1 were
confirmed to have a low light scatter, indicative of lymphoid NK cells, while those in P2
had a higher scatter, which may suggest non-specific staining of myeloid cells
(Figure 3.21D). One explanation could be due to non-specific binding of the NK1.1
antibody to Fc receptors that are commonly expressed on the surface of macrophages.
To investigate this, a 10-fold greater concentration of Fc block was used, which induced

a significant reduction in the number of cells within P2, however, did not affect those
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within P1 (Figure 3.21E); this supports the NK1.1 expression in P1 as genuine staining.
Nonetheless, the spread in the P2 gate did not return to the level of the FMO. It was
also noted that the intensity of NK1.1 staining in P1 was significantly lower in cohort 1
(Figure 3.21F) compared to cohort 2 (Figure 3.21A), which may have resulted in a loss
of resolution between NK1.1* and NK1.1- cells and could explain the greater numbers
detected in cohort 2. The NK1.1 MFI was significantly higher in cohort 2 compared to
cohort 1 (ttest, p<0.0001; n=6) and was comparable to the MFI of NK1.1* cells initially
detected in splenocytes (Figure 3.21G). It is therefore likely that NK cells were
inadvertently classified as the undefined myeloid and negative populations, while NKT

were classified as CD8 T cells, due to the lack of a CD8 antibody in flow cytometry panel.
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Figure 3.21. NK1.1 staining in AAVS8.CAG.GFP.WPRE-injected mouse retinae.
Representative plots of C57BL/6] mice subretinally injected with 1x109 gc of
AAV8.CAG.GFP.WPRE 14 days post-injection and analysed using the Cytek spectral cytometer.
(A-D) NK1.1 expression in total live CD45+ cells of a mouse from cohort 2; (A) a fully stained
representative plot, (B) a NK1.1 FMO control, (C) overlay of events in gate P1 and P2 from the
fully stained sample, (D) light scatter profile of P1, P2, macrophages, and CD4 T cells with
corresponding histograms, and (E) a sample with 10-fold more Fc block. (F) Fully stained
representative plot of total live CD45+ cells of a mouse in cohort 1. (G) NK1.1 MFI of NK1.1+
events in the P1 gate from cohort 1 and 2; dashed line indicates the NK1.1 MFI from fully

stained splenocytes. ****p <0.0001 (unpaired t test) (+SEM, n=6).
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3.4.8 Identification of undefined leukocyte populations

To better characterise the poorly defined leukocyte populations (P3, P5, P7, P10, and
P11 in Figure 3.18), their light scatter patterns were compared against known
leukocyte populations identified by the antibody panel. Forward and side scatter are
related to cell size and internal complexity, respectively. Myeloid cells are typically
higher in forward and side scatter than resting lymphocytes, which is reflected in their
scatter profiles. The CD11b°CD11¢c'NK1.1-CD3-myeloid population (P3 in Figure 3.18)
had a scatter profile similar to macrophages, suggesting that it was of myeloid origin
(Figure 3.22A). The CD11ble expressing T cell populations (P5 and P7) were confirmed
as lymphocytes by their lower scatter profiles, which were comparable with the
CD11b- T cells detected in this study (Figure 3.22B). The CD3-CD4+* cell population had
a scatter slightly higher than CD4 T cells, however, was significantly less than the
macrophages identified in this panel, suggesting that this population was likely derived
from a lymphoid lineage and could reflect an active state (Figure 3.22C). The CD45+*
immune population that was negative for all other markers (P11) had a scatter profile
close to that of CD4 T cells, suggesting that it was also of lymphoid lineage

(Figure 3.22C).
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Figure 3.22. Light scatter profiles of unknown leukocyte populations. Representative
FSC-A vs SSC-A plots with corresponding histograms of a single C57BL/6] mouse 14 days after
receiving a subretinal injection of 1x10° gc of AAV.CAG.GFP.WPRE. Overlay of (A) macrophages
and unidentified myeloid cells; (B) CD4 T cells, CD8 T cells, CD11bl CD4 T cells, and CD11bl
CD8 T cells; and (C) macrophages, CD4 T cells, immune cells negative for all makers, and CD3-

CD4+

3.5 Discussion

Observations of dose-dependent inflammatory responses to AAV retinal gene therapy
have primarily relied on qualitative descriptions of cell-mediated reactions. In this
chapter, [ apply the use of sensitive multicolour flow cytometric analysis to quantify
and characterise the cellular immune response to AAV8 retinal gene therapy over time.
The results reveal a significant increase in the number of leukocytes in the retina from
14 days post-injection of an AAV8 serotype vector expressing GFP driven by the
ubiquitous CAG promoter. Using a panel of immune cell markers, cells of both myeloid
and lymphoid lineage, which are typically absent from the normal retina [212], were
identified, suggesting AAV-mediated recruitment and infiltration of leukocytes. Among

the myeloid cells detected were resident microglia, macrophages, and an unidentified
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CD11bCD11c'NK1.1-CD3- myeloid population. The light scatter profile of this
population suggests that these cells are of myeloid origin, however, the use of
additional markers may aid further identification. Normal retinal tissue contains
almost no dendritic cells and only occasional macrophages [213]. The absence of
CD11c* cells found in this study suggests that recruitment of classical dendritic cells is
unlikely to play a significant role in AAV-induced retinal inflammation. However,
enzymatic dissociation of the retina with papain may lead to the unintended
destruction of epitopes, therefore, additional experiments with mechanical
dissociation could be performed to confirm the absence of CD11c and CD19 staining.
The lymphoid cells detected in this study include CD4 T cells, CD8 T cells, NK cells, and
NKT cells. Due to the significant background autofluorescence of retinal cells the
number of markers available for use in this study was limited, a decision was therefore
made to indirectly identify CD8 T cells by the expression profile of CD4-CD3*. The use
of a CD8 antibody would therefore aid in confirming the presence of CD8 T cells in this
immune response. The majority sub-populations of NK and NKT cells were found to be
CD11b* and CD11b, respectively, which would be expected on mature NK cells and
NKT cell populations [214]. A small subset (~3% of all leukocytes present by day 28)
of CD4 and CD8 T cells were also detected with relative low levels of the marker CD11b.
Although CD11b is typically used as a myeloid cell marker, the scatter profile of these
populations suggested lymphoid origin. While the low CD11b positivity was
determined with the use of a FMO control, non-specific CD11b staining of T cell
populations cannot be ruled out. Alternatively, CD11b expression in T cells can be used
as a marker of T cell activation [215, 216], so it is possible that these immune cells

represent an active T cell population. To further investigate the activation status of
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these T cells, assessment of the expression of other activation markers (e.g. CD69,

CD25 and CD70) and pro-inflammatory cytokines could be performed [217].

The cellular immune response to subretinal AAV injections was detected at days 14
and 28 post-injection suggesting that this response was not resolved within the time
frame of this study. The delay in detection of this response and the presence of
significant numbers of T cells in the retina is in keeping with an adaptive immune
response to AAV retinal gene therapy, where an innate reaction would, in contrast, be
expected to be observed soon after subretinal injection. A recent study revealed the
presence of significant numbers of neutrophils in the eye one day after intravitreal AAV
injections, which had resolved by the subsequent seven day time point [218].
Therefore, it is possible that an early response was missed within the time frame
assessed in this chapter. This could potentially be interrogated with the use of regular

non-invasive SD-OCT imaging as a readout for retinal inflammation.

Two unknown immune cell populations were detected in this study: a population
negative for all markers except CD45 and a CD11b-CD3-CD4+* population. Both these
leukocyte populations were CD11b- and had lower scatter profiles, suggestive of cells
of lymphoid lineage. It is possible that these two populations represent subsets of [LCs.
Many of these subsets are negative for the markers typically associated with other
immune cell lineages and do not express the CD3 TCR co-receptor that contributes to
antigen-specific responses [92]. Group 1 ILCs include NK cells and ILC1 cells, which are
typically involved in mediating a type 1 immune response [92]. The presence of NK
cells in this AAV-mediated immune response may suggest that the leukocyte

population negative for all markers except CD45, which was significantly increased in
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AAV-injected eyes, may be ILC1 cells. Tissue-resident ILC1 cells have recently been
described in the central nervous system but have not yet been reported in the retina
[219]. Alternatively, this CD45* only population might represent RPE cells which have
adhered to the retina during tissue harvesting [220], although this might not explain
the significant increase in AAV8.GFP-injected eyes. Furthermore, the CD11b-CD3-CD4+*
cells were detected in AAV vector-treated but not PBS-treated retinae. These might
represent a small subset of ILCs termed LTi cells, which are CD3-CD4+* and play a role
in promoting the survival of T cells that support memory B cells within lymphoid tissue
[221]. However, LTi cells typically interact with T cells in lymphoid tissue and are not
known to be present in the retina. Alternatively, a subset of CD3-CD4+* lymphocytes,
which are distinct from ILCs and LTi cells, have been detected in the peripheral blood
of humans [222]. Although not expressed on the cell surface, CD3 was expressed
intracellularly, consequently, the expression of intracellular markers may have been
missed in the experiments performed in this chapter. Therefore, further
characterisation is needed to validate the hypothesised identities of these unknown
leukocyte populations. As the antibody panel size for multicolour flow cytometry is
limited and accounting for the autofluorescent spectra in retinal tissue is technically
challenging, these methods and results provide the basis for further in-depth
exploration of the retinal immune cell identities and activation states by single cell RNA

sequencing in the future.

A high proportion of retinal leukocytes, in particular microglia and macrophages, were
GFP positive, suggesting successful transduction by the AAV8 vector. Notably, high
levels (~80%) of GFP fluorescence was found in the microglia. These cells can function

in antigen presentation and produce pro-inflammatory cytokines in response to viral
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injection [197], therefore, may be a key source for the recruitment of adaptive
immunity. However, it has been previously suggested that microglia are difficult to
transduce, with one group detecting no transgene expression following transduction
of primary murine microglia in vitro with serotypes AAV1-9 [223]. A recent in vivo
study also demonstrated that, following subretinal AAV delivery, microglia were able
to internalise AAV, however, the genomes did not reach the nucleus, which would
preclude transgene expression [224]. The use of higher doses of AAV in the
experiments in this chapter and the quantification of GFP expression with sensitive
flow cytometric analysis may explain some of the differences between these studies,
however, further gene expression analysis in these cells would help to confirm AAV
transduction of microglia. Interestingly, infiltrating leukocytes not resident at the time
of subretinal injection were also sometimes weakly GFP positive. This may be the
result of retained viable AAV particles in the retina, which have been detected in dogs
and primates up to six years after retinal gene therapy [225]. Alternatively, the low
GFP intensity (MFI) observed in lymphocytes compared with microglia and
macrophages could suggest non-specific binding of GFP protein from lysed
photoreceptor cells. Lymphocytes are also capable of acquiring surface proteins from
APCs during antigen receptor signalling through a process termed trogocytosis, which
could also contribute to the low level GFP expression in these cells [226, 227]. The
reduced MFI in these populations is a likely explanation for the lack of detection of
GFP+ infiltrating leukocytes with the BD LSRFortessa, which has a reduced sensitivity

compared to the Cytek Aurora used in subsequent experiments.

Despite detection of a substantial immune cell population in mice injected with an

AAVS8 vector expressing GFP, a significantly diminished response (approximately 4-
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fold less) was observed in paired eyes injected with an equivalent AAV8 vector
expressing a hREP1 protein. Although these differences were seen evenly distributed
across all infiltrating leukocyte populations, the proportion of resident microglia as a
percentage of total retinal cells was similar in the AAV8.CAG.GFP.WPRE and
AAV8.CAG.hREP1.WPRE-treated retinae (at ~1% of all retinal cells). There was no
significant difference in the percentage of CD45* cells in AAV8.CAG.hREP1.WPRE-
injected eyes in this cohort (cohort 2) compared to PBS-injected eyes in the previous
cohort (cohort 1), suggesting that the hREP1 expressing vector does not induce a
significant cellular immune response above that induced by surgical trauma.
Nonetheless, experiments directly comparing the cellular immune response between
paired PBS-and AAV8.CAG.hREP1.WPRE-injected eyes would help further explore this
reaction. However, using t-SNE analysis, the relative proportions of the infiltrating
leukocyte populations can be seen to be relatively conserved between GFP and hREP1
vector-injected eyes, with the exception of NK cells and macrophages which were
overrepresented in the GFP vector-treated eyes. Taken together, these findings suggest
that the mechanisms of the cell-mediated immune response to the GFP- and hREP1-
expressing vectors were similar albeit the latter was perhaps occurring at a
‘subclinical’ level. As the capsid and regulatory features of these two vectors were
identical, the increased cellular response to the GFP vector may be, at least in part,
directed towards the GFP transgene protein. GFP represents a novel antigen in the
mouse retina with the potential to trigger a cytotoxic immune response [185]. This
corroborates findings in AAV2- and AAV8-injected cynomolgus macaques
demonstrating a GFP-specific systemic T cell response in two of the 14 animals that

received high vector doses (1x1011 gc/eye) [180]. In contrast, while human REP1 is
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also an exogenous protein, it may be sufficiently similar to murine REP1 as to be better
tolerated. To further explore the effect of a novel antigen on the cellular immune
response, AAV8.CAG.GFP.WPRE injections could be performed in a mouse line that
expresses retinal GFP, or AAV8.CAG.hREP1.WPRE injections may be undertaken
within a REP1 knockout mouse. The other factor to consider is that, while the GFP and
hREP1 vectors were both titrated using standardised quantitative PCR and purified to
be free of toxic excipients, differences in the level of transduction and protein
expression in vivo is difficult to control and could potentially affect the scale of any
innate immune response; this may be investigated using semi-quantitative western
blot analysis. Furthermore, cells overexpressing GFP demonstrate signs of oxidative
stress and inflammation, including IFN-a, IFN-y, and TNF-a-mediated responses
[228], which may contribute to the increased immunogenicity of the GFP vector.
Ultimately, it remains to be seen whether other therapeutic transgenes and increased

vector doses produce a comparable cellular immune response.

Unexpectedly, the nullGFP control vector designed in this chapter induced generalised
thinning with complete disruption of photoreceptors throughout the entire retina,
suggesting a toxic reaction to the AAV vector. As recent studies have implicated AAV-
encoded mRNA to induce innate immune responses through the RNA sensor MDAS
[172], a vector capable of transcription, but not translation, was created to isolate the
role of the transgene protein on the AAV-mediated cellular immune response. The null
vector used in this study, therefore, contained an open reading frame that would likely
produced a full-length non-functional mRNA transcript. The Kozak sequence of the null
vector was removed to prevent translation initiation, however, it is possible that low

level protein expression may have persisted, or indeed, that the absence of a Kozak

131



consensus on the mRNA might have activated an immune response. Accumulation of
unfolded or misfolded proteins in the endoplasmic reticulum could potentially activate
cellular stress mechanisms, termed the unfolded protein response [229]. During
conditions of prolonged stress, an apoptotic cascade is activated, leading to
photoreceptor death. AAV transduction has been demonstrated to activate the
unfolded protein response pathway, suggesting that AAV vectors are processed
through these stress pathways [230], which may explain the wide-spread toxicity
observed with the null vector. However, no cytotoxicity was observed following in vitro
transduction of HEK293T cells with the nullGFP vector at the MOI tested. This may
suggest that either the in vitro dose was insufficient to induce a toxic response or that
the retina is more sensitive to vector-mediated toxicity. Furthermore, although all AAV
preparations were confirmed to have minimal protein contaminants by SDS-PAGE, the
presence of potentially inflammatory by-products cannot be completely ruled out. To
further investigate the role of the AAV transgene in cellular immune responses to
retinal gene therapy, a vector could be designed which includes a premature stop
codon in the transgene sequence to trigger non-sense mediated decay of the mRNA

transcript and prevent aberrant protein production.

In this chapter, the preliminary investigations into the cellular immune response were
performed using a tyrosine mutant capsid AAV8(Y733F) vector due to the availability
of this vector at the time of experimental set up. To avoid extraneous effects that may
arise from this mutant capsid and confound investigation of the cell-mediated immune
response to retinal gene therapy, all subsequent experiments were performed with a
wildtype AAV8 capsid serotype. However, the level of vitreous opacities detected using

SD-OCT imaging appeared to be significantly greater in mice injected with the mutant
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capsid vector (AAV8(Y733F).CAG.GFP.WPRE) compared to the experimental cohort
injected with the wildtype vector (AAV8.CAG.GFP.WPRE), suggesting a stronger
inflammatory response. Nonetheless, the comparable level and time frame of the
cellular responses seen with the mutant and wildtype AAV8 vectors suggests that the
mutation is unlikely to be a strong source of the inflammatory response. In preliminary
experiments with the AAV8(Y733F).CAG.GFP.WPRE vector, a CD68 antibody was
utilised to assess microglial activation. CD68 can be upregulated upon microglial
activation in the CNS [207], which may be detected by an increase in CD68 MFI.
However, no significant difference was observed between the CD68 MFI of PBS- or
AAV-injected eyes suggesting that microglia did not upregulate CD68 during this
response. Nonetheless, the level of CD68 expression detected in resting microglia in
the normal mouse retina was higher than expected, with other studies detecting
minimal expression by immunohistochemistry [231]. It thus cannot be ruled out that
the process of permeabilisation and fixation involved in staining this intracellular
antigen may have led to spurious results. To assess the activation status of microglia
more specifically and sensitively, single cell RNA sequencing could be performed on

this leukocyte sub-population in the future.

In the preliminary experiments performed with the BD LSRFortessa, populations
spanning a range of CD11b expression levels were detected in AAV-injected retinae
outside of the three established gates (P1, P2, and P3) and a defined CD11bl°
population was visible. Thus, this gating strategy is limited in the assessment of retinal
leukocyte populations in response to subretinal AAV injections. Nonetheless,
equivalent populations were observed with the Cytek Aurora spectral cytometer

confirming the pattern of expression. With the use of additional markers, the CD11b°
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population was identified as NK cells and a unidentified myeloid population.
Furthermore, AAV-injected eyes analysed using the BD LSRFortessa demonstrated a
trend for a reduced number of microglia at days seven and 14 post-injection that was
not observed with the Cytek Aurora. This may partially stem from incorrectly
compensated samples in the BD LSRFortessa, which may be affected by the high level
of expression of the CD45 antibody on the retinal cells and the relative brightness of
stained compensation beads. Alternatively, although the co-expression of CD45 and
CD11b has effectively been used to distinguish microglia and macrophages [138, 198-
201], microglia can increase CD45 expression following activation which may limit the
resolution between these two populations [232, 233]. To further identify retinal
microglia, additional antibodies could be utilised such as the recently identified
microglia-specific marker transmembrane protein 119 (TMEM119) or the co-
expression of CD45, CD11c, F4/80, and [-A/I-E [201, 234]. Alternatively, the use of
fate-mapping to selectively label microglia could help identify these populations to

more specifically analyse their response to AAV retinal gene therapy [201, 233].

A substantial increase in the intensity of NK1.1 staining was observed in
AAV8.CAG.GFP.WPRE-injected retinae analysed in cohort 2 compared to those
assessed in cohort 1. The NK1.1 conjugate PE/Cyanine 7 is a tandem fluorophore
consisting of the covalent attachment of two dyes that can be subject to breakdown as
a result of light exposure and poor storage conditions. In fact, PE/Cyanine7 has one of
the highest degradation rates of PE-conjugated antibodies [235]. Due to the repeated
use of this antibody, it is likely that it may have undergone tandem-dye degradation
due to inadvertent light exposure. Although the voltage settings of all detectors used

at day 14 in both cohorts were equivalent and antibodies used were from the same lot,
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a new antibody aliquot was used for cohort 2 that would have no previous light
exposure. The antibody aliquot used for cohort 1 was initially tested in splenocytes and
demonstrated high levels of fluorophore intensity similar to those observed in cohort
2. This supports the sequential loss of antibody activity through tandem-dye
degradation. The antibody panel for cohort 1 also included the antibodies CD19-
APC/Fire750 and CD11c-PerCP/Cyanine5.5, which were removed from the panel in
cohort 2 due to a lack of positive staining. Although there is a possibility of these
antibodies increasing spread into the PE/Cyanine7 channel, these three antibodies
demonstrate relatively low levels of similarity, ranging from 0.13-0.27 when assessed
using the Cytek Full Spectrum Viewer (similarity can range from 0-1, with 1 indicating
very similar spectra) [236]. These antibodies were also tested together in splenocytes
where each presented good resolution between negative and positive populations.
Another possibility for low intensity of NK1.1 staining may be due to reduced
expression of the target protein on the cells of interest. Although mice were injected
with the same material and dose, and were measured at the same time points, there
may be inherent differences in the level of NK1.1 expression. However, as this was
consistently seen across all six mice in each cohort, it is unlikely to be due to mouse

variability but technical differences in each cohort.

Non-specific staining of macrophages and microglia was also observed in the NK1.1
detector channel, which was substantially reduced in the presence of an increased
concentration of Fc block, suggesting non-specific NK1.1 antibody binding to Fc
receptors found on many myeloid cells. Nonetheless, even with a 10-fold increase in
the concentration of Fc block, the spread in the macrophage population did not return

to the level of the NK1.1 FMO. One explanation may be that tandem dyes such as the
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NK1.1 conjugate PE/Cyanine7 can non-specifically bind to monocytes and
macrophages despite use of a Fc block [237]. True-Stain Monocyte Blocker
(BioLegend) [238] and phosphorothioate-modified ODN sequences are able to block
this additional source of non-specific staining and could be tested in subsequent
experiments [237]. Overall, the limitations observed with the NK1.1 antibody support

the use for a different fluorophore conjugate in future experiments.

FMO controls were included for each injection material at every time point to enable
accurate gating of positively stained populations. To account for the spread of all
replicates, a small volume was taken from each sample and pooled to create the FMO
controls. Due to the variable levels of antibody staining between replicates, these
populations may shift, which could lead to inaccuracies in gating. To accurately
represent the spread in each individual sample, FMO controls should be created for
each retina, however, due to the limited number of cells, this was unachievable in these
experiments. Although FMO controls are able to account for background induced by
spill over between fluorophores, they are unable to control for the non-specific
staining of negative populations, as seen with the NK1.1 antibody above [239].
Background staining can be explored using an isotype control, an antibody raised
against an antigen not present in the sample that matches the fluorophore conjugate,
Ig subclass, and host species of the test antibody. However, the use of isotype controls
remains controversial as variables in the design of these antibodies can lead to
significant differences in background staining. Furthermore, the use of isoclonic
controls that consist of a mixture of a fluorophore conjugated antibody and excess
quantities of the same, unlabelled antibody can be used as an indicator of free

fluorochrome binding [240]. Together these controls can provide a quality assurance
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step in the creation of an antibody panel. Internal negative controls can also provide
an effective means of isolating positive populations, however, require a negative
population of the same cell type which is difficult to attain for these retinal samples.
Populations of interest can be further defined using sequential Boolean gating with
additional markers to distinguish positively stained cells that are poorly segregated
from the negative population [240]. The use of cytometry time of flight (CyTOF), a
variation on flow cytometry whereby antibodies are labelled with heavy metal ions
rather than fluorophores, could enable the use of a larger antibody panel while

overcoming the limitation of significant autofluorescence in the retina.

3.6 Conclusion

In this chapter, I conducted quantitative analysis of the cellular immune response to
AAV vector-mediated retinal gene therapy in mice using multicolour flow cytometry.
This provides significant benefits over current qualitative techniques, enabling
assessment of the timing and magnitude of cellular immunity in vivo, whilst providing
a comprehensive visualisation of all leukocyte populations. A significant number of
infiltrating leukocytes were detected in retinae from 14 days following subretinal
injection of an AAV8 vector expressing a GFP transgene under control by a ubiquitous
CAG promoter. The cellular immune response comprised resident microglia and
infiltrating leukocytes including macrophages, NK cells, CD4 and CD8 T cells, and NKT
cells, indicative of a type 1 dominated effector immune response. In particular,
microglia and macrophages appear to be significantly transduced by the AAV8 vector,
although further analysis will help to validate this finding. Compared with

AAVB.CAG.GFP.WPRE, a significantly lower level of cellular immune response was
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detected in eyes injected with an AAV8.CAG.REP1.WPRE vector expressing a human
retinal protein. This indicates that the level of cellular immune response in the retina

is potentially dependent on the nature of the viral transgene.
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4  Intracellular innate immune responses to AAV and
the effect of immunomodulatory drugs on in vitro

transduction

4.1 Introduction

AAV is widely considered the vector of choice for gene therapies, in part, due to its low
immunogenicity compared with other viral vectors, such as lentiviruses and
adenoviruses [156]. However, an increasing number of studies have revealed that
intracellular innate immune pathways can elicit AAV-specific immune responses,
suggesting the presence of inherent immunogenic features in AAV vectors [241]. PRRs
play an essential role in the initiation of innate immune responses through the
detection of specific microbial molecules, which induce downstream host immune
reactions. Among these receptors are TLR9, an endosomal PRR capable of detecting
unmethylated CpG motifs in DNA sequences in viral genomes [49, 50]. Previous studies
have demonstrated TLR9 can sense AAV genomes, eliciting a cellular immune response
that is significantly diminished upon depletion of CpG sequences [169-171].
Furthermore, TLR2, which is located at the cell surface and detects a range of microbial
PAMPs, such as viral proteins [52], can induce an innate immune response to AAV
capsids [157]. Arecent study also demonstrated MDAS5, which is activated by long viral
dsRNA, can induce an immune response to AAV genomes at later time points following
transduction [172]. It was hypothesised that reverse mRNA transcripts, generated
from inherent promoter activity of the AAV 3’ITR, could anneal to the transgene mRNA

to generate immunogenic dsRNA transcriptional intermediates [172]. Although there
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have been no studies to date investigating the role of the anti-viral cytosolic DNA
sensor cGAS in AAV-mediated immune responses [58, 59], in vivo studies have
demonstrated a range of innate immune responses to AAV, including the upregulation
of TLR9- and cGAS-specific pathways following subretinal AAV injections, suggesting
the activation of innate immunity in the retina [175-177]. Activation of TLR9, MDAS5,
and cGAS induces NF-kB- and IRF-mediated upregulation of pro-inflammatory
cytokines and type I interferons, respectively [53, 66, 67], with TLR2 signalling solely
through NF-kB [66]. In addition to the potential implication of pro-inflammatory
cytokines in mediating a cellular response, as characterised in Chapter 3, intracellular
innate immune responses can create restrictive environments that may limit
transgene expression. For instance, a type I interferon response following TLR9 or
cGAS activation can inhibit transcription and translation within infected and
neighbouring cells by upregulating numerous ISGs via the JAK-STAT pathway [68].
Examples include, TRIM5a that can bind to viral capsid proteins to promote viral
disassembly and restrict infection [68]; ISG15 which is a ubiquitin-like protein that can
covalently bind to viral proteins to disrupt replication [242]; and IL-15 that helps to
eliminate infected cells by inducing the proliferation and maintenance of NK cells and
CD8* T cells [243, 244]. A means of suppressing these immune pathways may be key
in preventing damaging inflammatory responses in the retina and ultimately
enhancing the level of transgene expression to improve the therapeutic outcome of

retinal gene therapy.

Hydroxychloroquine and chloroquine are immunomodulatory agents used in the
treatment of autoimmune diseases such as systemic lupus erythematosus and

rheumatoid arthritis [245]. A hallmark of autoimmune diseases is the accumulation of
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DNA- or RNA-containing complexes due to a build-up of apoptotic bodies, which can,
in turn, activate TLR9, TLR7, and cGAS [246-249]. Investigation into the mechanism of
hydroxychloroquine and chloroquine in the treatment of these diseases, has since
revealed the inhibition of TLR9 and cGAS [250-252]. Initial in vitro studies
demonstrated that chloroquine could suppress the stimulatory activity of CpG-ODNs,
thereby inhibiting cytokine release [253, 254]. Subsequent experiments demonstrated
the dose-dependent inhibition of CpG-ODN binding to TLR9 by chloroquine in HEK293
cells [255]. Additional studies have since confirmed the inhibition of TLR9 by these
drugs, proposing a mechanism of action whereby hydroxychloroquine and
chloroquine bind to CpG-containing nucleic acids and induce conformational changes
that prevent TLR9 activation [251, 256]. Furthermore, chloroquine led to the dose-
dependent inhibition of ssRNA-mediated TLR8 activation and polyinosinic:
polycytidylic acid (poly(I:C)) (synthetic analogue of dsSRNA)-mediated TLR3 activation
in HEK293 cells [251]. In human monocyte-derived dendritic cells and peripheral
blood mononuclear cells (PBMCs), chloroquine inhibited poly(I:C)-induced TLR3
responses [257]. Chloroquine has also been shown to inhibit TLR7-mediated
responses to small nuclear ssSRNA in human PBMCs, resulting in the downregulation of
IFN-a expression [258]. An in silico screen of drug libraries to find cGAS antagonists
identified several antimalarial drugs as putative inhibitors and further computational
analysis predicted an interaction between hydroxychloroquine and the DNA binding
site of cGAS [250]. Following dsDNA transfection of a human monocytic cell line
(THP1), hydroxychloroquine treatment decreased expression of IFN-f3, a downstream
cytokine of cGAS activation, in a dose-dependent manner [250]. By preventing the

activation of these PRRs, hydroxychloroquine and chloroquine may be able to dampen
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an overactive innate immune response to self-nucleic acids. The same mechanism may
also enable the reduction of the immune response to viral nucleic acid antigens, as
demonstrated by the inhibition of TLR9-mediated responses to the DNA viruses herpes
simplex virus (HSV)-2 [259] and Epstein-Barr virus [260, 261], and TLR7-mediated
responses RNA viruses such as hepatitis C [262, 263], influenza [264], and vesicular

somatic virus [265].

Typically, inflammatory responses have been controlled in retinal gene therapy trials
using a course of systemic immunosuppression (e.g. oral corticosteroids).
Corticosteroids, including the glucocorticoids dexamethasone and prednisolone,
provide an additional means of controlling AAV-mediated inflammation and have been
widely used in retinal gene therapy trials to control inflammatory responses [150-
152]. Glucocorticoid activity exists at the apex of an extensive signalling pathway that
blocks several downstream inflammatory responses. For instance, by inducing
expression of the anti-inflammatory molecule mitogen-activated protein kinase
(MAPK) phosphatase 1, preventing transcriptional activity of NF-«kB that regulates
downstream transcription of a vast range of cytokines, and blocking c-Jun-mediated
transcription of pro-inflammatory cytokines [266]. Of interest in this study is the
inhibitory activity of glucocorticoids on NF-kB-mediated expression of pro-
inflammatory cytokines, which is a downstream regulatory factor of the anti-viral
nucleic acid sensors TLR9 and cGAS [66, 67]. Indeed, dexamethasone treatment of
macrophages blocked expression of TLR9-responsive genes following stimulation with
CpG-containing sequences [267]. The ligand-bound glucocorticoid receptor is thought
to directly interact with subunits of NF-kB and the NF-kB response elements to

mediate its repression of pro-inflammatory genes [268, 269].
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In this chapter, I investigate the effect of the PRRs TLR9 and cGAS on AAV transgene
expression to further explore the restrictive role of intracellular innate immune
responses in AAV transduction. I also explore the ability of the immunomodulatory
drug hydroxychloroquine, an inhibitor of these PRRs, and the corticosteroid
dexamethasone, an inhibitor of downstream immune pathways, to enhance AAV

transgene expression in vitro.

4.2 Aims

The aims of this chapter are as follows:

1. To assess the effect of TLR9 and cGAS on AAV transduction in vitro.

2. To assess the effect of hydroxychloroquine and chloroquine on AAV

transduction in vitro.

3. Toinvestigate the effect of hydroxychloroquine on AAV transduction in primary

non-human primate RPE cells.

4. To test the effect of dexamethasone on AAV transduction in vitro.

4.3 Materials & methods

4.3.1 Cell treatment & transduction

MEF cells were seeded 24 hours prior to treatment as per section 2.3.1 and transduced
with an AAV2.CAG.GFP.WPRE vector at a MOI of 1,000 as described in section 2.3.5.
For TLR9-activating experiments, wildtype MEFs were treated with either 0 or

754.6 uM CpG-A as per section 2.3.4. For testing of hydroxychloroquine and
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chloroquine, wildtype MEFs were treated with <50 pM hydroxychloroquine and
<12 uM chloroquine as per section 2.3.4. For testing of dexamethasone, wildtype MEFs
were treated with <0.40 mM dexamethasone as per section 2.3.4; cells in these

experiments were transduced with a MOI of 1,000 or 10,000 as indicated.

Prior to harvesting, the growth media was removed from MEFs and replaced with pre-
warmed PBS to reduce background autofluorescence before imaging with the EVOS
Cell Imaging System (Thermo Fisher Scientific). Cells were processed for flow
cytometry three days post-transduction as described in section 2.6.1 and flow

cytometry was performed as per section 2.6.2.

RPE cells were harvested from rhesus macaque eyes and cultured according to section
2.3.2. The cells were treated with a final concentration of either 0, 3.13, or 18.75 uM
hydroxychloroquine in complete Neurobasal A media for one hour prior to
transduction with an AAV2.CAG.GFP.WPRE vector at 5x107 gc per well as described in
section 2.3.4. Three days post-transduction, images were taken with a RetiGA-200R
digital camera (QImaging) attached to a light microscope (Leica Microsystems) prior
to harvesting the cells. Briefly, cells were harvested by washing with cold PBS before
being detached in TrypLE Express (Gibco, Thermo Fisher Scientific). Cells were
resuspended in complete Neurobasal A media, centrifuged at 300 xg for five minutes
at room temperature, and the pellets were washed once in cold PBS. The supernatant

was removed and the pellets were snap frozen on dry ice before storing at -80°C.
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4.3.2 RNA extraction & reverse transcription

MEF cells pellets were homogenised in 350 pL of RLT buffer (QIAGEN) using a hand-
held homogeniser with RNase free pestles; total RNA was extracted and reverse

transcribed as per section 2.1.3.

Frozen rhesus macaque primary RPE cell pellets were lysed in 75 pL of buffer RLT and
homogenised by vortexing for 20 seconds. Samples were centrifuged at 17,000 xg for
three minutes to collect the non-lysed pigmented material. The supernatant was used
for downstream RNA extraction as per section 2.1.3. The first flow through from the

RNeasy Kit (QIAGEN) was kept on ice for subsequent protein extraction.

4.3.3 PCR & gel electrophoresis

80 ng of reverse transcribed cDNA from wildtype and Cgas7/- MEFs was subject to PCR
(RT-PCR) with 10 uM of either Cgas (forward primer: TGGCAGCTACTATGAAC; reverse
primer: ACAGCATCTTGGTAGC) or Actb (forward primer: AGCCATGTACGTAGCCA;
reverse primer: GAAGCTGTAGCCACGCT) specific primers according to section 2.1.2.
The Cgas primers span the first and second exon boundary of the corresponding mRNA
sequence to produce a 200 bp PCR product, while the Actb primers are situated within
the fourth exon and produce a 211 bp PCR product. Gel electrophoresis was performed

on a 2% agarose gel as per section 2.1.2.

4.3.4 gPCR

gPCR of reverse transcribed cDNA samples from rhesus macaque RPE cells was

performed as per section 2.1.4 using TagMan probes (Thermo Fisher Scientific)
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directed to GFP (assay ID: Mr03989638_mr) and rhesus macaque specific Actb (assay

ID: Rh03043379_gH). GFP mRNA expression was normalised to Actb expression.

4.3.5 Protein extraction & western blot analysis

The flow through collected during RNA extraction of rhesus macaque RPE cells was
mixed with four volumes of ice-cold acetone and incubated on ice for 30 minutes.
Samples were centrifuged at room temperature for 30 minutes at 17,000 xg, the
supernatant was removed, and the pellet washed in 100 pL of ice-cold 100% ethanol.
The ethanol was removed and the pellets were air-dried on ice for five minutes. 50 pL
of 1% SDS was added to each sample and the pellet was resuspended by repeat
pipetting. The samples were incubated at 95°C on a hot block for three minutes
followed by repeat pipetting; this was repeated twice more. The samples were
centrifuged at room temperature for three minutes at 17,000 xg and the supernatant

was transferred to a new tube to be stored at -20°C.

Protein samples from two biological replicates of RPE cells were thawed and
quantified as per section 2.1.5. The Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) was only sensitive enough to detect protein from one replicate. For this
replicate, 17 ng of total protein was subject to SDS-PAGE. For the second replicate
where the protein concentration couldn’t be determined, the maximum volume of
protein lysate was subject to SDS-PAGE. Western blot analysis was performed as per
section 2.1.6. Membranes were stained with primary antibodies to GFP and f-actin,
followed by staining with HRP-conjugated secondary antibodies (Table 2.1). GFP

protein expression was normalised to -actin expression.

146



4.4 Results

4.4.1 TLR9 agonist reduces AAV transduction in vitro

The role of TLR9 in AAV transduction was explored with the use of the agonistic TLR9
ODN CpG-A [169], which contains unmethylated CpG sequences known to stimulate
TLR9 activity [49]. Initially, cells were treated with and without CpG-A for 30 minutes
prior to AAV2.CAG.GFP.WPRE transduction and GFP fluorescence was quantified using
flow cytometry three days post-transduction. Using flow cytometric analysis, a gating
strategy was applied to exclude debris, doublets, and dead cells (Figure 4.1A-C), and
to detect GFP+ cells (Figure 4.1D and E). CpG-A treatment significantly reduced the
mean number of GFP-fluorescing cells by 2.7-fold relative to untreated cells (paired t-
test, p=0.0001; n=7) (Figure 4.2A and B) and the MFI of GFP* cells by a mean 1.1-fold
(paired t-test, p=0.0007; n=7) (Figure 4.2C). While an increase in the percentage of
GFP+ cells provides a readout for level of successful transduction, the MFI indicates the

level of GFP fluorescence per successfully transduced cell.
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Figure 4.1. Flow cytometry gating strategy for wildtype mouse embryonic fibroblasts
(MEFs). The exclusion of (A) debris and (B) cell doublets in wildtype MEFs using a flow
cytometry gating strategy. (C) Increased 7-aminoactinomycin D (7-AAD) staining was
observed in the positive control, which had been killed by heating at 60°C. The killed cell
sample was used to exclude dead (7-AAD+*) cells in a (D) live cell sample. The live cell sample
also served as a fluorescence minus one control for GFP expression in (E) MEFs transduced
with AAV2.CAG.GFP.WPRE. Four populations were identified: GFP-7-AAD* (Q1), GFP+7-AAD+*

(Q2), GFP+7-AAD- (Q3), and GFP-7-AAD- (Q4). Q3 was used for quantification of live GFP+ cells.
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Figure 4.2. The agonistic TLR9 oligodeoxynucleotide CpG-A decreases AAV transduction
in wildtype MEFs. Wildtype MEFs were treated with or without CpG-A (754.6 uM) 30 min
prior to transduction with AAV2.CAG.GFP.WPRE at an MOI of 1,000. GFP fluorescence and cell
viability (7-AAD staining) were assessed on day three post-transduction by flow cytometry.
(A) Representative fluorescence and transmission images and flow cytometry plots (scale bar:
200 pm). (B) The mean proportion of GFP+ cells expressed as a percentage of the total number
of live (7-AAD") cells. (C) The mean MFI of live GFP~ cells. ***p < 0.001 (paired t test) (+SEM,

n=7).

4.4.2 Absence of cGAS increases AAV transduction in vitro

In order to investigate the effect of cGAS on AAV transduction, rates of transduction
were compared between wildtype and Cgas/- MEFs by flow cytometric analysis. Cgas
mRNA expression was confirmed as present in wildtype MEFs and absent in Cgas/-
cells by visualising the 200 bp RT-PCR product using gel electrophoresis (Figure 4.3A).
Wildtype and Cgas/- MEFs were subsequently transduced with an

AAV2.CAG.GFP.WPRE vector and GFP fluorescence was quantified using flow
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cytometry three days post-transduction. Cgas/- MEFs transduced with a 6.4-fold
greater efficacy than wildtype MEFs at the same MOI (paired t test, p=0.0008; n=6)
(Figure 4.3B and C). The MFI of GFP+ cells was significantly greater in Cgas/- compared
to wildtype MEFs (mean 2.8-fold increase) (Mann-Whitney test, p=0.0087; n=6)
(Figure 4.3D). Differences in the rate of growth and morphology of wildtype and Cgas-

/- MEFs were noted during these experiments.
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Figure 4.3. AAV transduction is significantly enhanced in Cgas/- MEFs. (A) Agarose gel of
RT-PCR amplified Cgas in wildtype and Cgas/- MEFs, with Actb expression used as a positive
control. (B) MEFs were transduced with AAV2.CAG.GFP.WPRE at an MOI of 1,000.
Representative microscopy images and flow cytometry plots, gated for GFP and the cell
viability marker 7-AAD, acquired three days post-transduction (scale bar: 200 pm). (C) Mean
proportion of GFP+ cells expressed as a percentage of the total number of live (7-AAD-) cells
(£SEM, n=6). ***p <0.001 (unpaired t test). (D) Mean MFI of live GFP+ cells (+SEM, n=6). **p

<0.01 (Mann-Whitney test).
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4.4.3 Hydroxychloroguine enhances AAV transduction in vitro

In order to further explore the role of cGAS and TLR9 in AAV transduction, [ examined
the effect of the immunomodulatory anti-malarial drug hydroxychloroquine, which
has been shown to inhibit both TLR9 and cGAS [250-252]. Initially, wildtype MEF cells
were treated with 25 uM hydroxychloroquine at various time points prior to AAV
transduction. This concentration was selected based on an in vitro study
demonstrating a half maximal inhibitory concentration (IC50) of 25 pM in the human
monocytic cell line THP1 [250]. Areas of no cell growth were observed in cells treated
at 24 and seven hours prior to transduction, while those treated at one hour and five
minutes grew normally (Figure 4.4). Based on these preliminary findings, cells were
treated with hydroxychloroquine one hour prior to transduction in all subsequent

experiments.
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Untreated

Figure 4.4. Optimisation of hydroxychloroquine incubation time. Wildtype MEFs were
treated with 25 pM hydroxychloroquine at 5 minutes or 1, 7, or 24 hours prior to
AAV2.CAG.GFP.WPRE transduction. Cells were transduced with AAV 24 hours after cell
seeding and light microscopy images were taken three days post-transduction (scale bar: 200

um). Arrows indicate areas of cell death.

To assess the cytotoxicity of hydroxychloroquine, wildtype MEFs were treated with
increasing concentrations up to 50 pM hydroxychloroquine prior to transduction with
AAV2.CAG.GFP.WPRE; GFP fluorescence and cell viability were analysed three days
post-transduction by flow cytometry (Figure 4.5A and B). Hydroxychloroquine
treatment increased the percentage of GFP* cells in a dose-dependent manner up to
18.75 uM; however, concentrations greater than 18.75 uM were cytotoxic, as
evidenced by an increase in 7-AAD staining, which coincided with a decrease in GFP

positivity (Figure 4.5C). Cytotoxicity was also observed in light microscopy images,
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with large patches of no cell growth (Figure 4.5A). Subsequent testing of

hydroxychloroquine was limited to <18.75 pM for all future experiments.
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Figure 4.5. Toxicity and dose-response of hydroxychloroquine treatment of wildtype

MEFs. MEFs were pre-treated with <50 pM hydroxychloroquine one hour prior to
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transduction with AAV2.CAG.GFP.WPRE at a MOI of 1,000. (A) Representative microscopy
images acquired three days post-transduction (scale bar: 200 um). Arrows indicate areas of
cell death. (B) Flow cytometry plots used for quantification of live GFP+ cells (GFP vs 7-AAD)
and cell viability (7-AAD vs FSC-A) three days post-transduction. (C) Dose-response curve of
hydroxychloroquine concentration plotted against either GFP+ or dead (7-AAD*) cells gated to

total cells demonstrating the level of transduction or toxicity, respectively (n=1).

The mean proportion of GFP positive cells increased from 6% with no
hydroxychloroquine, to 9% with 3.13 uM and 19% with 18.75 pM hydroxychloroquine
(Friedman test, p=0.0001; n=6) (Figure 4.6A and B). A mean 3.1-fold increase in GFP
fluorescence was observed in cells treated with 18.75 pM hydroxychloroquine. There
was no significant difference in the MFI of GFP* cells between hydroxychloroquine

treated and untreated cells (Figure 4.6C).
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Figure 4.6. Hydroxychloroquine increases AAV transduction in wildtype MEFs. Wildtype
MEFs were pre-treated with 0, 3.13, or 18.75 pM hydroxychloroquine for one hour prior to
transduction with AAV2.CAG.GFP.WPRE at an MOI of 1,000. (A) Representative fluorescence
microscopy images of MEFs treated with hydroxychloroquine acquired at three days post-
transduction (scale bar: 200 pm), alongside flow cytometry analyses gated for GFP
fluorescence and the cell viability marker 7-AAD. (B) Mean proportion of GFP* cells expressed
as a percentage of the total number of live (7-AAD-) cells (¥ SEM n=6). **p < 0.01 (Friedman

test with Dunn’s multiple comparison test). (C) Mean MFI of live GFP+ cells (+SEM, n=6).

4.4.4 Chloroquine enhances AAV transduction in vitro

To determine if the enhancement of AAV transduction by hydroxychloroquine might
be due to a drug class effect, the structurally similar anti-malarial compound
chloroquine was also tested. Pre-incubation of MEFs with chloroquine prior to
transduction with AAV2.CAG.GFP.WPRE improved GFP fluorescence in a dose-
dependent manner from 2.5% with no chloroquine to 6.4% with 12 uM chloroquine;
there was no detectable cytotoxicity with the doses tested (Figure 4.7A and B). Since

long-term oral intake of hydroxychloroquine (for treating autoimmune diseases) is
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known to be associated with lower rate of retinal toxicity than chloroquine [270],

hydroxychloroquine was selected for all further experiments.
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Figure 4.7. Chloroquine increases AAV transduction in wildtype MEFs. Wildtype MEFs
were pre-treated with <12 pM chloroquine one hour prior to transduction with
AAV2.CAG.GFP.WPRE at an MOI of 1,000. (A) Representative microscopy images and flow
cytometry plots, gated for GFP and 7-AAD, acquired three days post-transduction (scale bar:
200 um). (B) Proportion of GFP+ cells expressed as a percentage of the total number of live (7-

AAD-) cells (n=1). Figure published in [175].

4.45 Hydroxychloroguine enhances AAV transduction in primary RPE cells

[ subsequently tested the efficacy of hydroxychloroquine in rhesus macaque primary

RPE cells to explore its potential in a cell type relevant to retinal gene therapy. The RPE
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cells were treated with 0, 3.13, or 18.75 uM hydroxychloroquine prior to transduction
with 2x10° gc of AAV2.CAG.GFP.WPRE. At three days post-transduction, GFP mRNA
expression was visualised by fluorescence microscopy and quantified by qPCR and
western blot analysis. A visible increase in GFP fluorescence could be seen in RPE cells
treated with hydroxychloroquine compared with AAV vector alone (Figure 4.8A),
which correlated with a mean 3-fold increase in GFP mRNA expression in cells treated
with 18.75 pM hydroxychloroquine (one-way ANOVA, p=0.0253; n=3 eyes)
(Figure 4.8B). A similar magnitude of increase in GFP protein expression associated
with hydroxychloroquine was detected by western blot; however, this did not reach

statistical significance due to limited tissue availability (n=2) (Figure 4.8C and D).
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Figure 4.8. Hydroxychloroquine increases AAV transduction in primary RPE cells.
Rhesus macaque primary RPE cells were pre-treated with 0, 3.13, or 1875 uM
hydroxychloroquine one hour prior to transduction with 2x10° gc of AAV2.CAG.GFP.WPRE. (A)
Representative microscopy images acquired three days post-transduction (scale bar: 200 um).
(B) GFP mRNA levels were quantified using quantitative PCR (qPCR) and expressed as mean
fold change relative to AAV only treated cells (+SEM, n=3). *p <0.05 (one-way ANOVA with
Dunnett’s multiple comparison test). (C) Representative western blot analysis of GFP protein
expression. B-actin was used as loading control. (D) Quantification of western blot GFP band

density normalised to (3-actin (+SEM, n=2). Figure published in [175].

4.4.6 Dexamethasone has no effect on AAV transduction in vitro

Given the efficacy of the immunomodulatory drugs hydroxychloroquine and
chloroquine in the enhancement of AAV transduction, I next tested the effect of the

glucocorticoid dexamethasone. Glucocorticoids can inhibit NF-kB activity, which is
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downstream of both TLR9- and cGAS-induced immune pathways [267-269]. To
optimise the incubation time, wildtype MEFs were treated with 0.20 mM
dexamethasone up to 24 hours prior to transduction. Although there was some
evidence of cytotoxicity on light microscopy images (Figure 4.9A), this did not
correlate to an increase in 7-AAD staining detected by flow cytometry (Figure 4.9B).
The patches of no cell growth may therefore be a consequence of inadvertent
mechanical detachment by replacement of the media with PBS prior to imaging. An
increased incubation time with dexamethasone correlated with a higher percentage of
GFP positivity without any significant effect on cell viability (Figure 4.9C). Although a
slight enhanced percentage of dead cells was observed with cells incubated with
dexamethasone for 24 hours prior to transduction, this was within the expected
variability of cell viability. Therefore, a 24-hour incubation period was selected for all

additional experiments.
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Figure 4.9. Optimisation of dexamethasone incubation time. Wildtype MEFs were pre-

treated with 0.20 mM dexamethasone either 1, 4, 6, or 24 hours prior to transduction. Cells

were transduced with AAV2.CAG.GFP.WPRE at a MOI of 1,000 24 hours after seeding. (A)

Representative microscopy images (scale bar: 200 pm). Arrows indicate areas of no cell

growth. (B) Flow cytometry plots used for quantification of live GFP+ cells (GFP vs 7-AAD) and

cell viability (7-AAD vs FSC-A). (C) Percentage of GFP* and dead (7-AAD+*) cells gated to total

cells for samples either not treated with dexamethasone (AAV only) or incubated with

dexamethasone at various times prior to AAV transduction (n=1).
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As very few wildtype MEFs were GFP* when using a MOI of 1,000, a MOI of 10,000 was
used in subsequent experiments with dexamethasone. To assess the cytotoxicity of
dexamethasone, wildtype MEFs were treated with increasing concentrations up to
0.40 mM dexamethasone prior to transduction with AAV2.CAG.GFP.WPRE; GFP
fluorescence and cell viability were analysed three days post-transduction by flow
cytometry (Figure 4.10A and B). Treatment with 0.40 mM dexamethasone led to a
significant increase in 7-AAD staining, suggesting that this concentration was cytotoxic
(Figure 4.10C). However, cytotoxicity was not observed in the light microscopy images
(Figure 4.10A). Upon further testing with the safe dexamethasone concentrations
(0.02, 0.10, or 0.20 mM), no significant difference in the mean percentage of GFP+ cells
was observed compared to untreated cells (Figure 4.10D), nor was there any
difference in the GFP MFI (Figure 4.10E). Overall, these data suggest that

dexamethasone had no effect on AAV transduction in vitro.
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Figure 4.10. Dexamethasone treatment has no effect on AAV transduction in wildtype

MEFs. Wildtype MEFs were pre-treated with 0, 0.02, 0.10, 0.20, or 0.40 mM dexamethasone

for 24 hours prior to transduction with AAV2.CAG.GFP.WPRE at a MOI of 10,000. (A)

Representative microscopy images (scale bar: 200 pm) and (B) flow cytometry plots used for

quantification of live GFP+ cells (GFP vs 7-AAD) and cell viability (7-AAD vs FSC-A) at three

days post-transduction. (C) Dose-response curve of dexamethasone concentration plotted

against either GFP+ or dead (7-AAD*) cells gated to total cells (n=1). (D) Mean proportion of

GFP+ cells expressed as a percentage of the total number of live (7-AAD-) cells and (E) the mean

MFTI of live GFP+ cells (+SEM, n=3).
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45 Discussion

In this chapter I investigated the immunogenicity of AAV vector genomes by assessing
the effect of the anti-viral DNA sensors TLR9 and cGAS on in vitro AAV transduction.
The treatment of wildtype MEFs with a TLR9 agonist (CpG-A) induced a 2.7-fold
reduction in AAV transgene expression, suggesting that stimulation of TLR9 can inhibit
AAV transduction. Although there was a statistically significant reduction in GFP MFI
following CpG-A treatment, the 1.1-fold decrease may suggest that TLR9 activation has
a minimal effect on the level of cellular transgene expression. The potential restrictive
role of TLR9 in AAV transduction supports previous studies that demonstrate AAV to
induce a TLR9-mediated immune response, which is diminished upon depletion of CpG
sequences in the viral genome [169, 170]. Furthermore, the percentage of GFP* cells
and mean MFI was significantly greater in Cgas7/- compared to wildtype cells following
in vitro AAV transduction. At a given MOI, enhancement to both the percentage of GFP+
events and MFI could reveal increased viral infectivity [271], which may have been
suppressed by AAV-induced activation of intracellular innate immune pathways. Due
to differences in the mode of inhibition, it is difficult to make direct comparisons
between the experiments investigating TLR9 and cGAS. To further explore and
compare the restrictive role of these PRRs in AAV transduction, siRNA knockdown of
factors within the TLR9 and cGAS pathway could establish their relative influence. This
may also overcome the differences in morphology and growth rates observed between
wildtype and Cgas’/- MEFs, which may have led to discrepancies in the rates of
transduction. Activation of cGAS induces synthesis of the secondary signalling
messenger cGAMP, which induces upregulation of type I interferon expression [63,

65]; cGAMP production can be detected by thin layer chromatography and could also
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be used as a readout for AAV-mediated cGAS activation. Nonetheless, this is the first
evidence of arole of cGAS in the restriction of AAV transduction. Overall, these findings
support an increasing number of studies that implicate AAV as a viral immunogen that
can activate intracellular innate immune responses through anti-viral nucleic acid

sensors [184].

Hydroxychloroquine, an approved immunomodulatory drug that can inhibit the innate
immune factors TLR9 [251, 255] and cGAS [250], was identified as a means of
enhancing AAV transduction. Pre-treatment of wildtype MEFs with
hydroxychloroquine demonstrated a dose-dependent increase in AAV transgene
expression, which, at 18.75 uM, was both efficacious and non-cytotoxic. Despite an
increase in the overall proportion of transduced cells, there was no significant
difference in GFP MFI, suggesting that hydroxychloroquine treatment did not enhance
the level of GFP expression in a given transduced cell. This suggests that
hydroxychloroquine may function by enhancing successful viral transduction rather
than transgene expression. The enhancement of AAV transduction was also observed
with the structurally similar drug chloroquine. Both hydroxychloroquine and
chloroquine exert similar immunomodulatory effects [245], supporting a common
mechanism of action. The role of TLR9 and cGAS in the hydroxychloroquine-mediated

enhancement of AAV transduction will be further explored in Chapter 6.

Flow cytometric analysis of MEF viability was determined using the fluorescent dye 7-
AAD, which is typically excluded from live but permeant to dead cells. Once in the
nucleus, 7-AAD can intercalate with double stranded DNA to undergo a spectral shift

which allows for flow cytometric detection and assessment of cell viability [272]. In
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the experiments in this chapter, wildtype MEFs were fixed with formaldehyde prior to
7-AAD staining to preserve cell integrity and limit autolysis of cells through the cross-
linking of proteins via free amine groups. Fixation can result in disruption of
membrane integrity which may result in inadvertent staining of the live cell population
and a slight overestimation of the percentage of dead cells [273]. Although increased
7-AAD staining was observed in the control killed cell sample, which suggests that
discrimination could still be achieved using fixed cells, these cells lacked the classical
appearance of dead cell population where a distinct 7-AAD* population would be
expected. Nonetheless, the increased 7-AAD staining of cells treated with
hydroxychloroquine concentrations =25 uM correlated with areas of death observed

using microscopy prior to flow cytometric analysis.

Enhanced AAV transgene expression was also achieved in non-human primate primary
RPE cells, which provide a significant benefit over highly divergent immortalised cell
lines and demonstrate a relevance to retinal gene therapy. To maintain the classical
RPE phenotype, cells were passaged a minimal number of times, however, progressive
depigmentation and morphological changes, consistent with the epithelium to
mesenchymal transition, were evident [274]. In vivo testing would confirm the

effectivity of hydroxychloroquine in RPE cells that maintain a typical epithelial

phenotype.

Given the restrictive role of TLR9 and cGAS on AAV transduction, the glucocorticoid
dexamethasone was investigated as a means of blocking downstream NF-kB activity
and enhancing AAV transduction. However, no significant difference in AAV transgene

expression or GFP MFI was observed following dexamethasone treatment in vitro,
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suggesting that adjunctive treatment with this glucocorticoid has no detectable effect
on AAV transduction. This may suggest that either NF-xB activity is not a key limiting
factor in AAV transduction, or that adjunctive treatment of dexamethasone in these
conditions had no effect on these pathways; to further investigate this, quantification
of key cytokines could be performed. Previous experiments assessing the inhibitory
effect of dexamethasone on TLR9-mediated gene expression used a concentration of 1
uM, 20-fold less than the lowest dose used in this chapter [267]. Therefore, additional
experiments could be performed using these lower concentrations, which may exhibit
a different mechanism of action. Given the effect of systemic glucocorticoid treatment
on inflammation during retinal gene therapy [150-152], dexamethasone may present
a greater efficacy in the direct suppression of the cellular immune response
characterised in Chapter 3, rather than by directly enhancing AAV transduction.
Overall, these findings support the efficacy and specificity of hydroxychloroquine in

enhancing AAV transduction in vitro.

4.6 Conclusion

In summary, AAV transduction is limited by the intracellular innate immune factors
TLR9 and cGAS. This is the first evidence of the role of the cytosolic nucleic acid sensor
cGAS in AAV transduction and supports previous findings that AAV can induce TLR9-
mediated responses; together these data suggest the presence of intracellular innate
immunity to vector genomes. Pre-treatment with hydroxychloroquine, an inhibitor of
TLR9 and cGAS, led to a dose-dependent increase in AAV transduction of wildtype
MEFs and primary non-human primate RPE cells. In contrast, the immunosuppressant

dexamethasone had no effect on AAV transduction in vitro. Hydroxychloroquine may
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thus present an opportunity to enhance AAV transduction efficacy by evading AAV-

mediated immunity.
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5 Effect of hydroxychloroguine on retinal gene

therapy ex vivo and in vivo

5.1 Introduction

Gene therapies based on AAV vector-mediated gene transfer are at advanced stages of
clinical development to treat a broad range of monogenic disorders and have shown
significant potential in the treatment of retinal dystrophies [151, 152, 190, 275-278].
The clinical efficacy of AAV-mediated gene therapy is strongly dependent on the
proportion of target cells transduced, particularly when trying to halt disease
progression in post-mitotic tissues such as the RPE and photoreceptors. Despite the
success of voretigene neparvovec in the treatment of RPE65-associated LCA, variability
in visual acuity improvements have been observed across other trials and the long-
term efficacy in these patients remains unclear. Even across the various gene therapy
trials for RPE65-associated LCA, the long-term data from several trials demonstrated
advancing retinal degeneration despite initial improvements in visual acuity [183, 279,
280]. Although there are several differences between these trials, this effect has, in
part, been suggested to be due to insufficient levels of retinal transduction and
transgene expression [183, 280]. While transduction can be increased to some extent
by vector dosage, host inflammatory and immune responses to AAV are limiting at high
vector doses and may compromise the persistence of transgene expression and the
therapeutic efficacy [156, 176, 180, 241, 281, 282]. Therefore, one of the major
challenges of gene therapy for retinal diseases will be how to achieve sufficient levels

of gene replacement at a safe vector dose.
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As demonstrated in Chapter 4, hydroxychloroquine can increase AAV transduction in
vitro, which presents an opportunity to maximise the therapeutic effect of retinal gene
therapy at a given vector dose. This could have significant implications on inefficient
gene therapies that require high AAV doses to achieve a therapeutic effect. Stargardt
disease, caused by mutations in the gene ATP binding cassette subfamily A member 4
(ABCA4), is the most prevalent monogenic inherited retinal dystrophy [283]. The
monogenic nature of the disease and autosomal recessive method of inheritance would
suggest Stargardt disease to be a feasible therapeutic target for retinal gene therapy,
however, the large size of the ABCA4 gene exceeds the 4.7 kb packaging capacity of a
single AAV vector. One approach to overcome this, is the use of a dual vector system
where the ABCA4 transgene is split between two different vectors [284]. Within these
vectors is an overlap region which, following homologous recombination, creates a
single DNA sequence that can encode the full length ABCA4 transcript. However, high
AAV doses are necessary to overcome this limiting recombination step and achieve a
therapeutic effect [284]. Given the dose-dependent inflammation observed in clinical
trials with single AAV vectors, it is possible that the high doses needed for sufficient
transgene expression in this dual ABCA4 system would induce inflammatory effects.
Thus, enhancement of transgene expression in these systems could have significant

implications for the possibility of using lower and safer vector doses.

Chronic systemic intake of hydroxychloroquine has been associated with an increased
risk of retinopathy. Daily dose and duration of treatment are major risk factors for
hydroxychloroquine-associated retinal toxicity, with 7.5% of patients experiencing
retinopathy when taking the drug for more than five years, which increases to 20-50%

after 20 years of therapy [285]. Nevertheless, retinopathy is unlikely in the first 5 years
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of therapy unless concomitant risk factors are present [285]. Although the mechanism
for hydroxychloroquine-associated retinopathy is unclear, its occurrence implies that
hydroxychloroquine could accumulate in the retina following systemic delivery.
Indeed, hydroxychloroquine has a high affinity for melanin and has consequently been
detected in pigmented ocular tissues such as the RPE, choroid, and ciliary body [286,
287]. The use of SD-OCT retinal imaging has enabled detection of pre-symptomatic

toxicity and provides a means of monitoring this response [288].

In this chapter, I investigate the effect of hydroxychloroquine on AAV transduction ex
vivo in human retinal tissue and in vivo in mice when administered systemically or
locally. The efficacy of hydroxychloroquine was assessed on two single AAV vectors
and a dual AAV vector system expressing ABCA4, with SD-OCT employed to monitor

potential signs of retinal toxicity.

5.2 Aims

The aims of this chapter were as follows:

1. To investigate the effect of hydroxychloroquine on AAV transduction in ex vivo

human retinal tissue.

2. To assess the effect of orally delivered hydroxychloroquine on AAV transgene

expression following subretinal injection of AAV2.CAG.GFP.WPRE in vivo.

3. To assess the safety of subretinal injections of hydroxychloroquine in vivo.

4. To investigate the effect of subretinal delivery of hydroxychloroquine on

AAV2.CAG.GFP.WPRE transgene expression in vivo.
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5. To investigate the effect of subretinal delivery of hydroxychloroquine on

AAV8(Y733F).GRK1.GFP transgene expression in vivo.

6. To investigate the effect of subretinal delivery of hydroxychloroquine on

AAV8(Y733F).GRK1.ABCA4.WPRE dual vector transgene expression in vivo.

5.3 Materials & methods

5.3.1 Exvivo human retinal tissue treatment

Human retinal explants from two patients were cultured as per section 2.3.3, with
three replicates per condition. The retinal tissue was treated with 0 or 3.13 uM
hydroxychloroquine one hour prior to transduction with AAV2.CAG.GFP.WPRE at a
dose of 1x10° gc/well. The media and hydroxychloroquine were replaced from below
the insert every two days, at which point the retinal explants were imaged using
fluorescence microscopy. To measure the mean grey value of the retinal explants, the
area of unfolded retina was traced on transmission light images taken with a RetiGA-
200R digital camera (QImaging) attached to a light microscope (Leica Microsystems)
using the programme Image] (Version 1.51j8, NIH) (Figure 5.1A). This area was
superimposed onto the fluorescence image and the mean grey value was measured
(Figure 5.1B). To account for background autofluorescence of the well, the mean grey
value of a 2.54 mm band around the retinal tissue was subtracted from the total grey
value of the explant (Figure 5.1C). The normalised grey value was calculated by
subtracting the mean grey value of untransduced retinal tissue (treated with the same
hydroxychloroquine concentration) to account for any background autofluoresence of

the tissue and drug.
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Figure 5.1. Measuring the mean grey value of human retinal tissue ex vivo. (A)
Freehand tracing of the retinal explant transmission light microscopy image using
Image]. The trace was superimposed onto (B) the fluorescence microscopy image and
the mean grey value was measured. (C) The mean grey value of a 2.54 mm band was
subtracted from the total grey value of the retinal explant to account for

autofluorescence of the well.

5.3.2 Oral hydroxychlorogquine delivery

Seven week-old female C57BL/6] mice were supplied with either 0, 0.058, or 0.116
mg/mL hydroxychloroquine in the drinking water, supplemented with 5% fruit
cordial. Water bottles were covered with aluminium foil as hydroxychloroquine is light
sensitive and were replaced with fresh water containing hydroxychloroquine every
two days. Mice were monitored for two weeks for signs of acute toxicity or dehydration
by visual assessments of skin turgor, mucus membranes, eye condition, coat condition,
activity, and urine output. Water bottles and animals were weighed each day to
calculate the dose of hydroxychloroquine (HCQ) (mg/kg/day) received by each animal
as per equation 5.1. Subretinal injections were performed after three weeks of
hydroxychloroquine delivery. All animals continued to receive hydroxychloroquine for

three weeks post-injection, totalling six weeks on the drug.
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Mean HCQ dose _ (Mean vol. of water (mL)) x (Conc. of HCQ (mg/mL)) (5.1)
(mg/kg/day) Average mass (kg)

5.3.3 Subretinal injections

Mice were subretinally injected as per section 2.5.3. For the oral hydroxychloroquine
study, animals were subretinally injected with AAV2.CAG.GFP.WPRE at 5x107 gc/eye

in a total volume of 1.5 pL; paired eyes were left uninjected.

To assess the toxicity and autofluorescence of hydroxychloroquine, seven to eight
week-old female C57BL/6] mice were subretinally injected with 1.2 pL of 18.75 uM

hydroxychloroquine, with sham injections of PBS undertaken in the paired eye.

For assessment of the co-injection of hydroxychloroquine and AAV2.CAG.GFP.WPRE,
seven to eight week-old female C57BL/6] mice were injected with 1.2x108 gc/eye in a
total volume of 1.2 pL, with injections of a suspension of AAV with either 3.13 or
18.75 uM hydroxychloroquine performed in the contralateral eye. An additional nine
mice were injected with 18.75 pM hydroxychloroquine and AAV in one eye and AAV

only in the paired eye to supplement the cohort for western blot analysis.

For the co-injection of hydroxychloroquine and AAV8(Y733F).GRK1.GFP, four to five
week old female 129S2 /SvHsd mice were injected with 1x108 gc/eye in a total volume
of 1 pL, with injections of AAV supplemented with 18.75 or 1125 pM
hydroxychloroquine performed in the paired eye. The AAV8(Y733F).GRK1.GFP
encoded a GFP transgene under control by the photoreceptor-specific G-protein-
coupled receptor kinase 1 (GRK1) promoter packaged into a mutant AAV8(Y733F)

serotype capsid; the vector was provided as a kind gift from Dr Michelle McClements.
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For the co-injection of hydroxychloroquine and the AAV8(Y733F).GRK1.ABCA4.WPRE
dual vector, four to five week old male and female Abca4/- mice (129S4/Sv]ae-
ABCA4tmiGht) were subretinally injected with 1x101° gc of both the upstream and
downstream vector (total 2x1010 gc/eye) in a total volume of 1 pL, with injections of
AAV supplemented with 18.75 puM hydroxychloroquine in the paired eye. AAV
injections were supplemented with 0.001% of the non-ionic surfactant Pluronic F-68.
This dual vector included an upstream vector, with a GRK1 promoter and 1-3,701 bp
of the ABCA4 coding sequence, and a downstream vector, with 3,494-6,822 bp of the
coding sequence including a 207 bp overlap region and a WPRE enhancer (Figure 5.2)

[284]. The vector was provided as a kind gift from Dr Michelle McClements.

Upstream transgene

i Overlap region

Downstream transgene
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Figure 5.2. Schematic of the ATP binding cassette subfamily A member 4 (ABCA4) dual
vector system. The full-length ABCA4 transgene was split across two vectors (upstream and
downstream transgene). The upstream transgene includes 1-3,701 bp of the ABCA4 coding
sequence and the downstream vector includes 3,494-6,822 bp of the coding sequence. Once
inside the nucleus, these two vectors recombine at the 207 bp overlap region to produce a full-

length recombined transgene. GRK1, G-protein coupled rhodopsin kinase 1 promoter.
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5.3.4 Retinal imaging

Retinal fluorescence was measured with cSLO at a standardised detector sensitivity as
per section 2.5.4. Retinal fluorescence was determined by measuring the mean grey
value (the mean grey value of all the pixels in a region) of BAF images using the Image]
software. A sampling band centred on the optic disc with an inner radius of 3.65 inches
and a width of 2.65 inches was used to measure the mean grey value (Figure 5.3).

Retinal thickness was measured with SD-OCT imaging as per section 2.5.4.

Figure 5.3. Measurement of the mean grey value of blue autofluorescence (BAF) confocal
scanning laser ophthalmoscope (cSLO) fundus images. A 2.65 inch-wide sampling band
was created around a ring with a radius of 3.65 inches centred on the optic disc using the
Image] software. Bands were created on (A) near-infrared images and superimposed onto (B)
BAF images. The mean grey value was calculated as the average signal within the sampling

band of BAF images.

For the oral hydroxychloroquine study, animals were imaged five and seven weeks

post-injection at a cSLO sensitivity of 80. Animals’ subretinally injected with
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hydroxychloroquine alone were imaged at two, four, and eight weeks post-injection at
a cSLO sensitivity of 90. Animals’ subretinally injected hydroxychloroquine together
with AAV2.CAG.GFP.WPRE were imaged at two, four, and eight weeks post-injection at
a cSLO sensitivity of 70. Animals’ subretinally injected with hydroxychloroquine with
either AAV8(Y733F).GRK1.GFP or AAV8(Y733F).GRK1.ABCA4.WPRE dual vector were

imaged at six weeks post-injection.

5.3.5 Western blot analysis

Protein samples were harvested from mouse retinae according to section 2.1.5.

For AAV2.CAG.GFP.WPRE-injected C57BL/6] mice and AAV8(Y733F).GRK1.GFP-
injected 129S2/SvHsd mice, 20 ug of protein was subject to western blot analysis as
per section 2.1.6. Membranes were stained with primary antibodies to GFP and (-actin,
followed by staining with HRP-conjugated secondary antibodies (Table 2.1).
AAV8(Y733F).GRK.GFP injected samples were run across three different analyses due

to the large number of samples.

For western blot analysis of ABCA4 expression, mouse retinae were lysed in 50 pL of
protein lysis buffer (filtered solution of 50 mM HEPES, 100 mM NaCl, 18 mM CHAPS,
1 mM dithiothreitol (DTT), and 3 mM MgClz in water) supplemented with PI (prepared
with one PI tablet in 9 mL lysis buffer) and 10% glycerol. Protein was extracted as per
section 2.1.5 and quantified using the Protein Assay (Bio-Rad), based on the Bradford
dye-binding method, according to manufacturer’s instructions. 40-50 pg of protein was
subject to western blot analysis as per section 2.1.6. Protein samples from a wildtype
129S2/SvHsd and Abca47/- mouse were used as a positive and negative control for
ABCAA4 protein expression, respectively. A 37 kDa recombinant human ABCA4 protein
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(ab114660, Abcam) and a protein sample from HEK293T cells transfected with a
CAG.ABCA4 plasmid provided additional positive controls. Following gel transfer,
membranes were washed for two minutes in TBS. All subsequent washes in TBS-T
were for 10 minutes. Membranes were stained with primary antibodies to ABCA4 and
a-tubulin followed by staining with fluorophore-conjugated secondary antibodies

(Table 2.1). The ABCA4 western blot assay was run by Dr Michelle McClements.

5.4 Results

5.4.1 Hydroxychloroquine enhances AAV transgene expression in human retinal

tissue ex vivo

In order to investigate the effect of hydroxychloroquine in retinal tissue, human retinal
explants were collected from two patients undergoing routine clinically-indicated
retinectomy and were cultured ex vivo. The retinal explants were treated with 3.13 pM
hydroxychloroquine prior to transduction with 1x10° gc of AAV2.CAG.GFP.WPRE and
visualised using fluorescence microscopy on alternate days post-transduction
(Figure 5.4A). As the toxicity of hydroxychloroquine in primary tissue was not known,
a lower dose was chosen due to limited tissue availability. Quantification of the mean
grey value showed increased fluorescence in the hydroxychloroquine-treated explants
from day seven onward, when significant GFP fluorescence became detectable, and a
mean 1.9-fold increase was detected in the mean grey value at day 11 (Figure 5.4B)

(two-way ANOVA, patient 1: p <0.0001, patient 2: p=0.0031; n=3 per patient).
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Figure 5.4. Hydroxychloroquine increases AAV transduction in human retinal tissue ex
vivo. Fresh human retinal explants were treated ex vivo with 0 or 3.13 uM hydroxychloroquine
one hour prior to transduction with 1x10° gc of AAV2.CAG.GFP.WPRE. (A) Representative
transmission microscopy images acquired at baseline. Fluorescence images were acquired on
alternative days from day 3-11 post-transduction (scale bar: 100 pm). (B) Mean grey value of
fluorescence images from two individual patients normalised to untransduced controls
treated with equivalent concentrations of hydroxychloroquine. Data expressed as mean +SEM
(3 replicates per patient). **p < 0.01, ****p < 0.0001 (two-way repeated-measures ANOVA with

Sidak’s multiple comparisons test). Figure published in [175].
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5.4.2 Systemic hydroxychloroquine has no effect on AAV2.CAG.GFP.WPRE-

mediated gene therapy in vivo

Mice were provided with hydroxychloroquine in their drinking water at a total dose of
approximately either 0, 20, or 40 mg/kg/day, based on a 16 g mouse drinking 5.5 mL
per day. These concentrations were chosen based on a previous study reporting no
known toxic effects of orally delivered hydroxychloroquine [289]. No signs of acute
toxicity or dehydration were observed during the two week monitoring period. Over
this period, the volume of water consumed by each cage and the weight of each mouse
was measured; this enabled retrospective calculations of the total dosing of
hydroxychloroquine using equation 5.1. Mice were calculated to have received either
0, 31, or 52 mg/kg/day hydroxychloroquine, slightly higher than the intended doses.
After three weeks of receiving hydroxychloroquine in their drinking water, mice were
subretinally injected with AAV2.CAG.GFP.WPRE at 5x107 gc per eye. Retinal
fluorescence was measured at five and seven weeks post-injection using in vivo cSLO
imaging as a readout for GFP expression. No notable difference in GFP expression was
seen in either the low or high dose hydroxychloroquine-treated cohorts compared
with the control group (Figure 5.5A). The retinal thickness was monitored using in vivo
SD-OCT imaging to assess toxicity; no significant difference was found between the low

and high dose hydroxychloroquine-treated cohorts (Figure 5.5B).
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Figure 5.5. Oral delivery of hydroxychloroquine is safe but has no detectable effect of
AAV transgene expression. C57BL/6] mice received hydroxychloroquine in the drinking
water at 0, 31, or 52 mg/kg/day three weeks prior to subretinal injections of
AAV2.CAG.GFP.WPRE at 5x107 gc/eye. (A) GFP fluorescence levels were estimated using the
mean grey values of cSLO BAF images at five and seven weeks post-injection. (B) Mean total
retinal thickness measured from SD-OCT images of the superior, inferior, nasal, and temporal
regions at eight weeks post-injection. (*SEM; 0 mg/kg/day, n=3; 31 mg/kg/day, n=4; 52

mg/kg/day, n=4).

5.4.3 Safety of subretinal hydroxychloroquine injections in vivo

The data collected in Figure 5.5 suggested that systemic delivery of
hydroxychloroquine, within the parameters of this experiment, was ineffective at
enhancing the efficacy of retinal gene therapy. However, it was unclear if the lack of
efficacy was due to the ineffectiveness of hydroxychloroquine or if insufficient
concentrations of the drug had reached the retina. To explore alternative routes of
administration, C57BL/6] mice were subretinally injected with PBS, with or without
18.75 uM hydroxychloroquine, into paired eyes. In vivo SD-OCT imaging demonstrated
no detectable change in the lamellar retinal architecture relating to the administration

of hydroxychloroquine (Figure 5.6A). Moreover, there was no significant difference in
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the mean retinal thickness of eyes injected with hydroxychloroquine compared to
paired eyes injected with PBS (Figure 5.6B). By measuring the mean grey value of the
fundus using cSLO, it was demonstrated that there was no significant difference in the
autofluorescence of eyes injected with PBS compared to those injected with
hydroxychloroquine alone, suggesting that hydroxychloroquine is not autofluorescent
within the retina (Figure 5.6C). These findings demonstrated subretinal delivery of
hydroxychloroquine to be feasible and have no effect on the structural integrity of the

retina.
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Figure 5.6. Subretinal delivery of hydroxychloroquine has no detectable effect on retinal
architecture or thickness. C57BL/6] mice were subretinally injected with 18.75 pM
hydroxychloroquine with paired injections of PBS. (A) Representative SD-OCT images from
fellow eyes that received either PBS or 18.75 uM hydroxychloroquine. Total retinal thickness
was measured at indicated points (*). (B) Mean total retinal thickness of points (*) at two, four,
and eight weeks post-injection (+SEM, n=8). (C) Retinal autofluorescence was estimated using
the mean grey values of cSLO BAF images of eyes injected with PBS or 18.75 uM

hydroxychloroquine at two, four, and eight weeks post-injection (+SEM, n=8).

5.4.4 Subretinal hydroxychloroquine enhances AAV2.CAG.GFP.WPRE-

mediated gene therapy in vivo

To investigate the effect of subretinal delivery of hydroxychloroquine on AAV-
mediated transgene expression, C57BL/6] mice were subretinally injected with
1x108 gc of AAV2.CAG.GFP.WPRE in suspension with either 3.13 or 18.75 uM

hydroxychloroquine, with injections of AAV vector only in the fellow eye. GFP
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fluorescence was measured using in vivo cSLO imaging at two, four, and eight weeks
post injection. Retinal fluorescence was found to be increased in eyes that received
AAV vector suspension containing 18.75 uM hydroxychloroquine compared with
paired eyes that received AAV vector alone (Figure 5.7A). No difference was seen in
eyes that received AAV with 3.13 pM hydroxychloroquine (Figure 5.7B). Although a
trend in favour of hydroxychloroquine was visible, the differences in retinal
fluorescence based on normalised grey value comparisons did not reach statistical
significance (two-way repeated measures ANOVA; 3.13 uM: p= 0.4273, n=5; 18.75 pM:
p=0.2544, n=4). The statistical power of the comparison was ultimately reduced by the
exclusion of four of 13 mice due to unintended intravitreal injections or subretinal

bleeds during surgery.

To more specifically compare levels of GFP protein expression between the treatment
arms, a larger cohort of mice was co-injected and the retinae were harvested for
western blot analysis at eight weeks post-injection. Eyes that received AAV with
18.75 uM hydroxychloroquine showed a mean 4.6-fold increase in GFP protein level
compared with paired eyes that received AAV vector alone (Wilcoxon matched-pairs
signed rank test, p=0.0034; n=12) (Figure 5.7C and D). If ‘animal 1’ is removed from
the dataset, which falls as an outlier due to its lower level of 3-actin, the effect is still
significant (Paired t test, p=0.0072; n=11). In addition, co-injection of
AAV2.CAG.GFP.WPRE together with 18.75 uM hydroxychloroquine induced no notable

differences in total retinal thickness on SD-OCT images (Figure 5.7E).

185



A AAV2.GFP + HCQ (uM)

=313 M
. 18.75 uM

0 18.75

Normalised mean grey value

4 8
Time post-injection (weeks)

C 4 2 3 4 5 6 7 8 9 10 1 12 D —
+ + + + + + + + + + + + 6
£ 5
GFP - s
- e - ----_n-.‘.-v.ﬂ. é“;_ 4
a 3
[T
o 2
_acti - - 1
B-aClN N0+ o o e 50 20 0 20 49 0 9 0 0 40 40 00 W W @0 OO0 0
0 18.75

HCQ concentration (uM)

N
o
o

= ouM
. 18.75uM

a a0 N
o O au o
o © o o

Mean retinal thickness (um)

o

Superior Inferior  Nasal Temporal

Figure 5.7. Hydroxychloroquine enhances AAV2.CAG.GFP.WPRE transduction of mouse
retinae in vivo. C57BL/6] mice were subretinally injected with AAV2.CAG.GFP.WPRE vector
alone in one eye and co-injected with either 3.13 or 18.75 pM hydroxychloroquine in the fellow
eye. (A) Representative in vivo cSLO BAF images of paired eyes at eight weeks post-injection.
(B) GFP fluorescence levels were estimated using the mean grey values of cSLO BAF images.
Eyes co-injected with hydroxychloroquine were normalised to fellow AAV only-injected eyes
at two, four, and eight weeks post-injection (+SEM; 3.13 puM, n=5; 18.75 pM, n=4). (C) Western
blot of GFP protein levels in paired mouse retinae (animal 1-12) that received either AAV
vector alone (-) or vector mixed with 18.75 pM hydroxychloroquine (+) at 8 weeks post-
injection. B-actin was used as a loading control. (D) Quantification of western blot GFP band
density normalised to B-actin in paired eyes (n = 12). **p <0.01 (Wilcoxon matched-pairs
signed rank test). (E) Mean total retinal thickness measured from SD-OCT images of the

superior, inferior, nasal, and temporal regions at eight weeks post-injection (+SEM, n=12).
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5.4.5 Subretinal hydroxychloroguine enhances AAV8(Y733F).GRK1.GFP—-

mediated gene therapy in vivo

Next, I investigated whether hydroxychloroquine was able to specifically enhance
transgene expression within photoreceptors in vivo and whether the effect was
applicable to different AAV serotypes. 129S2/SvHsd mice were subretinally injected
with 1x108 gc of an AAV8(Y733F).GRK1.GFP vector, with injections of AAV combined
with 18.75 pM hydroxychloroquine performed in the contralateral eye. The GFP
transgene was expressed under the control of a photoreceptor-specific promoter
(GRK1) with a mutant AAV8 capsid serotype. Retinal GFP protein expression was 5.9-
fold higher in eyes injected with AAV containing 18.75 pM hydroxychloroquine
compared to AAV only (Wilcoxon matched-pairs signed rank test, p=0.0391; n=9)
(Figure 5.8A and B). Co-injection of AAV8(Y733F).GRK1.GFP together with 18.75 pM
hydroxychloroquine induced no detectable differences in the total retinal thickness

(Figure 5.8C).
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Figure 5.8. Hydroxychloroquine enhances AAV8(Y733F).GRK1.GFP transduction of
mouse retinae in vivo. 129S2/SvHsd mice were subretinally injected with the
AAV8(Y733F).GRK1.GFP vector alone in one eye and co-injected with 18.75 pM
hydroxychloroquine in the paired eye. (A) Representative western blot of GFP protein levels
in the retinae of two mice that received paired injections AAV vector alone (-) and vector mixed
with 18.75 pM hydroxychloroquine (+) at six weeks post-injection. Red and blue colours
correspond to points on the graph. (B) Quantification of GFP band density normalised to [3-
actin in paired eyes (n=9). *p <0.05 (Wilcoxon matched-pairs signed rank test). (C) Mean total
retinal thickness of the superior, inferior, nasal, and temporal regions at 6 weeks post-injection

(¥SEM, n=9).

In contrast, 129S2/SvHsd mice subretinally injected with AAV8(Y733F).GRK1.GFP
combined with 112.5 puM hydroxychloroquine did not demonstrate any significant
changes in GFP transgene expression compared to paired AAV only injected eyes
(Figure 5.9A). There were no detectable differences in the total retinal thickness of
eyes co-injected with this higher concentration of hydroxychloroquine (Figure 5.9B).
Interestingly, mice injected with 18.75 pM hydroxychloroquine generally
demonstrated a positive effect on GFP expression, while those injected with 112.5 uM
hydroxychloroquine had minimal or negative effect on transgene expression

(Figure 5.9C).
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Figure 5.9. 112.5 puM hydroxychloroquine has no effect on AAV8(Y733F).GRK1.GFP
transduction of mouse retinae in vivo. (A&B) 12952 /SvHsd mice were subretinally injected
with AAV8(Y733F).GRK1.GFP vector alone in one eye and co-injected with 112.5 pM
hydroxychloroquine in the paired eye. (A) Western blot analysis quantification of GFP band
density normalised to B-actin in paired eyes at six weeks post-injection (n=11). (B) Mean total
retinal thickness of the superior, inferior, nasal, and temporal regions at six weeks post-
injection (*SEM, n=10). (C) Normalised GFP protein expression (expressed as logio) of an
individual animal’s AAV only injected eye (x-axis) plotted against its paired eye injected with
AAV mixed with 18.75 or 112.5 pM hydroxychloroquine (y-axis). Data presented from six
weeks post-injection. Each point represents an individual animal with points above the line

representing a positive effect (in white) and below a negative (in grey).

5.4.6 Subretinal hydroxychloroguine has no effect on ABCA4 dual vector-

mediated gene therapy in vivo

To further explore the applicability of hydroxychloroquine to enhance the efficacy
retinal gene therapy, the effect of subretinal hydroxychloroquine injections were
assessed with a dual ABCA4 vector system. Abca4/- mice were subretinally injected
with 1x101° gc per eye of both the upstream and downstream constructs of the
AAV8(Y733F).GRK1.ABCA4.WPRE dual vector, with injections of AAV combined with

18.75 uM hydroxychloroquine undertaken in the paired eye. Vectors were injected at
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a dose known to produce detectable levels of ABCA4 protein [284]. Expression of the
full length ABCA4 protein, suggesting successful recombination of the upstream and
downstream ABCA4 transgene fragments, was detected by western blot six weeks
post-injection (Figure 5.10A). A protein band corresponding to full length ABCA4 (250
kDa), a-tubulin (55 kDa), and the ABCA4 peptide fragment (37 kDa) were detected. All
other bands were also present in the uninjected Abca4/- and wildtype 129S2/SvHsd
mouse retinae, so were deemed to be as a result of non-specific antibody staining. No
significant difference in full length ABCA4 protein expression was detectable by
western blot between eyes co-injected with 18.75 uM hydroxychloroquine and paired
eyes with AAV only (Figure 5.10B). Co-injection of the
AAV8(Y733F).GRK1.ABCA4.WPRE dual vector together with 1875 M
hydroxychloroquine induced no detectable differences in the total retinal thickness

(Figure 5.10C).
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Figure 5.10. Hydroxychloroquine has no effect on ABCA4 transgene expression
following subretinal injections with AAV8(Y733F).GRK1.ABCA4.WPRE dual vector in
vivo. Abca4/- mice were subretinally injected with both the upstream and downstream
AAV8(Y733F) ABCA4 dual vector system alone or co-injected with 18.75 pM
hydroxychloroquine in the paired eye. (A) Representative western blot of ABCA4 and a-
tubulin protein levels in the paired retinae of six mice that received either AAV vector alone (-
) or vector mixed with 18.75 puM hydroxychloroquine (+) at six weeks post-injection. Bands
corresponding to full length ABCA4 (250 kDa), a-tubulin (55 kDa), and the ABCA4 peptide
fragment (37 kDa) were detected; all other bands were due to non-specific antibody staining.
KO, retinal protein sample from an uninjected Abca4/- mouse (negative control); Pe., 37 kDa
fragment of recombinant human ABCA4 protein; WT, retinal protein sample from an
uninjected wildtype 129S2/SvHsd mouse (positive control); Pl, protein sample from
HEK293T cells transfected with CAG.ABCA4 plasmid (2nd positive control). (B) Quantification
of ABCA4 band density normalised to a-tubulin in paired eyes (n=9). (C) Mean total retinal
thickness of the superior, inferior, nasal, and temporal regions at 6 weeks post-injection

(+SEM, n=8).

191



5.5 Discussion

In this chapter I have investigated the use of hydroxychloroquine as an adjunct to AAV
retinal gene therapy ex vivo and in vivo. Initially, I demonstrated hydroxychloroquine
treatment to enhance the level of transgene expression in human retinal tissue
obtained from patients undergoing clinically indicated retinectomies. Although these
tissue fragments will contain multiple retinal cell types, the widespread transduction
suggests GFP expression is likely present in photoreceptors; however, this could be
confirmed with the use of immunohistochemical staining. Three-dimensional retinal
organoids generated from induced pluripotent stem cells of both healthy and retinal
degenerate patients, which contain all the major retinal cell types in their biological
layers, could help to further investigate the efficacy of hydroxychloroquine in the
human retina [290, 291]. | subsequently demonstrated that hydroxychloroquine can
be delivered directly in solution with the AAV vector by subretinal injection, to safely
enhance the efficacy of retinal gene therapy. Adjunctive hydroxychloroquine treatment
increased transgene expression with both an AAV2 and AAV8 capsid serotype,
suggesting that the mechanism of action is unlikely to be capsid-dependent. AAV2
vectors have been used in the treatment of RPE-mediated retinal dystrophies, such as
LCA and choroideremia [151, 277], while AAV8 capsid serotype vectors have been
used in trials treating photoreceptors, such as X-linked retinitis pigmentosa and X-
linked retinoschisis [152, 278]. Furthermore, an effect was seen with both a ubiquitous
and photoreceptor-specific promoter, suggesting that adjunctive wuse of
hydroxychloroquine is capable of increasing transgene expression levels in

photoreceptor cells, which are the primary target for many retinal gene therapies.
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Overall, these findings support the potential application of hydroxychloroquine to

enhance the efficacy of a range of retinal gene therapies.

Preliminary investigation into systemic orally delivered hydroxychloroquine did not
demonstrate any significant effect on AAV transgene expression. However, without
quantification of hydroxychloroquine concentrations within the retina, which is
technically challenging, it is unclear whether the drug had crossed the blood-retina
barrier and reached significant concentrations within the target cells. Given the
pharmacokinetics of hydroxychloroquine it may be difficult to achieve appropriate
concentrations within the retina. The plasma half-life of hydroxychloroquine is
relatively long at 32 days and the drug is highly sequestered in pigmented tissues, such
as the uvea, liver, and lung [292], thus a steady state plasma concentration is not
achieved until six months of daily dosing in humans [293]. A study found blood
hydroxychloroquine concentrations to vary significantly among systemic lupus
erythematosus patients taking equivalent doses of the drug [294], thus achieving a
consistent and precise concentration of hydroxychloroquine in the retina via oral
administration may be challenging. Further work would be needed to optimise the
duration and dose of systemically delivered hydroxychloroquine in order to achieve
sufficient concentrations within the target tissue. Initial assessment of GFP expression
was performed using live cSLO imaging to measure retinal blue autofluorescence,
which can be used as a surrogate readout for transgene expression [42]. Following oral
delivery of hydroxychloroquine, no trend or significant difference was observed,
however, direct subretinal injection of hydroxychloroquine with AAV vectors induced
a trend towards increased fluorescence. However, mean grey analysis of cSLO images

was unable to distinguish between the diffuse background fluorescence, which
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represents GFP expression, and scattered clumps of hyperfluorescence, possibly
representing autofluorescent macrophage aggregates associated with inflammation
[295]. Western blot analysis provided a more sensitive means of measuring GFP
expression and supported the trend observed with cSLO imaging; follow-up
quantification of transgene expression was therefore performed using western blot

analysis.

Subretinal injection of hydroxychloroquine has the advantage of precise control over
the local drug concentration. When comparing the effects of low (18.75 uM) and high
(112.5 pM) doses of hydroxychloroquine, 18.75 pM hydroxychloroquine led to
significantly increased transgene expression, while 112.5 pM had no effect. One
explanation for these differences could be hydroxychloroquine-induced cytotoxicity at
higher doses, as seen in Figure 4.5, however, given that there was no difference in the
total retinal thickness, it is unlikely that there were dramatic toxic effects in the mouse
retina at this concentration. Another potential explanation may be dose-dependent
differences in the mechanism of action of hydroxychloroquine. When used at high
concentrations (2100 uM), hydroxychloroquine and chloroquine have been shown to
cause a dose-dependent increase in endosomal and lysosomal pH [296, 297]. As many
viruses, including AAV, exploit the host endocytic machinery to infect target cells, a rise
in endosomal pH by chloroquine or hydroxychloroquine could disrupt in vitro viral
replication, as observed with Semliki Forest virus [298], HSV-1 [299], and hepatitis A
virus [300]. It can also affect production of infectious virions by preventing
glycosylation of the human immunodeficiency virus (HIV)-1 glycoprotein gp120 in the
usually acidic Golgi complex [301-303]. An in vitro study demonstrated a decrease in

AAV transduction in a hepatocellular carcinoma cell line (HepG2) when treated with
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100 uM chloroquine, a concentration known to raise the pH of these compartments
[165]. This led the authors to conclude that chloroquine-mediated impairment of
endosomal processing can inhibit AAV transduction. In contrast, many studies have
demonstrated low concentrations (<20 pM) of these drugs to exert an
immunomodulatory effect, through the inhibition of PRRs such as TLR9, TLR7, and
cGAS, with minimal effect on endosomal pH [250, 251, 253, 258, 297]. In vitro
hydroxychloroquine and chloroquine can prevent TLR7-mediated responses to RNA
viruses such as hepatitis C [262, 263], influenza [264] and vesicular somatic virus
[265], as well as TLR9-mediated responses to DNA viruses such as HSV-2 and Epstein-
Barrvirus [259-261]. Taken together, these findings are consistent with the hypothesis
that low concentrations of locally delivered hydroxychloroquine could improve viral
transgene expression by inhibiting PRR-mediated anti-viral responses. Subretinal
injection, compared to systemic oral delivery, of hydroxychloroquine may therefore

allow for control of the mechanism of action and effect on AAV transgene expression.

Long-term systemic hydroxychloroquine treatment has been associated with an
increased risk of hydroxychloroquine retinopathy [285]. Despite this, the risk of short-
term locally administered hydroxychloroquine is currently unknown. Delivery of a
single dose of hydroxychloroquine into the subretinal space was not associated with
any retinal structural change, including preservation of the ellipsoid zone within
treated areas, which represents organised photoreceptor inner and outer segments up
to eight weeks post-injection. Given that hydroxychloroquine was only delivered as a
one-off treatment together with the AAV vector, the toxic effects associated with
prolonged hydroxychloroquine treatment are unlikely. However, long-term

assessment of retinal function using an electroretinogram would be required to fully
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investigate the safety of subretinally delivered hydroxychloroquine. Furthermore,
while hydroxychloroquine enhanced retinal gene therapy in the healthy retina of
wildtype mice without any sign of toxicity, it remains to be seen whether the effects
would be the same in the degenerate retina, such as in mouse models of retinitis

pigmentosa, which would provide support for future clinical application.

Although success has been observed in the treatment of various inherited retinal
dystrophies with a single AAV vector, such as for LCA, choroideremia, and retinitis
pigmentosa [150-152, 190, 275, 276], the therapeutic transgene for treatment of some
diseases, such as Stargardt disease, are too large to fit into a single AAV capsid. The use
of a dual vector system, which relies on homologous recombination of the ABCA4
therapeutic transgene, has been developed as a novel treatment strategy for Stargardt
disease [284]. However, unpublished experimental data collected within the group
found the need for significantly higher doses of AAV, at least one order of magnitude
higher than single vector treatments, to achieve a therapeutic effect, suggesting that
the recombination of the upstream and downstream construct is a limiting step in full-
length transgene expression. In light of this limiting step, an AAV dose two orders of
magnitude higher than that used with a single vector in this chapter was selected to
ensure detectable transgene expression. Although hydroxychloroquine was confirmed
to enhance transgene expression of a single AAV8(Y733F) capsid serotype vector with
a photoreceptor-specific GRK1 promoter in a 129 strain of mice, co-injection with the
AAV8(Y733F).GRK1.ABCA4.WPRE dual vector system did not enhance ABCA4
transgene expression. As the serotype and promoter were equivalent between these
two vectors, a reason for the discrepancy could be the recombination step necessary

for production of a single transgene. If the mechanism of action of hydroxychloroquine
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is dependent on enabling a greater number of viral genomes to reach the nucleus, this
beneficial role may be irrelevant at such a high dose. Therefore, additional doses of the
dual AAV vector should be tested to further investigate the effect of

hydroxychloroquine on this dual vector system.

5.6 Conclusion

The findings presented in this chapter demonstrate that subretinal delivery of
hydroxychloroquine in solution with the AAV vector can enhance transgene
expression following retinal gene therapy. Adjunctive hydroxychloroquine treatment
enhanced both AAV2 and AAV8 capsid serotypes and specifically increased AAV
transduction efficacy in photoreceptors. Subretinal delivery of hydroxychloroquine
had no effect on the structural integrity of the retina up to eight weeks post-injection,
however, full evaluation of potential retinal toxicity will require longer term
assessment including the use of functional readouts. Hydroxychloroquine treatment
also enhanced AAV transgene expression in human retinal tissue ex vivo, thus further
demonstrating the potential clinical implications of hydroxychloroquine in retinal
gene therapy. No beneficial effect was observed with the use of a dual ABCA4 vector
system, suggesting that hydroxychloroquine treatment may be limited to standard

single vector constructs.
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6 Determining the mechanism of action of

hydroxychloroquine

6.1 Introduction

A major advance in the effort to understand the mechanism of action of
hydroxychloroquine and chloroquine was the discovery of their antagonistic effects on
PRRs, such as TLR9, TLR7, and cGAS, which can detect molecular signatures of
pathogens to elicit rapid intracellular immune responses [51]. Although the interaction
between TLR9 and its ligand (CpG sequences) is optimal in acidic endosomal
environments [255], TLRY inhibition can be achieved with significantly lower
concentrations of chloroquine than that needed to alter the endosomal pH [251, 253,
297]. Based on these findings, it has been proposed that hydroxychloroquine and
chloroquine could bind to CpG-containing nucleic acids and induce conformational
changes that prevent them from interacting with and activating TLR9 [251, 256].
Furthermore, the in silico study that identified hydroxychloroquine as a possible
inhibitor of cGAS, predicted an interaction between hydroxychloroquine and its DNA
binding site by computational analysis [250]. [t remains unclear whether the inhibitory
effect of hydroxychloroquine on cGAS is achieved through hydroxychloroquine
binding to cGAS or the DNA substrate. Nonetheless, given the proposed mechanism of
action via TLRY, it is possible that hydroxychloroquine and chloroquine might prevent
the activation of nucleic acid sensors, TLR9 and cGAS, through a common mechanism
such as alteration of the structural configuration of the DNA substrate [252, 304]. Given

the potential restrictive role of TLR9 and cGAS on AAV transduction observed in
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Chapter 4, it is possible that hydroxychloroquine may enhance transgene expression

through inhibition of these anti-viral DNA sensors.

In addition to its direct immunomodulatory effects, hydroxychloroquine is a weak base
that can accumulate within acidic intracellular compartments [305]. When used at high
concentrations, hydroxychloroquine can lead to a dose-dependent increase in
endosomal and lysosomal pH [296, 297]. Although chloroquine can inhibit TLR9 at
concentrations lower than that needed to alter endosomal pH, it remains possible that
alkalisation of these compartments by hydroxychloroquine treatment can indirectly
inhibit TLR9, which requires an acidic environment for optimal interaction with its
ligand [255]. During transduction, AAV particles exploit host endocytic machinery to
infect target cells. Following cell surface receptor binding, viral particles are
internalised via a range of endocytic mechanisms, including clathrin-mediated,
caveolin-mediated, clathrin-independent endocytosis, and micropinocytosis [21]. The
acidic pH of these endosomal particles has been hypothesised to aid exposure of the
hidden phospholipase A2 domain in the N terminus of the capsid protein VP1, a
process which is required for endosomal escape [25]. Following cytoplasmic release,
AAV particles accumulate in the perinuclear space and enter the nucleus through
nuclear pore complexes [21]. Alteration to this pathway will therefore likely induce

detectable changes in AAV transduction.

In this chapter I explore potential mechanisms of action for the enhancement of AAV
retinal gene therapy by adjunctive hydroxychloroquine treatment. I investigate the
role of the PRRs TLR9 and cGAS in hydroxychloroquine-mediated enhancement of AAV

transduction and assess its effect on the AAV transduction pathway.
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6.2 Aims

The aims of this chapter were as follows:

1. To investigate the role of TLR9 in the hydroxychloroquine-mediated

enhancement of AAV transduction.

2. To investigate the role of cGAS in the hydroxychloroquine-mediated

enhancement of AAV transduction.

3. To determine the effect of hydroxychloroquine on viral entry and the

subcellular localisation of AAV genomes.

6.3 Materials & methods

6.3.1 MEF cell treatment & transduction

For all in vitro experiments, MEF cells were seeded 24 hours prior to treatment as per
section 2.3.1 and transduced with an AAV2.CAG.GFP.WPRE vector at an MOI of 1,000
as described in section 2.3.5. For TLR9-activating experiments, Cgas/- MEFs were
treated with 0, 3.13, or 18.75 uM hydroxychloroquine and either 0 or 754.6 pM CpG-A
as per section 2.3.4. For all other experiments, wildtype MEFs were treated with 0 or

18.75 uM hydroxychloroquine as per section 2.3.4.

Prior to harvesting, the growth media was removed from MEFs and replaced with pre-
warmed PBS to reduce the background autofluorescence before imaging with the EVOS
Cell Imaging System (Thermo Fisher Scientific). Cells were processed for flow
cytometry three days post-transduction as described in section 2.6.1 and flow

cytometry was performed as per section 2.6.2.
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6.3.2 Viral entry assay

Wildtype MEFs were harvested at 0, 10, 30, or 60 minutes post-transduction. Cells
were detached using TrypLE Express (Gibco, Thermo Fisher Scientific) and centrifuged
at 300 xg for five minutes. The pellet was resuspended in 1 mL of ice-cold PBS and
centrifuged at 300 xg for five minutes at 4°C; this wash step was repeated three times
to wash away unbound AAV particles. The pellet was flash frozen on dry ice and stored
at -80°C. DNA was extracted using the QlAamp DNA Mini kit (QIAGEN) according to
manufacturer’s instructions and DNA concentrations were determined using the
NanoDrop Spectrophotometer (Thermo Fisher Scientific). qPCR was performed with
TagMan probes (all Thermo Fisher Scientific) as per section 2.1.4. GFP DNA levels were
measured using a gene specific probe (assay ID: Mr03989638_mr) and were
normalised to an internal control of genomic glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) using a copy number assay probe (assay ID:

MmO00186822_cn) as a measure of genomic DNA.

6.3.3 Cell fractionation

Cells were fractionated using the Cell Fractionation Kit (Abcam) as per section 2.3.6.
DNA was extracted from the cytosolic and nuclear fractions using the QlAamp DNA
Mini Kit (QIAGEN). Samples were thawed on ice and made up to 200 pL with sterile
PBS. 20 pL of proteinase K (QIAGEN) was added to digest cellular proteins and 4 pL of
RNase K (final concentration of 1.8 mg/mL) was added to remove cellular RNAs that
may interfere with the downstream qPCR analysis. The remainder of the protocol was
followed according to manufacturer’s instructions. qPCR analysis was performed using

1 ng of each DNA sample. GFP and Gapdh DNA levels were assessed using an absolute

201



quantification method where the amount of DNA was determined by interpolating
from a standard curve run in parallel. The final DNA levels were expressed as the

number of DNA copies per ng of total DNA.

For protein extraction from the cytosolic and nuclear fractions, one PI tablet was added
to 10 mL of Buffer A (Cell Fractionation Kit, Abcam) prior to use. The nuclear fraction
pellet was resuspended in RIPA buffer supplemented with PI (one PI tablet to 10 mL
RIPA buffer). The samples were homogenised with a hand-held homogeniser and
incubated on ice for 30 minutes. The nuclear fraction was centrifuged at 17,000 xg for
20 minutes at 4°C and the supernatant was transferred to a new tube for protein
quantification. For the western blot, protein samples were separated according to
section 2.1.6. Membranes were stained with primary antibodies to Histone H3, with a-
tubulin used as a loading control, followed by incubation with specific fluorophore-

conjugated secondary antibodies (Table 2.1).

6.4 Results

6.4.1 Hydroxychlorogquine exerts an antagonistic effect on TLR9

Hydroxychloroquine has been suggested to bind to CpG-containing nucleic acids to
induce conformational changes that prevent the sequences interacting with and
activating TLR9 [251, 256]. All cell samples were treated with 18.75 pM
hydroxychloroquine prior treatment with either 0 or 754.6 uM CpG-A. Cells were
subsequently transduced with AAV2.CAG.GFP.WPRE at an MOI 1,000 and were
harvested for flow cytometric analysis three days post-transduction. CpG-A treatment,

in the presence of hydroxychloroquine, induced a 1.9-fold decrease in GFP
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fluorescence (paired t-test, p=0.0348; n=7) (Figures 6.1A and B). However, compared
to samples treated without hydroxychloroquine (as per Figure 4.2), the inhibitory
effect of CpG-A on AAV transduction was significantly reduced in the presence of
hydroxychloroquine (Wilcoxon matched-pairs signed rank test, p=0.0156; n=7)
(Figure 6.1C). The fold change of CpG-A-treated to untreated samples without
hydroxychloroquine treatment was a mean 0.4-fold increase, while in equivalent
samples treated with hydroxychloroquine this increase was a mean 0.6-fold,

suggesting hydroxychloroquine diminishes the inhibitory effect of CpG-A.
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Figure 6.1. The agonistic TLR9 oligodeoxynucleotide CpG-A has a significantly reduced
effect in hydroxychloroquine treated cells. (A&B) Wildtype MEFs were treated with
18.75 pM hydroxychloroquine one hour prior to transduction with AAV2.CAG.GFP.WPRE at an
MOI of 1,000. Cells were also treated with 0 or 754.6 uM CpG-A 30 min prior to transduction.
GFP fluorescence and cell viability (7-AAD staining) were assessed three days post-
transduction by flow cytometry. (A) Representative fluorescence images and corresponding
flow cytometry plots (scale bar: 200 pm). (B) The mean proportion of GFP+ cells (+SEM, n=7).
*p <0.05 (paired t test). (C) The mean fold change of transduced live GFP+ cells treated with
CpG-A relative to cells with no CpG-A treatment. Cells were either treated with CpG-A alone or
with CpG-A and hydroxychloroquine (*SEM, n=7). *p <0.05 (Wilcoxon matched-pairs signed

rank test).

6.4.2 Absence of cGAS has no effect on hydroxychloroquine efficacy

To test the hypothesis that hydroxychloroquine may improve AAV transduction by

inhibiting the anti-viral DNA sensor cGAS, Cgas/- MEFs were treated with
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hydroxychloroquine to investigate its effect in the absence of this innate immune
factor. Cgas/- MEFs were treated with either 0, 3.13, or 18.75 uM hydroxychloroquine
one hour prior to transduction with AAV2.CAG.GFP.WPRE. The addition of
hydroxychloroquine increased the mean percentage of GFP+* cells from 38% with no
hydroxychloroquine, to 65% with 3.13 pM and 74% with 1875 upM
hydroxychloroquine (one-way repeated measures ANOVA, p<0.0001, n=6)
(Figure 6.2A-C). There was, however, an increase in 7-AAD staining in
hydroxychloroquine treated cells, suggesting that hydroxychloroquine was cytotoxic
to the Cgas~- cells (Figure 6.2B). When comparing the effect of hydroxychloroquine in
wildtype and Cgas/- MEFs, there was no significant difference in the fold increase of
the percentage of live GFP+ cells with and without hydroxychloroquine treatment

(Figure 6.2D).
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Figure 6.2. Hydroxychloroquine enhances AAV transduction in Cgas/- MEFs. Cgas~/-MEFs
were treated with 0, 3.13, or 18.75 uM hydroxychloroquine one hour prior to transduction
with AAV2.CAG.GFP.WPRE at an MOI of 1,000. (A) Representative fluorescence microscopy
images of MEFs treated with hydroxychloroquine acquired at three days post-transduction
(scale bar: 200 um). (B) Flow cytometry plots of GFP+ cells (GFP vs 7-AAD) and cell viability
(7-AAD vs FSC-A). (C) Mean percentage of live GFP* gated cells measured using flow cytometry

(¥SEM, n=6). ***p <0.001 (one-way repeated-measures ANOVA with Dunnett’'s multiple
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comparison test). (D) Fold change of the mean proportion of GFP* cells treated with 18.75 uM

relative to 0 uM hydroxychloroquine in wildtype and Cgas/-MEFs (+ SEM, n=6).

6.4.3 Hydroxychloroquine does not influence AAV entry

To assess the effect of hydroxychloroquine on the number of intracellular viral
particles soon after transduction, where a difference could suggest increased viral
entry, intracellular AAV genome loads were compared up to one hour post-
transduction. Wildtype MEFs were treated with either 0 or 1875 upM
hydroxychloroquine prior to transduction with AAV2.CAG.GFP.WPRE and DNA was
extracted from cells for qPCR analysis. GFP DNA levels were quantified as a readout for
the number of intracellular AAV genomes and quantified to Gapdh to determine the
mean number of viral genomes per cell. No significant difference in intracellular AAV
genome copy numbers was detected by qPCR between hydroxychloroquine treated

and untreated cells (Figure 6.3).
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Figure 6.3. Hydroxychloroquine has no effect on the total intracellular AAV genome
load. Wildtype MEFs were pre-treated with hydroxychloroquine for one hour prior to
transduction with AAV2.CAG.GFP.WPRE at a MOI of 1,000. Cells treated with 0 or 18.75 uM
hydroxychloroquine were harvested at 0, 10, 30, and 60 mins post-transduction. DNA was
extracted and GFP DNA levels were quantified using qPCR. GFP DNA was normalised to Gapdh

genomic DNA copy numbers (+SEM, n=3).

6.4.4 Hydroxychloroquine influences the subcellular localisation of AAV

Cell fractionation was used to determine the subcellular localisation of AAV genomes
between the cytosolic and nuclear fractions in wildtype MEFs. Successful isolation of
cytosolic and nuclear fractions was confirmed by western blot analysis of proteins
unique to each cellular fraction; the cytosolic marker, a-tubulin, and the nuclear
marker, histone H3 (Figure 6.4A). Wildtype MEFs were treated with or without
18.75 uM hydroxychloroquine prior to transduction with AAV2.CAG.GFP.WPRE and
were harvested 24 hours post-transduction for cellular fractionation. qPCR analysis of
genomic Gapdh DNA confirmed the successful fractionation of each sample. Gapdh DNA
was detected in all nuclear fractions and was absent in cytosolic fractions

(Figure 6.4B). gPCR analysis of GFP DNA, to quantify relative number of AAV genomes
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in the nuclear and cytosolic fractions, demonstrated hydroxychloroquine treatment to
alter the subcellular distribution of AAV with a trend toward increased nuclear
localisation (Figure 6.4C). Although the interaction between the hydroxychloroquine
treatment and cellular fraction was statistically significant (two-way ANOVA,

p=0.0356; n=3), this did not reach statistical significance upon multiple comparison

testing (Figure 6.4C).
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Figure 6.4. Hydroxychloroquine influences the subcellular distribution of AAV viral
genomes. Wildtype MEFs were pre-treated with 0 or 18.75 uM hydroxychloroquine for one
hour prior to transduction with AAV2.CAG.GFP.WPRE at a MOI of 1,000. Cells were harvested
24 hours post-transduction and separated into cytosolic and nuclear fractions. (A) Western
blot of a-tubulin and histone H3 protein expression in cytosolic [C] and nuclear [N] fractions,
and unfractionated whole cell lysate [L]. (B) Gapdh genomic DNA levels and (C) paired data of

0 or 18.75 pM hydroxychloroquine treated samples plotted onto mean GFP DNA copy numbers

per ng of DNA (*SEM, n=3).

6.5 Discussion

In this chapter, the immunomodulatory activity of hydroxychloroquine was
investigated as a potential mechanism of action for the enhancement of AAV

transduction. Several studies have proposed that hydroxychloroquine can inhibit
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TLR9 [251, 253, 255, 256, 297]. Hydroxychloroquine partially abrogated the inhibitory
effect of CpG-A on AAV transgene expression, suggesting that hydroxychloroquine may
be an antagonist of TLRY. If hydroxychloroquine prevents the activation of TLR9 by
causing conformational changes in DNA [251, 256], it is possible that this partial
response may be a result of the stoichiometric ratio between hydroxychloroquine and
CpG-A, such that residual unbound CpG-A was still available to activate TLR9. To
further investigate this interaction, the effect of hydroxychloroquine could be assessed
in TIr9/- cell lines. However, despite evidence suggesting hydroxychloroquine can
disrupt dsDNA binding and activation of cGAS [250], hydroxychloroquine did not
discriminate in its ability to improve AAV transduction between wildtype and Cgas/-
MEFs, suggesting that hydroxychloroquine is unlikely to act exclusively through cGAS.
Due to the broad range of targets of hydroxychloroquine it is possible that it does not
act on one single pathway. Therefore, if hydroxychloroquine was able to also prevent
activation of compensatory pathways such as TLR9, which function in the absence of
cGAS, then a beneficial effect may still be observed in Cgas/- MEFs. The effect of
hydroxychloroquine treatment on in vitro and in vivo expression of downstream
effectors, such as pro-inflammatory cytokines, type I interferons, and the cGAS effector
cGAMP, could help confirm the immunomodulatory effect of hydroxychloroquine on

AAV-mediated immunity.

Given that hydroxychloroquine has known effects on the endosomal pathway, and that
AAV particles rely on endocytosis to travel from the cell membrane to the nucleus [21],
linvestigated the effect of hydroxychloroquine on the transduction pathway. To assess
the effect on AAV cell entry, the number of viral genomes was measured up to one hour

post-transduction, given that the half-life for AAV internalisation can be less than 10
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minutes [17]. There was no detectable difference in the number of viral genomes
following hydroxychloroquine treatment, possibly indicating that hydroxychloroquine
does notact by increasing AAV entry in target cells. Although cells were washed several
times with buffer prior to qPCR analysis, residual AAV particles may remain bound to
the cell surface. The use of vectors with fluorescently-tagged capsid proteins would aid
in the tracking of AAV particles during cell surface binding and internalisation [17, 306,
307]. Investigation into the subcellular localisation of AAV revealed that
hydroxychloroquine treatment induced a strong trend towards shifting of genomes
from the cytosol to the nucleus, suggesting that hydroxychloroquine may influence the
ability for AAV particles to reach the nucleus, an essential step in successful transgene
expression. This observation may suggest enhanced endosomal escape or nuclear
entry, and could account for the increased transgene expression seen following
hydroxychloroquine treatment. An in vitro study investigating the importance of
endosomal pH for the externalisation of the phospholipase A2 domain in the VP1
capsid protein, demonstrated decreased AAV transgene expression in HeLa cells
following treatment with bafilomycin A1 and high concentrations of chloroquine
(50 uM), which were thought to raise endosomal pH [25]. Although bafilomycin A1 was
able to prevent exposure of the VP1 N termini, up to two hours post-transduction,
chloroquine enhanced the presentation of this domain. The transient increase in the
presentation of the phospholipase A2 domain may enable increased endosomal escape
and could encourage a greater number of AAV particles to reach the nucleus, which
may explain the increased AAV nuclear localisation. Nonetheless, treatment with 50
UM chloroquine inhibited AAV transduction [25], which contradicts the results

observed in this thesis. To further investigate this, detection of AAV genomes with the
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recently developed signal amplification by exchange reaction fluorescence in situ
hybridisation (SABER-FISH) method, may enable increased sensitivity and resolution
in the visualisation of the AAV transduction pathway [224]. Ultimately, these findings
pose a conflicting view of the role of hydroxychloroquine in viral transduction,
challenging the use of this drug to inhibit viral transduction and supporting a complex
dose-dependent mechanism of action of hydroxychloroquine [308]. Unfortunately the
use of higher hydroxychloroquine doses is limited in MEFs due to cytotoxicity,
however the use of other cell lines which can tolerate high doses, such as HepG2 and
HeLa cells [25, 165], may help further delineate the dose-dependency of the

mechanism of action of hydroxychloroquine in viral infections.

6.6 Conclusion

In this chapter the mechanism for hydroxychloroquine-mediated enhancement of AAV
transduction was investigated in vitro. Despite the known immunomodulatory effect
of hydroxychloroquine, an equally efficacious enhancement of AAV transduction was
observed in Cgas/- MEFs, suggesting that hydroxychloroquine does not function
primarily through the inhibition of cGAS. However, hydroxychloroquine treatment was
able to diminish the inhibitory activity of a TLR9 agonist, which supports
hydroxychloroquine as a potential TLR9 antagonist. Although there was no detectable
effect on viral entry, hydroxychloroquine enhanced the number of nuclear AAV
genomes, which may account for the increased transgene expression observed

following hydroxychloroquine treatment.
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7 General discussion

The objective of this thesis was to assess immunological responses to AAV retinal gene
therapy at both the cellular and intracellular level. One of the major limitations of
inflammation in retinal gene therapy clinical trials is the presence of a dose-ceiling
beyond which inflammatory immune responses occur. This thesis therefore also
assessed the use of an immune inhibitor which can be used to improve the efficacy of
retinal gene therapy without increasing vector dose. The immunomodulatory drug
hydroxychloroquine presents a means of enhancing AAV transgene expression in vitro,

ex vivo, and in vivo, specifically in cell types relevant to retinal gene therapy.

7.1 Cellular immune response to retinal gene therapy

Despite the low immunogenicity of AAV compared to other viral vectors and
assumptions of ocular immune privilege, local and systemic immune responses have
been observed across numerous retinal gene therapy trials [151, 152, 183].
Inflammatory responses, and associated drops in visual acuity, are typically resolved
with corticosteroid treatment, however occasional persistent inflammation occurs
suggesting a sustained response to gene therapy [278]. Clinically, local retinal
inflammation has been observed with the use of SD-OCT imaging to monitor the
appearance of hyper-reflective spots in the retina, indicative of AAV-mediated
inflammation [176, 178]. Fluorescein angiography, in which a fluorescent dye is
injected into the bloodstream to visualise retinal and choroidal vasculature, has also
revealed a transient compromise of the blood-retina barrier following subretinal AAV

injections in non-human primates [184]. Furthermore, immunohistochemical staining
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in non-human primates and histopathological analysis in dogs has demonstrated the
presence of peripheral B and T cells in the retina following subretinal and intravitreal
AAV injections, respectively, suggesting leukocyte recruitment and invasion [176,
179]. Together these studies support the presence of a cellular immune response to
AAV retinal gene therapy, with leukocyte transmigration across the blood retina

barrier.

In Chapter 3, the retinal cellular inflammatory response to AAV subretinal injections
in mice was characterised using flow cytometric analysis. In retinae injected with
vectors expressing a GFP transgene protein, a significant cellular response was
detected 14 days post-injection. The presence of significant numbers of macrophages,
NK cells, and CD8 T cells, and the absence of B cells, suggests the initiation of a type 1
cell-mediated effector response coordinated by CD4 Tul cells, which functions to
provide effective protection against viruses [93]. This is further supported by the
expression of the classical type 1 cytokines IFN-y, TNF-f3, and CXCL10, following in vivo
subretinal AAV injections [175-177]. Our group previously demonstrated the
upregulation of key PRRs and type 1 interferon response genes in the retina from day
7 post-subretinal AAV gene therapy [175]. As a significant infiltration of leukocytes
was not detected in this thesis until 14 days post-injection, this suggests that
expression of these innate immune factors likely originates from resident retinal cells.
Together these findings could suggest detection of AAV by a retinal cell, such as
microglia, resulting in the production of pro-inflammatory cytokines and the induction
of a cellular immune response. However, the function of this coordinated type 1

response is to detect and destroy virus-infected cells, which may have implications in
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the therapeutic outcome of gene therapy where the number of successfully transduced

cells will be important in the treatment of inherited retinal degenerations.

Following the peak of a T cell response, numbers rapidly decline to leave a pool of
memory T cells primed for re-exposure to the viral antigen [96]. Substantial numbers
of both CD4 and CD8 T cells were observed in the experiments described in this thesis
from 14-28 days post-injection, suggesting the response had not resolved within the
time-frame analysed. Investigation at a later time-point, and the use of additional
markers, may determine the presence of memory T cells once the response has cleared,
which may be an important determinant in the success of AAV re-administration.
Despite evidence for the presence of CD20+* B cells in cynomolgus macaques following
subretinal injections of AAV8 [176], B cells were not detected in the experiments in
this thesis. One possible explanation for these differences may be degree of exposure
to AAV antigens in these animal populations. Although low levels of pre-existing
antibodies to several AAV serotypes have been detected in wildtype mice obtained
from Charles River Laboratories [309], these are likely to be significantly less prevalent
than in non-human primates, which, like humans, are natural hosts of wildtype AAV
[310]. Despite the detection of possible T and B cell responses to retinal gene therapy,
no loss in efficacy has been observed following subsequent AAV subretinal injections
of the second eye [189, 311]. This is in contrast to other gene therapies where
neutralising antibody responses can be significantly limiting to AAV administration
[160, 167, 168] and may indicate that pre-existing adaptive immune responses play a
minimal role in the retina. However, many current retinal gene therapy trials adopt a
standardised immunosuppression protocol up to 21 days post-treatment which may

ameliorate this response [151, 152, 312]. Ultimately there are several differences
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between the mouse and human immune system, which may pose a limitation in the
use of mice to analyse immunological responses [313]. It thus remains to be seen
whether activation of the adaptive immune response will limit the therapeutic effect

of retinal gene therapy.

GFP-expressing AAV vectors are commonly utilised in mechanistic in vitro and in vivo
studies, however there has been little investigation of the relative contribution of this
fluorophore in retinal inflammation and toxicity. One study demonstrated equivalent
immune activation and retinal toxicity between GFP and null expressing vectors [177],
while another suggested reduced toxicity with a null expressing vector compared to
GFP [185]. However, differences in the design of these null vectors, with the former
removing the transgene sequence [177] and the latter enclosing the GFP sequence
between two loxP sites [185], may ultimately affect the mechanism of this response.
The null vector used in this thesis was designed with a non-functional sequence and
the Kozak translation initiation site was removed to prevent protein expression. The
toxic reaction to this vector may therefore represent a different mechanism to other
null vectors. In Chapter 3, comparison of the retinal immune response to GFP- and
REP1-expressing vectors demonstrated a significantly reduced response to REP1. GFP
overexpression is associated with oxidative stress and immune activation [228], which
may contribute to these inflammatory responses. Furthermore, GFP, originally isolated
from the jellyfish Aequorea Victoria, is a non-vertebrate protein that will be perceived
as a novel antigen to the wildtype retina; this may ultimately increase its
immunogenicity compared to expression of the retinal REP1 protein. Nonetheless,
gene therapy patients with choroideremia who have a loss-of-function mutation in the

CHM gene (encoding REP1), may also present an enhanced response due to a possible
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lack of tolerance to the REP1 protein. Although further evidence would be needed to
conclude that GFP is more immunogenic than the therapeutic transgene REPI, the
experiments presented in this thesis suggest that differences in the immunogenicity of
AAV vectors may exist beyond the vector capsid and cis-regulatory elements.
Investigation into the mechanism of this response may aid the development of less
immunogenic vectors and may highlight the need to move away from GFP-expressing

vectors in the investigation of AAV-induced immunological responses.

Under normal conditions, the blood-retina barrier, which consists of tight junctions
between retinal capillary endothelial and RPE cells, functions to protect the retina from
damaging inflammatory responses [314]. However, during retinal inflammation, local
expression of pro-inflammatory cytokines can upregulate adhesion molecules and
chemokines on the basal RPE membrane [315, 316], which are induced in the retina
following AAV subretinal injections [175-177]. These molecules function to promote
leukocyte recruitment, adhesion, and infiltration through the blood-retina barrier,
ultimately increasing permeability to circulating leukocytes [127, 145, 148, 149].
Although questions remain about the source and mechanism of this response,
recruitment of immune cells into the retina suggests infiltration from the peripheral
blood, likely across the blood-retina barrier. Reducing the permeability of this barrier
may therefore provide an opportunity to block leukocyte infiltration. The monoclonal
antibody natalizumab is an antagonist of a4 integrins, which are expressed the surface
of leukocytes to mediate their interaction and transmigration across the blood-brain
barrier [317], and could be explored as a possible means of restricting infiltration
across the blood-retina barrier. Furthermore, subretinal AAV delivery in mice is

undertaken with a transcleral injection from the back of eye through the sclera,
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choroid, and RPE layers, however, in humans, transretinal subretinal injections are
performed from the front of the eye and through the retina [155]. As transcleral
injections pass through the choriocapillaris and RPE, there is a chance for increased
trauma and breakdown of the blood-retina barrier. Furthermore, suprachoroidal
injections (between the choroid and sclera) induce a significant local cellular response

[318], so care should be taken to avoid inadvertent suprachoroidal delivery.

The activation and dysregulation of immunity can play a strong role in retinal
degenerative diseases which can drive chronic inflammatory responses. During acute
inflammation microglia maintain retinal homeostasis by promoting neuroprotection
and regeneration, however, during chronic inflammation microglia can contribute to
pathogenesis by inducing significant tissue damage [319]. Several features of the
immune system play a significant role in driving the pathogenesis of age-related
macular degeneration (AMD) [320, 321]. Accumulating evidence suggests that over
activity of the complement pathway plays a role in driving AMD pathogenesis and RPE
damage [322]. This is the basis of a current AAV retinal gene therapy trial for
geographic atrophy (dry AMD) delivering complement factor I (CFI), a negative
regulator of the alternative pathway [323]. Furthermore, in response to inflammatory
damage, microglia accumulate in the subretinal space, a feature of their activation,
which in turn exacerbates retinal degeneration [319]. During neovascular (wet) AMD
the breakdown of the blood-retina barrier due to RPE damage can lead to infiltration
of choroidal immune cells such as macrophages, dendritic cells, and neutrophils into
the retina, which can drive further neovascularisation [320, 324]. Reactivity of
microglia, in response to the sequential degeneration of rods and cones, is also a

feature of retinitis pigmentosa, and it has been suggested that microglia can drive
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pathogenesis by secreting pro-inflammatory factors [319]. The effect of introducing a
viral immunogen into an immune-activated environment is currently unclear and it
should be considered that patients may be more sensitive to the immunogenic features
of AAV. It therefore remains to be seen whether the mechanisms surrounding the
immunological events of AAV retinal gene therapy are equivalent in the degenerate

retina.

7.2 Activation of intracellular innate immune responses

There are several features of the AAV vector which have the potential to elicit an innate
immune response through host cell PRRs. The AAV genome and capsid proteins can
elicit a TLR9- and TLR2-mediated intracellular innate response, respectively [157,
169-171], while the double-stranded RNA transgene product has been shown to elicit
an immune response through the RNA sensor MDAS [172]. Furthermore, the PRRs
TLRY, RIG-1, and cGAS are locally upregulated following AAV subretinal injections in
mice [175]. Activation of these PRRs converge on NF-kB- and IRF-mediated
upregulation of pro-inflammatory cytokines and type I interferons, respectively [53,
66, 325]. In turn, these can coordinate the recruitment, infiltration, and activation of
immune cells in the retina [127, 148]. It has been hypothesised that the activation of
these pathways may be responsible for the retinal inflammation and toxicity observed

in some AAV retinal gene therapy studies [176, 177, 184].

In Chapter 4, I expanded on the growing evidence for AAV as a viral antigen by
demonstrating AAV transgene expression to be significantly reduced by treatment

with a TLR9 agonist. This finding supports a number of studies investigating the role
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of TLR9 in AAV-mediated immune responses. Until now, TLR9 has been considered
primarily in the context of systemic immunity, in particular its role in CD8 T cell
responses against the viral capsid and transgene [169, 170]. However, the impact of
TLR9 activation on AAV transduction in vitro, as seen in Chapter 4, suggests activation
of this pathway can restrict transgene expression independent of the cellular immune
response. In this chapter, I also demonstrated a 6.4-fold increase in AAV transgene
expression in Cgas7/- compared to wildtype MEFs, suggesting that cGAS is a limiting
factor in AAV transduction. This is the first evidence of cGAS as a potential restrictive
determinant in AAV transduction and suggests that AAV particles may escape from
endosomal compartments and expose their genome to the cytosolic cGAS. Typically,
the ligand of cGAS is dsDNA [58, 61, 63], however stem structures of ssDNA, such as
those seen during the replication cycle of HIV, can induce cGAS-dependent type I
interferon responses [62]. This reveals a potential for the secondary hairpin structures
of AAV ITRs to induce activation of cGAS. Furthermore, AAV particles are packaged
with positive and negative strands, which, when released from the capsid, may anneal
to form double-stranded structures [31]. Detection of antibody-bound virions by the
cytosolic protein TRIMZ21, can induce capsid proteasomal degradation and release of
viral genomes to activate cGAS [114]. Similarly, TRIM5a is believed to promote
disassembly of the capsid and release of the viral genome in retroviruses, with some
studies suggesting this to occur via ubiquitin-dependent proteasomal degradation
[326, 327]. As AAV has been demonstrated to undergo proteasomal degradation [328,
329], this may suggest that these pathways could induce cytosolic cGAS sensing of the
transgenic AAV genome. AAV vectors with a single-polarity genome have been

demonstrated to have transduction efficiencies comparable to mixed polarity vectors
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following intramuscular and intravenous injections in C57BL/6 mice [32]; this may
provide an opportunity to reduce cGAS mediated immunity. Nonetheless, the role of
cGAS in AAV detection warrants additional investigation to further uncover the
immunogenicity of the AAV genome. There are likely several other, currently

unknown, PRRs that may detect AAV vectors to elicit inhibitory effects.

TLR9 and cGAS are expressed in the murine retina and are significantly upregulated
following AAV subretinal injections in mice, revealing a potential role of these factors
in retinal immunity [175]. As the resident retinal immune cell, microglia are capable of
inducing pro-inflammatory cytokine expression through TLR9-mediated responses
[132]. Another source of TLR9 are RPE cells [191], which can also mediate cGAS-
induced interferon expression to drive inflammasome activation during AMD [192].
Due to the implications of TLR9 and cGAS on the efficacy of AAV transduction,
preventing these intracellular innate immune pathways may both directly, by
inhibiting restrictive intracellular responses, and indirectly, by minimising retinal
inflammation, enhance the therapeutic outcome of gene therapy. In fact, the TLR9-
mediated CD8* T cell response to AAVrh32.33 was significantly diminished upon
depletion of CpG sequences (the ligands for TLR9 receptors) in the viral genome [170].
Furthermore, a very recent study, which was published days before submission of this
thesis, demonstrated a substantial reduction in AAV immunogenicity and a significant
increase in transgene expression when DNA ODNs that antagonise TLR9 activity were
directly incorporated into the AAV genome [330]. Incorporation of these sequences
significantly reduced Ibal microglial staining and the number of T cells in the retina
following subretinal AAV delivery, thus supporting the role of TLR9 in AAV-induced

immunity and validating the findings in this thesis of T cell responses in the retina.
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However, between PRR pathways, such as TLR9 and cGAS, there is a significant degree
of compensation and redundancy [331], therefore, broadly inhibiting these innate
immune pathways may be a practical means of supplementing the therapeutic

outcome of retinal gene therapy.

7.3 Improving the efficacy of retinal gene therapy

Results from retinal gene therapy clinical trials and pre-clinical testing in animal
models suggest that AAV-mediated inflammation is dose-dependent and often absent
at low vector doses [151, 152, 180, 182, 183, 332, 333]. Although the impact of
inflammation on the outcome of gene therapy remains unclear, ocular inflammation
has been associated with a lack of therapeutic effect and deterioration in visual acuity
[152, 179, 183]. However, the efficacy of retinal gene therapy is inversely dependent
on viral dose, where low doses can result in minimal improvements in visual acuity,
possibly due to insufficient levels of transgene expression [152, 275]. The current aim
for gene therapy trials is to find an optimal vector dose that allows for sufficient
therapeutic treatment without inducing potential harmful inflammatory responses. In
spite of the success of some trials, such as for RPE65-associated LCA, which achieved
improved visual outcomes with few cases of inflammation [150], others have
experienced varying degrees of efficacy, often correlating with inflammatory reactions
[183, 334]. Ameans of improving the efficacy of retinal gene therapy at lower and safer

doses may therefore allow for an enhanced therapeutic effect in future applications.

Strategies to enhance AAV transduction have primarily focussed on either

modification of the vector itself or the adjunctive use of drugs affecting the
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transduction pathway, with many of these strategies targeting retinal inflammation
[335]. The use of adjuncts with well-established safety profiles to enhance gene
therapy efficacy have the benefit of enabling implementation into current safe gene
therapy treatment strategies without the need to modify the vector itself, which adds
additional complications in drug development. Currently the only approach widely
implemented into AAV retinal gene therapy treatments is a perioperative period of
systemic immunosuppression with corticosteroids [150-152].  Although
corticosteroids typically provide an effective means of controlling ocular
inflammation, at high vector doses cases of intraocular inflammation have persisted,
requiring supplementary corticosteroid treatment. This can include oral prednisolone,
dexamethasone eye drops, and intravitreal dexamethasone implants (Ozurdex), as
demonstrated in the phase 1/2 dose-escalation gene therapy trial for X-linked retinitis
pigmentosa [152]. Despite the management of inflammation in the majority of
patients, the effect of such reactions on the therapeutic outcome for patients
undergoing retinal gene therapy is yet to be established. Given its effect on NF-kB, a
downstream effector of TLR9 and cGAS, in Chapter 4 I investigated the effect of
dexamethasone on AAV transduction in vitro. Treatment with dexamethasone had no
effect on AAV transduction and so further testing was not pursued, however, given its
ability to suppress inflammation in retinal gene therapy trials, it may have a greater
effect if systemically delivered in vivo. However, a recent study demonstrated that
intraperitoneal injections of the corticosteroid dexamethasone in C57BL/6 mice, given
before or at the same time as AAV9 systemic injections, significantly decreased
transduction in the majority of tissues due to a predicted inhibition of vascular

permeability to AAV vectors [336]. Although changes in vascular permeability may not
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be relevant for successful transduction following subretinal injections, given their
widespread use in retinal gene therapy, further investigation into the effect of

corticosteroids on the therapeutic outcome is warranted.

Other strategies to increase the efficacy of gene therapy with adjunctive treatments
that mediate immune reactions have focussed on the avoidance of humoral responses.
One study demonstrated the use of the FDA approved drug bortezomib to enhance AAV
transduction by inhibiting proteasomal antigen processing and subsequent
presentation on MHC I molecules in the human hepatocyte cell line HHL5 [337].
Intravenous co-administration of bortezomib and an AAV2 vector in C57BL/6 mice led
to a transient increase in transgene expression (<6-fold), however this was not
extended to use with an AAV8 vector [337]. Alternatively, the endopeptidase imlifidase
(IdeS) has been developed as a means of eliminating anti-AAV antibodies [338].
Cynomolgus macaques with pre-existing anti-AAV8 antibodies were intravenously
injected with IdeS 24 hours prior to AAV8.FIX injections. This led to decreased titres of
AAV8-specific IgG and neutralising antibodies and a significant increase in FIX
transgene expression. IdeS also enabled re-administration of the novel AAV variant
AAV-LKO3 in African green monkeys, leading to a significant increase in transgene
expression [338]. Although anti-AAV antibodies have been detected in some retinal
gene therapy clinical trials following subretinal [183] and intravitreal injections [168,
339], it remains to be seen whether such methods would prove effective in retinal gene
therapy given that neutralising antibody responses are generally minimal following
subretinal AAV injections [151]. Other approaches have been to inhibit AAV-specific
cellular immune responses using the immunosuppressant rapamycin. The co-

administration of synthetic nanoparticles containing rapamycin with an AAV8 vector
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by intravenous injection in C57BL/6 mice and cynomolgus macaques prevented the
induction of B and T cell responses [340]. Despite reducing AAV-specific immune

responses, this had no detectable effect on transgene expression.

Given the effect of TLR9 and cGAS on AAV transduction in this thesis, the
immunomodulatory drug hydroxychloroquine, a putative inhibitor of these factors,
was investigated as a means of enhancing the efficacy of AAV transgene expression. In
Chapters 4 and 5, hydroxychloroquine was demonstrated to enhance AAV transgene
expression in vitro (MEFs and non-human primate primary RPE cells), ex vivo (human
retinal explants), and in vivo (murine retina). Co-injection of hydroxychloroquine into
the subretinal space led to increased GFP transgene expression with both an AAV2
(mean 4.6-fold) and AAV8 (5.9-fold) serotype vector, including a ubiquitous and
photoreceptor-specific promoter, respectively. This suggests hydroxychloroquine can
enhance transduction within multiple retinal cell types and with the two most common
vector serotypes in retinal gene therapy. An increased level of transgene expression in
eyes co-injected with hydroxychloroquine may have implications in gene therapy
trials, for instance a lower and safer viral dose could be utilised to achieve a given
treatment effect or increased efficacy could be achieved at current vector doses. The
former may have significant implications for treatments that have inflammatory
responses at higher doses, while the latter may be important for inefficient gene
therapies that need high AAV doses to achieve a treatment effect. The latter hypothesis
was investigated in Chapter 5 with the inefficient dual vector system encoding ABCA4,
however, no effect was observed following co-injection of hydroxychloroquine and the
ABCA4 dual vector. It is likely that the dual vector system is limited by the homologous

recombination of upstream and downstream vectors necessary to create the full length
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ABCA4 transgene. This recombination event may be unaffected by hydroxychloroquine
treatment, and thus its application may only be appropriate to single vector constructs.
Investigation into the use of hydroxychloroquine with therapeutic transgenes will be

key in the application of this adjunct into retinal gene therapy trials.

7.4 Immunomodulatory effect of hydroxychloroquine

The inhibition of key PRRs, such as TLR9 and cGAS, by hydroxychloroquine and
chloroquine has been shown to affect downstream pro-inflammatory cytokine and
type I interferon responses at concentrations <25 puM [250, 251, 258]. In vitro, both
hydroxychloroquine and chloroquine have been shown to inhibit the production of the
pro-inflammatory cytokines TNF-qa, IFN-y, and IL-6 in PBMCs [341], and TNF-q, IL-1f3,
and IL-6 in human monocytes [342]. In turn these pro-inflammatory cytokines can
control cellular immune responses: IFN-y can prime macrophages for pro-
inflammatory responses and render them resistant to suppressive immune factors
[343]; IL-6 can control the survival, expansion, and maturation of B cells [344]; and
TNFa is key in activating and promoting the long-term survival of macrophages [345].
A type I interferon response also induces an anti-viral state within infected and

neighbouring cells, which can limit viral infections across a whole tissue [68].

In addition to the inhibition of PRRs and their downstream signalling pathways,
hydroxychloroquine and chloroquine also appear capable of indirectly modulating
immune responses though the alkalisation of lysosomes when used at higher
concentrations. The processing of extracellular material for antigen presentation is

classically undertaken by professional antigen presenting cells, which utilise the
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lysosomal pathway to display short peptides on MHC class Il molecules for detection
by CD4 T cells [99]. By increasing the pH of lysosomes, chloroquine can affect antigen
processing, as demonstrated in macrophages (at 100 uM) [346], dendritic cells (at
100 uM) [347], and B cells (at 25-100 pM) [348]. Notably, these effects, which are
associated with raised endosomal and lysosomal pH, were primarily observed at high
concentrations of chloroquine (100 uM). In addition, chloroquine has been shown to
inhibit autophagy, a regulated process for removing damaged intracellular organelles
or proteins by enveloping cytoplasmic material, by inhibiting the fusion between
autophagosomes and lysosomes [349]. This, in turn, leads to the inhibition of
presentation of cytosolic antigens, including autoantigens and viral antigens, on MHC
class I molecules via the autophagy-lysosomal pathway [350-352]. Since
dysregulation of autophagy contributes to cancer development and chemotherapy
resistance, hydroxychloroquine has been evaluated as an autophagy inhibitor in
clinical trials for various cancers [353-356]. Very high daily doses of
hydroxychloroquine (typically <1200 mg/day) have been used in this context in order
to effectively block the fusion of lysosomes with autophagosomes, thus supporting the
dose-dependent mechanism of action of hydroxychloroquine. Overall, study findings
are consistent with hydroxychloroquine and chloroquine having a direct
immunosuppressive effect on viral sensing and pro-inflammatory cytokine release at
low concentrations, and an indirect immunomodulatory effect via lysosomal antigen

processing and presentation at high concentrations.

The data presented in Chapter 6 suggest that hydroxychloroquine may function to
enhance AAV transduction by partially preventing the activation of TLR9. Due to the

low concentrations of hydroxychloroquine used in these studies (18.75 puM), a
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potential mechanism was proposed whereby the diminished inhibitory activity of the
TLR9 agonist CpG-A in the presence of hydroxychloroquine was due to an antagonistic
role in TLRY activation, such as inducing conformational changes in nucleic acids to
preventits activation [251, 256]. However, TLR9 activity is ultimately optimal in acidic
conditions, so despite assumptions of a minimal effect on endosomal pH at the
concentrations of hydroxychloroquine in this thesis, alterations in the pH may
indirectly inhibit TLR9 activity [255]. It cannot be ruled out that the diminished
inhibitory effect of CpG-A in the presence of hydroxychloroquine may be due to the
enhancement of AAV transduction through another, independent mechanism that
could mask the inhibitory activity of CpG-A. Furthermore, hydroxychloroquine
demonstrated no change in its ability to enhance AAV transduction in the absence of
cGAS. This may suggest that either hydroxychloroquine does not function through
inhibiting cGAS activation by AAV, or that AAV does not activate cGAS. Further work
would therefore be necessary to establish a restrictive role of cGAS in AAV
transduction. The immunomodulatory effect of hydroxychloroquine may also have
significant implications on the inflammatory response to retinal gene therapy. Unlike
adjuncts such as bortezomib and rapamycin, which control humoral and cellular
responses respectively, the inhibition of TLR9-mediated responses may prevent
induction of upstream intracellular reactions at the point of AAV detection. Thus, given
the potential role of hydroxychloroquine and chloroquine in restricting cellular
immune responses, it would be of significant interest to assess the effect of subretinal
hydroxychloroquine injections on the cellular inflammatory reaction observed in

Chapter 3. Nevertheless, further investigation into the restrictive role of
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hydroxychloroquine on TLR9 would also be necessary to validate the potential

inhibitory effect of this drug on innate immunity.

The effect of hydroxychloroquine on the intracellular localisation of AAV genomes,
suggests a possible enhancement in transduction and nuclear entry. As the total
number of intracellular genomes was equivalent between hydroxychloroquine treated
and untreated cells, it is likely that the effect is on an intracellular processing event
such as cell sorting, cytoplasmic escape, or nuclear entry. The current consensus is that
acidification of endosomal compartments is necessary for AAV cytoplasmic escape,
however, studies investigating this mechanism of action have relied on the use of drugs
that inhibit acidification of these compartments, including bafilomycin A1, ammonium
chloride, and chloroquine [17, 165, 357], which are likely to disrupt other cellular
processes. Given that the alkalisation of endosomes would be expected to inhibit AAV
cytoplasmic escape and, therefore, successful transduction, the mechanism of action of
hydroxychloroquine is unlikely to be via the inhibition of endosomal function.
Nonetheless, a shift in the localisation of AAV genomes is also potentially consistent
with evasion of innate immunity. ISGs upregulated by TLR9-induced type I interferons
can affect all stages of a viral infection [68]. For instance, interferon-inducible
transmembrane (IFITM) proteins can inhibit endosomal acidification necessary for
cytoplasmic escape [358] and the GTP-binding protein myxovirus resistance B (MxB)
can block HIV-1 nuclear uptake [359]. Ultimately, investigation into the effect of
hydroxychloroquine on AAV intracellular processing and immune responses may help
to further dissect the AAV transduction pathway to enable enhancement in transgene

expression.
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Regardless of its immunomodulatory activity, enhancement of retinal gene therapy
efficacy by hydroxychloroquine presents an opportunity to utilise lower doses of AAV
to achieve a given treatment effect, which would ultimately help reduce AAV-mediated
inflammatory responses. A practical means of both suppressing immune reactions and
increasing the therapeutic effect is yet to be implemented into gene therapy trials,

however, could potentially address two of the biggest challenges in gene therapy.

7.5 Potential clinical applications of hydroxychloroquine

The adjuvant use of hydroxychloroquine to augment the effects of gene therapy at the
time of AAV vector delivery requires some consideration of the route of delivery of
hydroxychloroquine, dose administered, and duration of treatment. The use of
systemic orally delivered hydroxychloroquine described in Chapter 5 demonstrated
no signs of efficacy at the doses and durations tested. However, due to what is known
about the pharmacokinetics of hydroxychloroquine, a consistent and predictable
tissue concentration of hydroxychloroquine in the retina needed to enhance AAV
transduction would be difficult to achieve over a short interval. Comparatively, the
delivery of hydroxychloroquine by subretinal injection allows for precise control over
the local drug concentration. Furthermore, the use of a single one-off dose minimises
the duration for immunomodulation, and prevents systemic immunosuppression
which may have further off target effects. Since the dose of hydroxychloroquine
administered in the subretinal space in AAV gene therapy potentiates viral action,
there is a theoretical risk of viral retinitis. Systemic corticosteroid usage is associated
with the activation of viral retinitis in previously immunocompetent patients [360,

361], and intraocular or periocular corticosteroid use has also been associated with
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increased risk of acute retinal necrosis secondary to HSV [362, 363]. However, acute
retinal necrosis has not been reported in long-term systemic hydroxychloroquine
users despite clear evidence for drug accumulation within the RPE.
Hydroxychloroquine in the context of subretinal delivery may therefore function as an
immunomodulatory rather than immunosuppressive agent. This may suggest that
subretinal administration of a single low dose of hydroxychloroquine as an adjuvant
to AAV gene therapy is of low risk while offering the potential to reduce the AAV dose
required, thus reducing the risk of treatment-induced retinal inflammation and the
need for systemic steroids to counter this response. While existing evidence supports
the safety of low dose hydroxychloroquine in healthy retinae, it is unclear whether the
degenerate RPE and photoreceptors in inherited retinal dystrophies may respond

differently to the same concentration of hydroxychloroquine.

7.6 Conclusion

Overall, the results presented in this thesis further elucidate the immunogenicity of
recombinant AAV gene therapy vectors. A substantial cellular immune response to
AAV-mediated retinal gene therapy was detected in vivo, which was significantly
influenced by the nature of the vector transgene. Although the source of this response
remains uncertain, in vitro AAV transduction was limited by anti-viral nucleic acid
sensors revealing the potential immunogenicity of transgenic genomes. AAV-mediated
host responses will likely reduce the therapeutic efficacy of retinal gene therapy,
however the use of increased doses to overcome such limitations is prevented by dose-
dependent intraocular inflammation. Hydroxychloroquine presents an opportunity to

safely enhance the efficacy of retinal gene therapy when subretinally delivered in
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solution with the AAV vector. Together this thesis demonstrates the immunogenicity
of AAV vectors in the context of retinal gene therapy and presents a practical means of
enhancing therapeutic efficacy to potentially minimise harmful inflammatory

responses.
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Hydroxychloroquine enhances the efficacy of retinal gene therapy. Laurel C.
Chandler, Alun R. Barnard, Maria I. Patricio, Robert E. MacLaren, Kanmin Xue. ARVO

annual meeting 2018.

Purpose: Gene therapies for inherited retinal dystrophies using adeno-associated
viral (AAV) vectors have shown early signs of efficacy in clinical trials. We have
previously reported the activation of intracellular immune responses to AAV in the
retina, and postulated that these may limit viral transduction and therefore
therapeutic effects. Here we demonstrate that the use of a putative inhibitor of innate
immunity, hydroxychloroquine (HCQ), during gene therapy could significantly

enhance the efficacy of transgene expression in vitro and in vivo.

Methods: Mouse embryonic fibroblasts (MEFs), primary non-human primate (NHP)
retinal pigment epithelial (RPE) cells, and human retinal explants were treated with
HCQ prior to transduction with an AAV2 vector expressing green fluorescent protein
(GFP) as a reporter for successful transduction. On day 3 GFP expression was
quantified by flow cytometry in the MEFs and by reverse transcription qPCR in the
NHP RPE cells, and on day 11 by mean fluorescence grey value in the retinal explants.
To test the safety and efficacy of HCQ in vivo, subretinal injections of AAV2.GFP with
or without the addition of HCQ were performed in matched eyes of 7-week old
C57BL/6] mice. Confocal scanning laser ophthalmoscopy with retinal autofluorescence
(AF) imaging was performed at 2, 4 and 8 weeks post-injection, retinal thickness was

measured using optical coherence tomography.

Results: Compared with vector alone, the use of HCQ increased AAV transduction in

vitro/ex vivo. GFP expression was increased by 3.4-fold in MEFs (one-way ANOVA:
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n=4, p=0.0013), 3-fold in NHP RPE cells (n=3, p=0.0253), and 2-fold in human retinal
explants (n=6, p=0.0213). In vivo, mean retinal AF, which represents GFP expression,
demonstrated a 2-fold increase in eyes that received gene therapy with HCQ at 4 and
8 weeks, relative to paired eyes injected with AAV vector only (two-way ANOVA: n=5,
p=0.0057). No difference in retinal thickness (one-way ANOVA: n=5, p=0.4306) or
architecture were seen between eyes injected with and without HCQ, indicating

absence of toxicity.

Conclusions: HCQ significantly enhances AAV transduction across species. Subretinal
injection of a single pulse of HCQ together with the gene therapy vector appears to be
safe and leads to sustained increase in transgene expression. While the precise
mechanism of action remains unclear, adjunctive use of HCQ can potentially enhance

the therapeutic effects of gene therapy.
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Photoreceptor-specific AAV gene replacement enhanced by the adjunctive use of
hydroxychloroquine in vivo. Laurel C. Chandler, Michelle E. McClements, Alun R.
Barnard, Maria I. Patricio, Robert E. MacLaren, Kanmin Xue. ARVO annual meeting

2019.

Purpose: One of the major challenges of gene therapy for retinal diseases using adeno-
associated viral (AAV) vectors is how to achieve sufficient levels of gene replacement
within photoreceptors at a safe vector dose. Methods to improve efficacy of AAV
transduction, without increasing vector dose, could be key in achieving a greater
treatment effect. We previously reported that adjunctive use of hydroxychloroquine
(HCQ) could improve AAV transduction with a ubiquitous reporter construct. Here, we
further investigate whether HCQ can specifically enhance transgene expression in
photoreceptor cellsin vivo and whether the effect is applicable to different AAV

serotypes.

Methods: Subretinal injection of 1x108 genome copies (gc) of an AAV serotype 8
(Y733F) vector expressing GFP under the human photoreceptor-specific rhodopsin
kinase promoter (GRK1) were performed in SVEV mice with or without the addition of
3.13 or 18.75 pM HCQ in paired eyes. Six weeks post-injection, retinal thickness was
measured by in vivo optical coherence tomography (OCT) and retinal GFP protein
expression assessed by western blot; analysis was performed blind. For comparison,
C57BL/6] mice were subretinally injected with 1x108 gc of an AAV serotype 2 vector
expressing GFP under the ubiquitous CAG promoter with or without 18.75 uM HCQ in

paired eyes. Eight weeks post-injection retinal GFP protein expression was measured.
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Results: Compared with AAV vector alone, a 6.6 and 4.6-fold increase in retinal GFP
protein expression was seen in mice injected with 18.75 uM HCQ together with
AAV8(Y733F).GRK1.GFP (Wilcoxon matched-pairs signed rank test: p=0.0391; n=9) or
AAV2.CAG.GFP (p=0.0034; n=12), respectively. No significant increase in GFP protein
expression was found in eyes treated with 3.13 pM adjunctive HCQ compared with
vector alone. OCT showed no difference in retinal thickness or laminar structure in

eyes injected with AAV and 3.13 or 18.75 uM HCQ.

Conclusions: Adjunctive use of HCQ significantly increased retinal transgene
expression in vivo following retinal gene therapy using either AAV8 or AAV2 vectors
containing photoreceptor-specific or ubiquitous promoters. This potentially provides
a means of achieving clinically efficacious levels of transgene expression in
photoreceptors without a need to increase viral dose. Further work is needed to assess

the mechanism of action of HCQ and its effects in the degenerate retina.
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Cell-Mediated Inflammatory Response to AAV Gene Therapy in the Retina. Laurel
C. Chandler, Helen Ferry, Imran H. Yusuf, Michelle E. McClements, Robert E. MacLaren,

Kanmin Xue. ASGCT annual meeting 2020.

Introduction: Adeno-associated viral (AAV) vector-mediated gene therapies have
demonstrated efficacy in the treatment of a range of inherited retinal diseases,
including Leber congenital amaurosis, choroideremia and X-linked retinitis
pigmentosa. Despite promising results, clinical trials have revealed intraocular
inflammatory reactions to AAV as an important determinant of visual outcome.
Resident microglia play a central role in the immune surveillance of the retina and can
be activated by a wide range of stimuli. Here, we investigate the effects of AAV gene

therapy on the retinal microglia and immune cell population.

Methods: Subretinal injections of 1x10° genome copies of an AAV serotype 8 (Y733F)
vector expressing GFP (AAV8. GFP) were performed in three-week old C57BL/6] mice
with sham injections of PBS undertaken in the contralateral eyes. Retinae were
harvested at baseline and 3, 7 and 14 days post-injection (n=5 per time point) and
enzymatically dissociated into single cell suspensions. Cells were stained with
antibodies to CD45 (a pan-leukocyte marker) and CD11b (a marker for microglia and

macrophages) prior to flow cytometric analysis.

Results: Following subretinal injection of AAV8. GFP, a mean 3.2 + 0.4% of retinal cells
were GFP+*on day 3, rising to 42 + 15.7% by day 7 and 66.6 + 24% by day 14, indicating
successful AAV transduction. In 3 out of 5 AAV-treated retinae, all with the highest
transduction efficiencies by day 14, signs of mild vitreous inflammation were

detectable by optical coherence tomography as pre-retinal opacities. The retinal CD45+*
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cell population at baseline was predominantly CD45!°CD11b* (indicative of resident
microglia) with a small proportion of CD45hCD11b* cells (likely macrophages). No
significant increase in the CD45* cell population was seen at days 3 and 7 post-
injection. However, at day 14, sharp rises in the number of CD45+* cells were observed
in the AAV-treated retinae with a mean 8.7-fold increase relative to PBS-injected eyes,
positively correlating with the level of AAV transduction (Spearman’s rho = 1.0). These
CD45* cells were now predominantly a mixture of CD45hCD11b* macrophage-like
cells and CD45MCD11b- cells, which are indicative of infiltrating lymphocytes (Figure
1). Moreover, a mean 8.3% of the CD45+* cells, which were almost exclusively CD11b*,
were also GFP*, suggestive of AAV8-transduced resident microglia. The higher level of
CD45 expression among this GFP* population raises the possibility of microglial

activation. In contrast, these responses were not seen in the PBS-injected eyes.

Conclusion: Subretinal gene therapy with AAV8.GFP in mice leads to a cell-mediated
retinal inflammatory response, despite the use of a dose of vector previously shown to
be safe. The inflammatory responses are suggestive of both activation of resident

microglia and infiltration of lymphocytes independent of surgical trauma.

274



Molecular Therapy

Methods & Clinical Development
Original Article

AMERICAN SOCIETY of
w GENE & CELL

el THERAPY

Enhancement of Adeno-Associated Virus-Mediated
Gene Therapy Using Hydroxychloroquine
IN Murine and Human Tissues

Laurel C. Chandler,!? Alun R. Barnard,'? Sarah L. Caddy,* Maria I. Patricio,"> Michelle E. McClements,' Howell Fu,’
Cristina Rada,® Robert E. MacLaren,’? and Kanmin Xue!-?

!Nuffield Laboratory of Ophthalmology, Nuffield Department of Clinical Neurosciences, University of Oxford, John Radcliffe Hospital, Oxford OX3 9DU, UK; 2Oxford Eye
Hospital, Oxford University Hospitals NHS Foundation Trust, NIHR Biomedical Research Centre, Oxford OX3 9DU, UK; *Medical Research Council Laboratory of

Molecular Biology, Cambridge CB2 0QH, UK

The therapeutic effects of gene therapy using adeno-associated
virus (AAV) vectors are dependent on the efficacy of viral trans-
duction. Currently, we have reached the safe limits of AAV vec-
tor dose, beyond which damaging inflammatory responses are
seen. To improve the efficacy of AAV transduction, we treated
mouse embryonic fibroblasts, primate retinal pigment epithe-
lial cells, and human retinal explants with hydroxychloroquine
(HCQ) 1 h prior to transduction with an AAV?2 vector encoding
GFP driven by a ubiquitous CAG promoter. This led to
a consistent increase in GFP expression, up to 3-fold,
compared with vector alone. Comparing subretinal injections
of AAV2.CAG.GFP vector alone versus co-injection with
18.75 pM HCQ in paired eyes in mice, mean GFP expression
was 4.6-fold higher in retinae co-treated with HCQ without
retinal toxicity. A comparative 5.9-fold effect was seen with
an AAV8(Y733F).GRK1.GFP vector containing the photore-
ceptor-specific rhodopsin kinase promoter. While the mecha-
nism of action remains to be fully elucidated, our data suggest
that a single pulse of adjunctive HCQ could safely improve
AAV transduction in vivo, thus providing a novel strategy for
enhancing the clinical effects of gene therapy.

INTRODUCTION

Gene therapies based on adeno-associated virus (AAV) vector-medi-
ated gene transfer are at advanced stages of clinical development to
treat a broad range of monogenic disorders, including inherited
retinal dystrophies,l 4 hemophilia B’ hemophilia A,° muscular dys-
trophies,” and inherited neurodegenerations.® The approval of vore-
tigene neparvovec by the US Food and Drug Administration (FDA)
for the treatment of Leber congenital amaurosis caused by mutations
in RPE65 has paved the way for similar AAV-based gene therapies in
the near future.” Recombinant AAV vectors are considered ideal ve-
hicles for transgene delivery compared with lentiviral or adenoviral
vectors due to their low immunogenicity; broad tissue tropism; and
the ability of the delivered therapeutic transgenes to persist as epi-
somes, which carry low mutagenic potential while allowing sustained
transgene expression.

The clinical efficacy of AAV-mediated gene therapy is strongly
dependent on the proportion of target cells transduced, particu-
larly when trying to halt disease progression in post-mitotic tis-
sues such as the retinal pigment epithelium (RPE), photorecep-
tors, neurones, and myocytes. While transduction can be
increased to some extent by vector dosage, host inflammatory
and immune responses to AAV become limiting factors at
high doses, and they may compromise the persistence of trans-
gene expression and therapeutic effects.'””"> Consequently,
despite promising results seen with retinal gene therapy, cases
of intraocular inflammation have been encountered."* '® There-
fore, one of the major challenges of gene therapy for retinal dis-
eases is how to achieve sufficient levels of gene replacement at a
safe vector dose.

After initially detecting specific upregulation of a panel of intracel-
lular innate immune factors following AAV retinal gene therapy in
mice, we investigated hydroxychloroquine (HCQ), a putative inhibi-
tor of anti-viral pattern recognition receptors Toll-like receptor 9
(TLR9) and cyclic guanosine monophosphate (GMP)-AMP synthase
(cGAS),"” " as a means of improving the efficacy of AAV gene ther-
apy. Here we demonstrate the enhancement of AAV transduction
in vitro, ex vivo, and in vivo using HCQ in both murine and human
tissues and specifically within RPE and photoreceptor cells. We inves-
tigated the effect of HCQ across two commonly used serotypes of
AAV, and we assessed its safety and efficacy when co-administered
subretinally with AAV in vivo. Together, these findings suggest that
the adjunctive use of HCQ during AAV gene therapy may provide
a safe means of improving AAV transduction within the retina
in vivo.
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Table 1. Summary of the Anti-viral Functions of Key Intracellular Innate
Immune Mediators

Gene Alias Summary of Function Reference

detects unmethylated CpG DNA within
Tir9 the cytosol to activate downstream anti-viral
responses

detects cytosolic viral RNA, including sequences
that have been transcribed by RNA polymerase
III from AT-rich dsDNA

RigI  Ddx58

detects cytosolic dsSDNA and synthesizes the 38,39

Cgas Mb21d1 secondary signaling molecule cGAMP

activated by cGAMP, stimulates TBK1 to
Sting Tmem173 phosphorylate IRF3, which can induce type I
interferon response

detects and neutralizes antibody-bound virions 4, 45

Trim21
i after endosomal escape

type II interferon that controls innate and 44

Ifn-y . R
adaptive anti-viral immune responses

proinflammatory cytokine that can induce the 5 ,,

Tnf-a breakdown of the blood-retina barrier

chemokine secreted in response to IFN-y and
activates leukocytes to regulate immune
responses

45

Cxcl10

an ubiquitin-like molecule stimulated by type I
interferon in response to viral infection; covalent
and non-covalent binding can disrupt viral
replication

Isgl5

deaminates cytidine to uridine in viral DNA,
causing hypermutations that inhibit viral
replication

Apobec3

lacks identifiable cytidine deaminase activity 48

Apobec2 L .
P and no known anti-viral activity

cytidine deaminase involved in immunoglobulin o

Ai Ai
id ieda gene hypermutation and class switching

Tlr9, Toll-like receptor 9; Ddx58, DExD/H-Box Helicase 58; Rig-I, retinoic acid-induc-
ible gene 1; Mb21d1, mab-21 domain containing 1; Cgas, cyclic GMP-AMP synthase;
dsDNA, double-stranded DNA; cGAMP, cyclic GMP-AMP; Tmem173, transmembrane
protein 173; Sting, stimulator of interferon genes; TBK1, TANK-binding kinase 1; IRF3,
interferon regulatory factor 3; Trim21, tripartite motif containing 21; Tnf-c, tumor ne-
crosis factor-o; Ifn-v, interferon-vy; Cxcl10, C-X-C motif chemokine ligand 10; IsgI5,
interferon-stimulated gene 15; Apobec3, apolipoprotein B mRNA-editing enzyme, cat-
alytic polypeptide 3; Aicda, activation-induced cytidine deaminase (Aid).

RESULTS

AAV Retinal Gene Therapy Activates Intracellular Innate Immune
Responses In Vivo

To assess the activation of innate immune responses to AAV following
retinal gene therapy, we first performed subretinal injections of an
AAV serotype 2 vector encoding GFP driven by a ubiquitous CAG
promoter (AAV2.CAG.GFP) and sham injections of diluent in paired
eyes of 4-week-old female C57BL/6] mice. The purity of the AAV vec-
tor was confirmed during the production process (Figure S1).

Expression of a panel of key anti-viral sensors and effectors (Table 1)
was assessed using QRT-PCR of retinal samples collected on days 3, 7,
and 15 post-injection. Significant upregulation of the intracellular
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viral sensors TIr9, Rig-I (also known as Ddx58), Cgas (Mb21d1), Sting
(Tmem173), and Trim21 (Figure 1A) and anti-viral effectors Ifn-v,
Tnf-a, Cxcl10, Isgl, and Apobec3 (Figure 1B) was detected in eyes
treated with AAV compared to those sham injected with PBS.
Although there was no effect on gene expression soon after gene ther-
apy (3 days post-injection), after 7 days all the viral sensors and effec-
tors were significantly upregulated compared to sham controls, with
Ifn-vy, Tnf-a, and Cxcl10 exhibiting >10-fold increases in gene expres-
sion. By day 15, the expression levels of all these genes dropped rela-
tive to day 7, with Rig-I, Mb21d1, Ifn-v, Cxcl10, and Isgl5 no longer
demonstrating a significant difference from the sham eye. In contrast,
no change in the expressions of Apobec2 and Aid (also known as
Aicda), both members of the same family of cytidine deaminases as
Apobec3, was seen over the 15-day course, suggesting that AAV
induced selective activation of innate immune responses (Figure 1C).
GFP transgene expression was significantly above baseline from day 7
onward (one-way ANOVA, p = 0.0003; n = 5-7) (Figure S2).

The Antimalarial Drugs HCQ and Chloroquine Can Increase AAV
Transduction in Mouse Embryonic Fibroblasts

Since the activation of proinflammatory cytokines could create an
anti-viral environment within the target tissue, thus restricting
AAV transgene expression and persistence, we postulated that the
suppression of intracellular immunity might enhance the efficacy of
AAV transduction. We identified HCQ as a putative inhibitor of
two key sentinels in the initiation of intracellular anti-DNA viral
response: ¢cGAS, which detects the presence of cytosolic double-
stranded DNA (dsDNA),"” such as inverted terminal repeats (ITRs)
that form secondary structures in single-stranded AAV genomes;
and TLRY, which detects unmethylated CpG sequences,'** also pre-
sent in AAV ITRs.

In an initial dose-escalation trial, wild-type mouse embryonic fibro-
blasts (MEFs) were treated with increasing concentrations of HCQ
up to 50 uM for 1 h prior to transduction with AAV2.GFP, followed
by flow cytometry analysis of GFP fluorescence on day 3. HCQ treat-
ment increased the number of GFP-positive cells up to 18.75 uM;
however, concentrations greater than 18.75 uM appeared to be cyto-
toxic, as evidenced by an increase in 7-aminoactinomycin D (7-AAD)
staining, which coincided with a decrease in GFP positivity (Fig-
ure 2A). Subsequent in-depth testing of HCQ was limited to 3.13-
and 18.75-uM concentrations. The mean proportion of GFP-positive
cells increased in a dose-dependent manner from 6% with no HCQ to
9% with 3.13 pM HCQ and 19% with 18.75 pM HCQ (one-way
ANOVA, p = 0.0026; n = 6), without adverse effects on cell survival
(Figures 2B and 2C).

To see if the enhancement of AAV transduction by HCQ might be a
drug class effect, we also tested the structurally similar 4-aminoquino-
line antimalarial compound chloroquine (CQ). Pre-incubation of
MEFs with CQ for 1 h prior to transduction with AAV2.GFP also
improved transduction from 2.5% with no CQ to 6.4% with 12 uM
CQ (Figure S3). Since HCQ is known to be less retinal toxic than
CQ in patients on long-term therapy for lupus and rheumatoid
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Figure 1. Intracellular Innate Imnmune Responses Are Activated by AAV
Gene Therapy

AAV2.GFP vector (1 x 10° gc) was subretinally injected into wild-type C57BL/6
mice, with sham injections of PBS undertaken in the contralateral eye. RNA was
extracted from the mouse retina on days 3, 7, and 15 post-injection (n = 3/time
point). The expressions of a range of cytosolic anti-viral (A) sensor and (B) effector
genes and (C) two genes from the APOBEC family were quantified using gRT-PCR.
Relative expression was calculated as a mean fold change (+SEM) relative to the
mean of both eyes from uninjected baseline controls (n = 2). *p < 0.05, **p < 0.01,
* < 0.0001 (two-way ANOVA with Sidak’s multiple comparison test).

arthritis,”’ we chose 3.13 and 18.75 pM HCQ as the minimum and
maximum effective concentrations of HCQ to move forward for
testing in other in vitro, ex vivo, and in vivo systems.

HCQ Increases AAV Transduction in Non-human Primate RPE
Cells and Human Retina Ex Vivo

To assess the applicability of HCQ augmentation of AAV transduc-
tion in retinal gene therapy, primary RPE cells were isolated from
non-human primate (NHP; rhesus macaque) eyes and immediately
placed into culture. The RPE cells were treated with 0, 3.13, or
18.75 uM HCQ for 1 h prior to transduction with AAV2.GFP. At
3 days post-transduction, GFP expression was visualized by fluores-
cence microscopy and quantified by gqRT-PCR and western blot. A
visible increase in GFP fluorescence could be seen in RPE cells treated
with HCQ compared with AAV vector alone (Figure 3A), which
correlated to an up to 3-fold increase in GFP mRNA expression in
cells treated with 18.75 pM HCQ (one-way ANOVA, p = 0.0253;
n = 3 eyes) (Figure 3B). A similar magnitude of increase in GFP pro-
tein expression associated with HCQ was also detected by western
blot; however, this did not reach statistical significance due to limited
NHP tissue availability (n = 2) (Figures 3C and 3D).

Since inherited retinal degenerations can affect both RPE and photore-
ceptor cells, we next tested whether the effect of HCQ on AAV trans-
duction also applied to photoreceptors. To this end, human retinal ex-
plants were collected from patients undergoing routine clinically
indicated retinectomy as part of retinal detachment repair. The retinal
explants were treated with either 0 or 3.13 pM HCQ for 1 h prior to
transduction with AAV2.GFP. GFP fluorescence was visualized using
fluorescence microscopy on days 3, 5, 7, 9, and 11 post-transduction
(Figure 3E), and it was quantified using mean gray values of the ex-
plants imaged under standardized conditions.”* The data from retinal
tissue harvested from two (of two) patients independently showed
consistent trends of increased fluorescence in the explants treated
with HCQ from day 7 onward when significant GFP fluorescence
became detectable. A statistically significant difference was observed
with the treatment effect of HCQ over time (two-way ANOVA, patient
1 p =0.0002; patient 2 p = 0.0092; n = 3), with a mean 2-fold increase in
mean gray value at day 11 for the two patients (Figure 3F).

Co-administration of HCQ with AAV Vector Improves Retinal
Gene Therapy In Vivo without Detectable Toxicity

To assess the translational potential of HCQ to retinal gene therapy,
we tested the effect of co-administration of HCQ with AAV vector
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Figure 2. Hydroxychloroquine (HCQ) Increases AAV Transduction in Mouse Embryonic Fibroblasts (MEFs)

Wild-type MEFs were pre-treated with HCQ for 1 h prior to transduction with AAV2.GFP at an MOI of 1,000. (A) Representative dose-response curve of HCQ concentration
versus either GFP-positive or dead (7-AAD-positive) cells, represented as a percentage of the total number of cells. (B) Representative fluorescence microscopy images of
MEFs treated with 0, 3.13, or 18.75 pM HCQ acquired at 3 days post-transduction (scale bar: 200 um), shown alongside flow cytometry analyses gated for GFP fluorescence
and the cell viability marker 7-AAD. (C) Proportion of GFP-positive (GFP+) cells expressed as a percentage of the total number of live (7-AAD-negative) cells at day 3. Data are

presented as mean + SEM (n = 6).

in vivo. The 7-week-old female C57BL/6] mice were subretinally in-
jected with 1 x 10® genome copies (gc) of AAV2.GFP containing
either 3.13 or 18.75 uM HCQ in one eye and AAV vector only in
the fellow eye. The fluorescence of the mouse retina was measured
at regular intervals up to 8 weeks using in vivo confocal scanning laser
ophthalmoscopy (cSLO) at standardized detector sensitivity. Cross-
sectional structure of the retina was also monitored using in vivo spec-
tral domain optical coherence tomography (OCT) to look for signs of
retinal toxicity.

Retinal fluorescence was found to be increased in eyes that received
AAV vector suspension containing 18.75 pM HCQ compared with
paired eyes that received AAV vector alone (Figure 4A). No differ-
ence was seen in eyes that received AAV with 3.13 uM HCQ (Fig-
ure 4B). Although a clear trend in favor of HCQ was visible, the dif-
ferences in mean retinal fluorescence based on normalized gray
value comparisons did not reach statistical significance. This is likely
because the method did not distinguish between the diffuse back-
ground fluorescence (which represents GFP expression) and scat-
tered clumps of hyperfluorescence (representing autofluorescent
macrophage aggregates associated with inflammation). In addition,
the statistical power of the comparison was reduced by the exclusion
of 4 of 13 mice (final n = 5 for 3.13 uM and n = 4 for 18.75 uM) due
to unintended intravitreal injections or subretinal bleed during
surgery.

To more specifically compare levels of GFP protein expression be-
tween the treatment arms, the mouse retinae were harvested for
western blot analysis at the final time point (8 weeks). Eyes that
received AAV with 18.75 pM HCQ showed a mean 4.6-fold increase
in GFP protein level compared with paired eyes that received AAV

*p < 0.05, *p < 0.01 (one-way repeated-measures ANOVA with Dunnett’s multiple comparison test).

vector alone (Wilcoxon matched-pairs signed rank test, p = 0.0034;
n = 12) (Figure 4C). In terms of the safety of HCQ administration
into the subretinal space, in vivo OCT imaging demonstrated no
detectable change in lamellar retinal architecture relating to the
administration of HCQ (Figure 4D). Moreover, there was no signif-
icant difference in the mean retinal thickness of eyes injected with
HCQ compared to paired eyes sham injected with PBS (Figure 4E).
By measuring the mean gray value of the fundus using cSLO, we
demonstrated that there was no significant difference in the auto-
fluorescence of eyes injected with PBS compared to those injected
with HCQ alone, suggesting that HCQ is not autofluorescent
(Figure 4F).

Next, we investigated whether HCQ was able to specifically enhance
transgene expression within photoreceptors in vivo and whether the
effect was applicable to different AAV serotypes. 4- to 5-week-old
129S2/SvHsd mice were subretinally injected with 1 x 10® gc of an
AAVS8(Y733F) serotype vector expressing GFP under the photore-
ceptor-specific promoter G protein-coupled receptor kinase 1
(GRK1) (AAV8(Y773F).GRK1.GFP), with injections of AAV com-
bined with 18.75 uM HCQ performed in the contralateral eye. Retinal
GFP protein expression was found to be 5.9-fold higher in eyes in-
jected with AAV containing 18.75 pM HCQ compared to AAV
only (Wilcoxon matched-pairs signed rank test, p = 0.0391; n = 9)
(Figure 4G).

Mechanism of Action of HCQ

While HCQ is routinely used in the treatment of autoimmune dis-
eases, its exact mechanism of action remains unclear. Several studies
support the main mode of action of HCQ as via inhibition of the
innate immune factors TLR9'®?*° and cGAS."”
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Figure 3. HCQ Increases AAV Transduction in Non-human Primate (NHP) Retinal Pigment Epithelium (RPE) Cells and Human Retina
(A-D) Primary macaque RPE cells were treated with 0, 3.13, or 18.75 pM HCQ for 1 h prior to transduction with 2 x 10° gc AAV2.GFP. (A) Representative fluorescence
microscopy images acquired on day 3 post-transduction (scale bar, 200 pm). (B) Levels of GFP mRNA in AAV- and HCQ-treated RPE cells were quantified using gRT-PCR on

day 3 post-transduction, and they are expressed as mean fold change relative to cells treated with AAV only (+SEM, n = 3).

*p < 0.05 (one-way ANOVA with Dunnett’s

multiple comparison test). (C) Representative western blot of GFP protein expression with B-actin used as a loading control. (D) Quantification of GFP band density normalized
to B-actin. Data are presented as mean + SEM (n = 2). (E and F) Fresh patient-derived retinal explants were treated ex vivo with 0 or 3.13 uM HCQ for 1 h prior to transduction
with 1 x 10° gc AAV2.GFP (UK research ethics approval 10/H0505/8). (E) Representative transmission microscopy image at baseline and fluorescence images acquired on
alternate days up to day 11 post-transduction (scale bar, 100 um). (F) GFP expression was estimated by calculating the mean gray value of fluorescence images from two
separate patients. These were normalized to untransduced controls treated with equivalent concentrations of HCQ. Data are expressed as mean + SEM (3 replicates/
patient). **p < 0.01, ***p < 0.0001 (two-way repeated-measures ANOVA with Sidak’s multiple comparisons test).

We first tested the effect of HCQ on AAV transduction in Cgas ™'~
MEFs with the hypothesis that, if HCQ acted via the inhibition of
cGAS, its effect would be diminished in the absence of cGAS. While
we found that Cgas™'~ MEFs transduced with up to 6.4-fold greater
efficacy than wild-type MEFs at the same MOI (t test, p = 0.0008;
n = 6) (Figure 5A), the addition of HCQ was still able to increase
the mean rate of AAV transduction from 38% with no HCQ to
65% with 3.13 uM HCQ and 74% with 18.75 pM HCQ (one-way
ANOVA, p <0.0001; n = 6) (Figures 5B and 5C). Consequently, there
was no significant difference in the effects of 18.75 uM HCQ on wild-
MEFs (Figure 5D). This indicates that HCQ is
unlikely to act exclusively via the inhibition of cGAS.

type versus Cgas '~

Next we explored the role of TLR9 in AAV transduction with the
use of the agonistic TLR9 oligodeoxynucleotide CpG-A,** which
contains unmethlyated CpG sequences known to stimulate
TLRY activity.”* Cells were treated with CpG-A for 30 min prior
to AAV2.GFP transduction with or without HCQ, and GFP fluo-
rescence was quantified using flow cytometry 3 days post-trans-
duction. CpG-A treatment significantly reduced the mean number
of GFP-fluorescing cells by 2.7-fold relative to untreated cells
(Figures 6A and 6B) (paired t test, p = 0.0001; n = 7) and by
1.9-fold in HCQ-treated cells (Figures 6C and 6D) (p = 0.0348;
n = 7). Therefore, the inhibitory effect of CpG-A on AAV trans-
duction was significantly reduced by the presence of HCQ
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Figure 4. HCQ Enhances AAV Transduction of Mouse
Retina In Vivo and Has No Detectable Effect on
Retinal Architecture or Thickness

(A-F) C57BL/6J mice were subretinally injected with
AAV2.GFP vector alone in one eye and co-injected with
either 3.13 or 18.75 uM HCQ in the fellow eye. (A) Repre-
sentative in vivo confocal scanning laser ophthalmoscopy
autofluorescence images of paired eyes at 8 weeks post-
injection. (B) GFP fluorescence levels were estimated using
the mean gray values of autofluorescence images. Eyes co-
injected with HCQ were normalized to fellow AAV only-in-
jected eyes at 2, 4, and 8 weeks post-transduction (+SEM;
3.13 uM, n = 5; 18.75 puM, n = 4). (C) Western blot of GFP
protein levels in paired mouse retinae that received either
AAV vector alone (—) or vector mixed with HCQ (18.75 uM)
(+) at 8 weeks post-injection. B-actin was used as a loading
control. Quantification of western blot GFP band density
normalized to B-actin in paired eyes is shown (n = 12). (D)

0

HCQ concentration (uM)

200

Mean retinal thickness (uM)

2

4

Time post-injection (weeks)

Representative spectral domain optical coherence to-
mography images from fellow eyes that received either
PBS or 18.75 uM HCQ, showing normal retina lamellar
architecture. Total retinal thickness was measured at
points marked with an asterisk. (E) Mean total retinal
thickness of points (*) at 2, 4, and 8 weeks post-injection
(£SEM, n = 8). (F) Mean gray value of eyes injected with
18.75 pM HCQ alone normalized to paired PBS-injected
eyes at 2, 4, and 8 weeks post-injection (+SEM, n = 8).
(G) 129S52/SvHsd mice were subretinally injected with
AAV8(Y733F).GRK1.GFP vector alone in one eye and co-
injected with 18.75 uM HCQ in the paired eye. Represen-
tative western blot of GFP protein levels in paired retinae of
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(Figure 6E) (Wilcoxon matched-pairs signed rank test, p = 0.0156;
7).

n=
To assess the effect of HCQ on viral entry, we compared the intra-
cellular AAV genome loads up to 1 h post-transduction between
HCQ-treated and untreated wild-type MEFs. No significant differ-
ence in overall intracellular AAV genome copy numbers was de-
tected by qPCR between HCQ-treated and untreated cells (Fig-
ure S4). Further analysis of subcellular localization of AAV
genomes was conducted by cell fractionation followed by qPCR in
HCQ-treated versus untreated wild-type MEFs 24 h post-transduc-
tion. The presence of HCQ was found to alter the subcellular distri-
bution of AAV with a trend toward increased nuclear localization
(two-way ANOVA, p =0.0356; n = 3) (Figure S5B). However, the ef-
fect did not reach statistical significance upon multiple comparison
testing due to the high level of variation in the qPCR assay. Success-

82

HCQ concentration (uM)

ful separation of cytosolic versus nuclear fractions was confirmed
using the cytosolic marker a-tubulin and nuclear marker histone
H3 (Figure S5A). Genomic glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) DNA was used as a marker for nuclear DNA
(Figure S5C).

DISCUSSION

Despite AAV vectors being considered to have low immunogenicity,
particularly when administered into the subretinal space, our data
suggest that AAV transduction is associated with the activation of
intracellular innate immunity as well as downstream proinflamma-
tory cytokines independent of surgical trauma. The induction of
Tnf-a, IFN-v, and type I interferon responses could lead to the break-
down of the blood-retina barrier and recruitment of adaptive immu-
nity.”> > This occurrence would ultimately cause localized tissue
inflammation and reduced therapeutic efficacy, and it may underlie

Molecular Therapy: Methods & Clinical Development Vol. 14 September 2019



www.moleculartherapy.org

Figure 5. Cgas™~ MEFs Transduce Significantly

Better Than Wild-Type Cells, and HCQ Further
Enhances AAV Transduction in Cgas"' MEFs

MEFs were transduced with AAV2.GFP at an MOI of
1,000. GFP fluorescence and cell viability (7-AAD staining)
were assessed on day 3 post-transduction by flow cy-
tometry. The mean proportion of GFP-positive (GFP+)
cells was expressed as a percentage of the total number
of live (7-AAD-negative) cells. (A) Mean proportion of
GFP+ cells in wild-type and Cgas’/’ MEFs after trans-
duction with the same MOI (+SEM, n = 6). **p < 0.001
(paired t test). (B) Representative fluorescence images
and flow cytometry plots of Cgas ™'~ MEFs treated with O,
3.13, or 18.75 uM HCQ 1 h prior to transduction (scale

bar: 200 pm). (C) Mean proportion of GFP+ Cgas ™~ cells
measured using flow cytometry (+SEM, n = 6). **p <
0.001 (one-way repeated-measures ANOVA with Dun-
nett’s multiple comparison). (D) Fold change of mean
proportion of GFP+ cells treated with 18.75 uM relative to
0 pM HCQ in wild-type and Cgas’/’ MEFs. Data are
presented as mean + SEM (n = 6).

the innate immune genes and may also suggest
a delay in the uptake of AAV from the subreti-
nal space. Retinal microglia are resident macro-
phages that play an important role in immune
defense in the eye, and they are capable of de-
tecting viruses and secreting inflammatory cy-
tokines to amplify an inflammatory response.”
As these cells are capable of mounting an anti-
viral response through the activation of
c¢GAS*° and TLRY,*" we cannot rule out the pos-
sibilities that resident microglia may have been

responsible for the upregulation of the innate
immune factors and that the delay could repre-
sent the activation of resident microglia or
recruitment of lymphocytes.
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the cases of intraocular inflammation encountered in retinal gene
therapy trials."* '

The upregulation of innate immune mediators detected on day 7
post-subretinal gene therapy in vivo does not rule out the presence
of background levels of pre-existing surveillance innate sensors.
Active AAV particles may be present within the subretinal space
for a prolonged period (e.g., days) during which repeated waves of
viral entry into the host cells may occur. The signaling molecule
generated by activated cGAS, cyclic GMP-AMP (cGAMP) has been
shown to traverse intercellular junctions and cause field effects, which
could account for the delayed peaking of innate immune responses.*®
In addition, signiﬁcant GFP mRNA expression was not seen in vivo
until 7 days post-injection, which corresponds to the induction of

HCQ is an approved antimalarial drug with a

well-established safety profile. It is a putative in-

hibitor of innate immunity, consistent with
known efficacy in the treatments of autoimmune diseases such as sys-
temic lupus erythematosus and rheumatoid arthritis.'”** A recent
in silico analysis suggested that HCQ can disrupt dsDNA binding
and the activation of cGAS."” However, we found that HCQ did
not discriminate in its ability to improve AAV transduction between
wild-type and Cgas™'~ MEFs, which suggests that HCQ is unlikely to
act exclusively through cGAS. Also, although Cgas™'~ MEFs trans-
duce with 6.4-fold greater efficiency than wild-type MEFs, this does
not necessarily imply that cGAS is the sole limiting factor for AAV
transduction, given that the absence of cGAS is likely to affect the
expression of other intracellular innate immune genes.

Additional studies have proposed that HCQ may act through the in-
hibition of TLRY. One group suggested that HCQ may bind to DNA
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Figure 6. The Agonistic TLR9 Oligodeoxynucleotide CpG-A Decreases AAV Transduction in Wild-Type MEFs and Has a Significantly Reduced Effectin HCQ-

Treated Cells

Wild-type MEFs were treated with or without CpG-A (754.6 uM) 30 min prior to transduction with AAV2.GFP at an MOI of 1,000. GFP fluorescence and cell viability (7-AAD
staining) were assessed on day 3 post-transduction by flow cytometry. (A) Representative fluorescence images and flow cytometry plots (scale bar, 200 um). (B) The mean
proportion of GFP-positive (GFP+) cells expressed as a percentage of the total number of live (7-AAD-negative) cells (+SEM, n = 7). “**p < 0.001 (paired t test). (C and D) Wild-
type MEFs were treated with 18.75 uM HCQ 1 h prior to transduction with AAV2.GFP, followed by treatment with or without CpG-A 30 min prior to transduction. (C)

Representative fluorescence images and flow cytometry plots (scale bar, 200 um). (D) The mean proportion of GFP+ cells (+SEM, n = 7).

*p < 0.05 (paired t test). (E) The fold

change of transduced live GFP+ cells treated with CpG-A relative to cells with no CpG-A treatment. Cells were either treated with CpG-A alone or with CpG-A and HCQ

(median + interquartile range, n = 7).

and cause conformational changes that prevent the activation of
TLRY,'® while others have suggested that the effect of HCQ on endo-
somal pH can indirectly inhibit TLR9, which is localized within
endosomes and activated by an acidic environment.”> We found
that treatment of wild-type MEFs with a TLR9-activating oligonucle-
otide (CpG-A) caused a 2.7-fold reduction in transgene expression,
suggesting that the stimulation of TLR9-mediated innate immunity
can lead to reduced AAV transduction. HCQ significantly, but
incompletely, abrogated the inhibitory effect of CpG-A on AAV
transduction, suggesting that HCQ may be an antagonist of TLRO.
If HCQ prevents the activation of TLR9 by causing conformational
changes in DNA,'? it is possible that the partial response seen may
be a result of the stoichiometric ratio between HCQ and CpG-A,
such that some unbound CpG-A was able to adversely affect AAV
transduction.

However, the possibility of HCQ acting via alternative targets cannot

be ruled out. Our viral entry assay did not show any notable difference
in AAYV viral loads soon after transduction, possibly indicating that
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*p < 0.05 (Wilcoxon matched-pairs signed rank test).

HCQ does not act by decreasing degradation or by increasing AAV
binding or entry into the target cells. Investigation into the subcellular
localization of AAV revealed a strong trend toward shifting from the
cytosol to the nucleus upon HCQ treatment. This observation is
potentially consistent with evasion of intracellular innate immunity,
and it could account for the increased transgene expression seen
following HCQ treatment. Further work is required to clarify the mo-
lecular mechanism of action of HCQ, and it seems likely that the pro-
posed interactions of HCQ are not mutually exclusive, as the drug
may have multimodal effects.

It should be noted that a previous study using a much higher concen-
tration of CQ (at 100 pM, compared with up to 12 uM in this study)
showed a reduction in AAV?2 transduction in a human hepatocellular
carcinoma cell line.”” The difference may be the result of the CQ con-
centrations used, e.g., greater lysosomal acidification at the much
higher drug concentration may inhibit lysosomal escape of AAV par-
ticles. However, since CQ is known to be associated with a far greater
chance of retinal toxicity than HCQ at therapeutic concentrations,
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significant differences in their mechanisms of action and effects on
AAV transduction may exist but are outside the scope of this trans-
lational study.

Our data demonstrate that HCQ is able to increase GFP transgene
expression following AAV transduction in vitro, ex vivo, and in vivo
across a range of species. The data also suggest that HCQ can improve
AAV transduction of both RPE and photoreceptors, two key cell tar-
gets for retinal gene therapy. Subretinal injection of HCQ together
with an AAV vector led to increased transgene expression, which
was sustained up to 8 weeks. This effect was seen with both an
AAV2 and AAV8(Y733F) vector, suggesting HCQ has an effect
across multiple serotypes of AAV commonly used in retinal gene
therapy. Furthermore, we have demonstrated HCQ to work with vec-
tors containing both ubiquitous and photoreceptor-specific pro-
moters, suggesting that adjunctive use of HCQ is capable of increasing
transgene expression levels in photoreceptor cells, which are the pri-
mary target for many retinal degenerations.

While long-term high-dose systemic HCQ therapy is known to
carry a cumulative risk of retinopathies,” the risk of retinal toxicity
associated with locally administered HCQ was previously unknown.
Our in vivo data indicate that the delivery of a single pulse of
HCQ into the subretinal space was not associated with any retinal
structural change, including preservation of the ellipsoid zone on
the OCT within treated areas, which represents organized photore-
ceptor inner and outer segments up to 8 weeks post-injection.
One of the limitations of the study is that, while HCQ enhanced
retinal gene therapy in the healthy retina of wild-type mice
without any sign of toxicity, it remains to be seen whether the ef-
fects would be the same in the degenerate retina of mouse models
of retinitis pigmentosa, which would provide support for future
clinical application.

The proportion of retinal cells that successfully acquire and maintain
transgene expression determines the clinical efficacy of gene therapy
in neurodegenerative diseases. For X-linked and autosomal recessive
retinitis pigmentosa, which account for approximately 40% of pa-
tients with identified mutations, achieving over 50% photoreceptor
transduction may be seen as a threshold for halting disease progres-
sion, since female carriers of X-linked mutations are usually mini-
mally affected (e.g., choroideremia, X-linked retinitis pigmentosa
associated with mutations in RPGR or RP2). Therefore, a 2-fold in-
crease in transgene expression with the adjunctive use of HCQ has
the potential to push the therapeutic effect beyond the threshold
required to halt disease progression. Alternatively, co-administration
of HCQ with the AAV vector could enable a lower vector dose to be
used to achieve a given therapeutic effect, thus reducing the risk of
inflammation and improving safety for the patient. The approach
is broadly applicable and has the potential to augment the effects
of existing gene therapies under investigation, without the need to
modify the clinical grade vector, an important practical consider-
ation given the prohibitive costs of developing gene therapies for
orphan diseases.

MATERIALS AND METHODS

Vector Design

The vector pAAV2.CAG.GFP.WPRE.pA contained a GFP transgene
under control of the ubiquitous CAG promoter with a Woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE)
enhancer. The vector pAAV8(Y733F).GRK1.GFP.pA contained the
reporter GFP under control of a photoreceptor-specific promoter
GRKI1. Both vectors were single-stranded AAVs.

AAV Production

HEK293T cells were grown in HYPERFlasks (Scientific Laboratory
Supplies) and transfected with a total of 500 pg endotoxin-free
plasmid using polyethylenimine (Sigma-Aldrich). The plasmid
PCAG.GFP.WPRE.pA was co-transfected with pDG (PlasmidFactory)
to package into recombinant AAV serotype 2, and pGRK1.GFP.pA was
co-transfected with pRepCap and pHelper (pDeltaAdF6) for packaging
into AAV serotype 8 Y733F. Then 3 days post-transfection, the cells
were harvested, lysed, and treated with nuclease. The AAV population
was isolated from the cell lysates by ultracentrifugation with an iodixa-
nol gradient and purified using Amicon Ultra-15 100K filter units
(Merck Millipore). The final preparations were washed and collected
in sterile PBS. The purity of the AAV preparations were determined
by SDS-PAGE analysis, followed by staining with EZBlue (Sigma-Al-
drich) (Figure S1), and the titers were determined by qPCR. Lot 1 of
AAV2.CAG.GFP.WPRE was used for Figure 1, lot 3 was used for Fig-
ure S5, and lot 2 was used for all other experiments.

Mice

Wild-type C57BL/6] mice (Charles River Laboratories) were main-
tained by the Biomedical Science Division, University of Oxford,
UK. Mice were housed in a 12 h light-dark cycle, with food and water
available ad libitum. All procedures were performed under general
anesthesia. All animal procedures were undertaken in accordance
with the Association for Research in Vision and Ophthalmology
guidelines for the humane use of laboratory animals in ophthalmic
research, and they were approved by local and national ethical and
legal authorities.

Subretinal AAV Vector-Mediated Gene Therapy

For assessment of the activation of innate immune factors, 4-week-old
female C57BL/6] mice were subretinally injected with 1.5 uL (1 x 10°
gc) of the vector pAAV2.CAG.GFP.WPRE.pA (AAV2.GFP)’® in the
left eye and sham injected with PBS in the right eye (n = 3/time point).
For GFP expression analysis, mice were injected with 1 x 10° gc (n =7/
time point). Two mice (four for GFP expression analysis) were left un-
injected to determine baseline gene expression. Retinas were harvested
at baseline and on days 3, 7, and 15 post-injection.

For assessment of the effect of HCQ in vivo, 7- to 8-week-old female
C57BL/6] mice were subretinally injected with 1.2 pL (1.2 x 10® gc)
AAV2.GFP, with injections of a suspension of AAV2.GFP with either
3.13 uM (n = 7) or 18.75 uM (n = 6) HCQ performed in the contra-
lateral eye. An additional nine mice were injected with 18.75 pM
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HCQ and AAV in one eye and AAV only in the paired eye to supple-
ment the cohort for western blot analysis (n = 13). To assess the
toxicity and autofluorescence of HCQ, 7- to 8-week-old female
C57BL/6] mice were subretinally injected with 1.2 pL 18.75 uM
HCQ, with sham injections of PBS undertaken in the paired eye
(n=12).

The 4- to 5-week-old 12952/SvHsd mice were subretinally injected
with 1 pL (1 x 10® gc) AAV8(Y733F).GRK1.GFP, with injections
of AAV8(Y733F).GRK1.GFP with 18.75 uM HCQ performed in the
paired eye (n = 9).

Cell and Tissue Cultures

MEEF cells were cultured in DMEM supplemented with L-glutamine
(2 mM), penicillin (100 U/mL), streptomycin (100 pg/mL), and
10% fetal bovine serum. Cells were maintained at 37°C in a humidi-
fied 5% CO, environment. Wild-type and Cgas—'~ MEFs were trans-
duced with AAV2.GFP at an MOI of 1,000. When appropriate, cells
were incubated in media with HCQ or CQ for 1 h prior to transduc-
tion. The cells were cultured in HCQ- or CQ-containing media for
3 days post-transduction, at which point fluorescence and transmis-
sion images were acquired and cells were harvested for flow cytome-
try. TLR9 was activated in wild-type MEFs by pre-treatment with
7546 uM CpG-A (5-GGGGGACGATCGTCGGGGGG-3') for
30 min prior to transduction with AAV2.GFP. CpG-A was phosphor-
othioated at each base (Integrated DNA Technologies). For assessing
viral entry, cell pellets were washed four times with PBS and harvested
for DNA extraction 0, 10, 30, and 60 min post-transduction. For as-
sessing subcellular localization, cell pellets were washed four times
with PBS, and the cytosolic and nuclear fractions were isolated using
the Cell Fractionation Kit (ab109719, Abcam), according to the man-
ufacturer’s instructions.

Primary NHP RPE cells were derived from rhesus macaque
(M. mullata) eyes collected post-mortem from animals euthanized
for other purposes, provided by the MRC Centre for Macaques
(Porton Down, UK). After enucleation, the cornea and lens were
removed under direct visualization with a surgical microscope. Radial
incisions were made toward the posterior pole to flatten the eyecup.
The retina was removed by blunt dissection, and the remaining eyecup
was placed in media and stored on ice until the RPE cells were removed.
RPE cells were detached using 2.5% trypsin, and they were cultured in
advanced DMEM supplemented with L-glutamine (2 mM), penicillin
(100 U/mL), streptomycin (100 pg/mL), and 10% fetal bovine serum.
Cells were maintained at 37°C in a humidified 5% CO, environment.
The RPE cells were incubated in media with 0, 3.13, or 18.75 uM
HCQ for 1 h prior to transduction with AAV2.GFP at 2 x 10° gc/
well of a 12-well plate (n = 3). The cells were cultured in HCQ-contain-
ing media for 3 days post-transduction, at which point fluorescence and
transmission images were acquired and the cells were harvested for
RNA and protein extraction using buffer RLT (QIAGEN).

Fresh human retinal explants were collected from two patients with
informed consent during routine retinal detachment surgery where
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a retinectomy was clinically indicated, with approval by the UK
National Research Ethics Committee (10/H0505/8). Small retinal
fragments approximately 500 pm in diameter were obtained using
a 23G cutter of a surgical vitrectomy system (Constellation Vision
System, Alcon). Within 1 h of tissue collection, individual retinal
fragments were transferred using a Pasteur pipette into organotypic
culture inserts (Falcon, Corning) within 24-well plates. The retinal
explants were cultured in 500 pL Neurobasal-A medium supple-
mented with L-glutamine (0.8 mM), penicillin (100 U/mL), strepto-
mycin (100 pg/mL), 2% B-27 Supplement, and 1% N-2 Supplement
(Thermo Fisher Scientific). Samples were maintained at 34°C in a
humidified 5% CO, environment. After 24 h, the fragments
were transferred to culture media containing either 0 or 3.13 uM
HCQ for 1 h prior to transduction with AA2.GFP at 1 x 10° gc/
well (n = 3/patient).

Fluorescence and transmission microscopy images were obtained on
alternate days up to day 11 under standardized conditions. The cul-
ture media were replaced on alternate days with fresh media contain-
ing the same concentration of HCQ. To measure the mean gray value
of an explant, as a surrogate for GFP fluorescence, the area of
unfolded retina was traced on the transmission image and overlaid
onto the fluorescence image in Image] (NIH, USA).***° To account
for background autofluorescence of the well, the mean gray value of
a 2.54-mm band around the retinal tissue was subtracted from the
mean gray value of the tissue. Normalized gray value was then calcu-
lated by subtracting the mean gray value of untransduced retinal tis-
sue (treated with the same HCQ concentration) to account for any
background autofluorescence of the tissue and drug.

Flow Cytometry

Dissociated cells were fixed in 4% methanol-free paraformaldehyde in
PBS for 15 min at room temperature. The fixative was replaced with
1% BSA in PBS and samples were stored on ice until assessment. Cells
were incubated with the cell viability dye 7-AAD for 5 min in the dark
immediately prior to flow cytometry analysis using a BD LSRFortessa.
Fluorescent light was measured using a blue laser at the band-pass fil-
ter 695 nm/40 mW and 530 nm/30 mW to detect the fluorochromes
of 7-AAD and GFP, respectively. Cells expressing GFP were gated for
using untransduced controls, and dead (7-AAD-positive) cells were
excluded using a dead cell population control prepared by heating
the samples to 60°C for 20 min.

qRT-PCR

Total RNA was extracted from mouse retinae and NHP RPE cells us-
ing the RNeasy mini kit (QTAGEN). An additional DNA digestion
step was included for the extraction from NHP RPE cells using the
RNase-free DNase kit (QIAGEN). Buffer RLT lysates were kept
from the NHP RPE cells for protein extraction according to the
manufacturer’s instructions. cDNA was synthesized with an oligonu-
cleotide deoxythymine (dT) primer using the Superscript III Kit
(Invitrogen). qPCR of the mouse retinal cDNA samples was under-
taken using iTaq Universal SYBR Green Mastermix (Bio-Rad) for
Apobec3, Apobec2, and Aicda. qPCR of the other innate immune
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genes (TIr9, Mb21d1, Ddx58, Sting, Trim21, Ifn-y, Tnfe, Cxcl10, and
Isg15) was undertaken using TagMan probes (Thermo Fisher Scien-
tific) and TagMan Fast Universal PCR Master Mix (Applied Biosci-
ences). qPCR of GFP expression in mouse retinae and NHP RPE cells
was performed using specific TagMan probes and Fast Universal PCR
Master Mix. Gene expression of all genes was normalized to 8-actin
and analyzed according to the 27*4Y method.

DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN)
from wild-type MEFs; an additional RNase digest was performed
on the cell fractionation samples. QPCR was performed using GFP
and Gapdh genomic DNA copy number TagMan probes and Fast
Universal PCR Master Mix.

In Vivo Retinal Imaging

¢SLO imaging was performed on anesthetized C57BL/6] mice at 2, 4,
and 8 weeks post-subretinal gene therapy using a 55° lens (Spectralis
HRA, Heidelberg Engineering, Heidelberg, Germany), with a real-
time average process of 25 frames and a standardized signal detector
sensitivity of 70. Fundus autofluorescence imaging was measured
within a ring section with a radius between 350 and 860 pixels
from the optic disc, using the ImageJ software (NIH).*® Animals
were also subject to wide-field OCT (Spectralis HRA, Heidelberg En-
gineering) 2, 4, and 8 weeks post-injection. Mice were scanned using a
55° lens, and 8 radial sections were taken with a real-time average
process of 25 frames. The total retinal thickness was manually
measured 3,700 nm from the optic disc at alternate radial sections us-
ing a calliper. Mice with unintended intravitreal injections, significant
subretinal bleeding, or opacities were excluded from analysis. For the
AAV-injected mice, the number included for final SLO and OCT
analysis was n = 5 for those injected with 3.13 uM HCQ and n = 4
for mice injected with 18.75 uM HCQ, and for western blot analysis
the number included was n = 12. For mice injected with HCQ only in
the toxicity study, the final cohort size was n = 8.

Western Blot Analysis

Mouse retinae were lysed in radioimmunoprecipitation (RIPA) buffer
supplemented with protease inhibitors (PIs) and homogenized using
a hand-held homogenizer. NHP RPE protein lysates extracted from
buffer RLT (QIAGEN) were resuspended in 1% SDS. For confirma-
tion of the isolation of cytosolic versus nuclear fractions, PI was added
to Buffer A (ab109719, Abcam) before cell fractionation. Cytosolic
proteins were lysed in Buffer A and nuclear proteins were lysed in
RIPA buffer supplemented with PI.

Protein concentration was measured using a bicinchoninic assay
(Thermo Fisher Scientific). Protein samples were separated using
SDS-PAGE on a 10% or 4%-20% (for Figure S5A) Criterion TGX
Precast gel (Bio-Rad), and they were transferred to a polyvinylidene
difluoride membrane using the TransBlot Turbo system (Bio-Rad).
Membranes were blocked in 3% BSA in PBS + 0.1% Tween-20 prior
to incubation for 1 h with anti-GFP (ab32146, Abcam) or anti--actin
(AM4302, Thermo Fisher Scientific) monoclonal primary antibodies.
Cell fractionation membranes were blocked in 5% donkey serum in

Tris-buffered saline + 0.1% Tween-20 prior to incubation with anti-
histone H3 (ab7291, Abcam) and anti-o-tubulin (ab1791, Abcam)
antibodies. After washing in buffer, GFP- and B-actin-probed mem-
branes were incubated with a corresponding horseradish peroxidase-
conjugated secondary antibody for 30 min (Abcam) and developed
using Clarity ECL (Bio-Rad). Histone H3- and o-tubulin-probed
membranes were incubated with corresponding IRDye secondary an-
tibodies (LI-COR Biosciences). Membranes were detected using the
Odyssey Imaging System (LI-COR Biosciences). Protein band den-
sities were quantified using the ImageStudio Lite software (LI-COR
Biosciences).

Statistical Analysis

All statistical analysis was performed on GraphPad Prism 7.00. Data-
sets that were normally distributed were analyzed using a parametric
test (t test or ANOVA). Data were assessed for equal variance using
the Brown-Forsythe test. Data that were skewed or had an unequal
variance were analyzed using a non-parametric test (Wilcoxon signed
rank test). Multiple comparison corrections were performed using a
Dunnett or Sidak’s test for a one- or two-way ANOVA, respectively.
Paired data were handled accordingly. All statistical tests were per-
formed using an alpha level of 0.05 and using two-tailed testing.
The n and p values are indicated in the figure legends where appro-
priate. Data are presented as mean + SEM.
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Fig S1. EZBIlue stained SDS-PAGE of AAV vectors to assess purity. Image of the purified
preparation of AAV2.GFP (A) lot #1, (B) lot #2 and (C) lot #3. (D) Purified preparation of
AAVE(Y733F).GRK1.GFP, image taken on Odyssey Imaging System (LI-COR Biosciences). The
presence of AAV virion protein 1 (VP1), VP2 and VP3 are indicated. Lanes 1, 3 & 5: AAV2.GFP
concentrated sample; lanes 2, 4 & 6: AAV2.GFP wash; lane 7: concentrated

AAV8(Y733F).GRK1.GFP; lane 8: AAV8(Y733F).GRK1.GFP wash; L: protein ladder.
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Fig S2. GFP expression following AAV2.GFP subretinal injection in vivo. Wild-type C57BL/6
mice were subretinally injected with AAV2.GFP (1.2x108 gc). RNA was extracted from the mouse
retina at baseline (n=5) and on day 3 (n=6), 7 (h=6) and 15 (n=7) post-injection. GFP expression was
guantified using RT-qPCR. Relative expression was calculated as a mean fold change (xSEM)
relative to the mean of uninjected baseline controls. *p<0.05 and ***p<0.001 (one-way ANOVA with

Dunn’s multiple comparison test).
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Fig S3. Chloroquine (CQ) increases AAV transduction in MEFs. Wild-type MEFs were pre-
treated with 0, 1.5, 3, 6 or 12 uM of CQ for 1h prior to transduction with AAV2.GFP at a MOI of
1000. (A) Representative fluorescence microscopy images acquired at day 3 post-transduction (scale
bar: 200 um) shown alongside flow cytometry analyses gated for GFP fluorescence and the cell
viability marker, 7-AAD. (B) Proportion of GFP positive (GFP+) cells expressed as a percentage of

the total number of live (7-AAD negative) cells at day 3 (n=1).
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Fig S4. Effect of HCQ on intracellular AAV genome load post-transduction. Wild-type MEFs
were pre-treated with HCQ for 1h prior to transduction with AAV2.GFP at a MOI of 1000. Cells
treated with 0 or 18.75 uM HCQ were harvested at 0, 10, 30 and 60 mins post-transduction. DNA was
extracted and GFP DNA copy numbers were quantified using g°PCR. GFP DNA was normalized to

Gapdh genomic DNA levels (SEM, n=3).
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Fig S5. HCQ influences the subcellular distribution of AAV viral genomes. Wild-type MEFs were
pre-treated with 0 or 18.75 uM HCQ for 1h prior to transduction with AAV2.GFP at a MOI of 1000.
Cells were harvested 24h post-transduction and DNA was extracted. (A) Western blot of a-tubulin
and histone H3 protein expression in cytosolic [C] and nuclear [N] fractions, and unfractionated
whole cell lysate [L]. (B) Paired data of 0 or 18.75 uM HCQ treated samples plotted onto mean GFP
DNA copy numbers per ng of DNA quantified using gPCR (n=3). (C) Gapdh genomic DNA levels

(+SEM, n=3).
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Abstract: Effective treatment of retinal diseases with adeno-associated virus (AAV)-mediated gene
therapy is highly dependent on the proportion of successfully transduced cells. However, due to
inflammatory reactions at high vector doses, adjunctive treatment may be necessary to enhance
the therapeutic outcome. Hydroxychloroquine and chloroquine are anti-malarial drugs that have
been successfully used in the treatment of autoimmune diseases. Evidence suggests that at high
concentrations, hydroxychloroquine and chloroquine can impact viral infection and replication by
increasing endosomal and lysosomal pH. This effect has led to investigations into the potential
benefits of these drugs in the treatment of viral infections, including human immunodeficiency
virus and severe acute respiratory syndrome coronavirus-2. However, at lower concentrations,
hydroxychloroquine and chloroquine appear to exert immunomodulatory effects by inhibiting nucleic
acid sensors, including toll-like receptor 9 and cyclic GMP-AMP synthase. This dose-dependent effect
on their mechanism of action supports observations of increased viral infections associated with lower
drug doses. In this review, we explore the immunomodulatory activity of hydroxychloroquine and
chloroquine, their impact on viral infections, and their potential to improve the efficacy and safety of
retinal gene therapy by reducing AAV-induced immune responses. The safety and practicalities of
delivering hydroxychloroquine into the retina will also be discussed.

Keywords: hydroxychloroquine; chloroquine; adeno-associated virus; AAV; gene therapy; innate
immunity; TLR9; cGAS; SARS-CoV-2

1. Introduction

The 4-aminoquinoline anti-malarial drugs, hydroxychloroquine and chloroquine, have been
frequently used in the treatment of autoimmune diseases such as systemic lupus erythematosus and
rheumatoid arthritis. Their utility in dampening these autoimmune diseases provides insights into
their immunomodulatory activities [1]. Hydroxychloroquine and chloroquine are weak bases that
accumulate within acidic intracellular compartments, such as lysosomes [2]. When used at high
concentrations, hydroxychloroquine and chloroquine appear to lead to a dose-dependent increase
in endosomal and lysosomal pH [3,4]. In contrast, low concentrations of hydroxychloroquine and
chloroquine may exert a separate immunomodulatory effect on intracellular innate immune responses
to viral infections, with minimal interference in lysosomal activity [5,6].

Adeno-associated viruses (AAV) are the most commonly used viral vectors for gene therapy
due to their broad tissue tropism, relatively low immunogenicity, and lack of pathogenicity.

Int. ]. Mol. Sci. 2020, 21, 4972; d0i:10.3390/ijms21144972 www.mdpi.com/journal/ijms
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AAV are non-replicating, non-enveloped parvoviruses with a single-stranded DNA (ssDNA) genome.
A recombinant AAV transgene typically contains a therapeutic gene expression cassette driven by a
ubiquitous or tissue-specific promoter with a generic polyadenylation signal. The cassette is flanked
by viral inverted terminal repeats (ITRs), which aid persistence through the formation of concatemeric
episomes within the host cell nucleus [7]. The episomes can sustain long-term transgene expression
while minimising the potential for mutagenesis. Nonetheless, AAV-specific immune responses have
been observed, which may induce potentially harmful inflammatory reactions and compromise the
outcome of gene therapy [8].

AAV-mediated gene therapies have been successfully applied to a number of monogenic retinal
dystrophies, including RPE65-associated Leber congenital amaurosis which has received Food and
Drug Administration (FDA) approval, and choroideremia and RPGR-associated X-linked retinitis
pigmentosa which are in advanced clinical trials [9-14]. Despite promising results in clinical trials,
dose-dependent immunogenicity of AAV has been observed following retinal gene therapy, requiring
high-dose immunosuppression in some cases [14-17]. There is thus interest in adjuvant therapies,
either local or systemic, to reduce inflammatory responses and improve the long-term durability of
gene therapies.

In this review, we discuss the immunomodulatory effects of hydroxychloroquine and chloroquine
and how these might be relevant in the treatment of viral infections. We will then discuss how
hydroxychloroquine might be used to control immune responses to AAV and enhance the efficacy of
gene therapy.

2. Immunomodulatory Mechanisms of Hydroxychloroquine and Chloroquine

Hydroxychloroquine and chloroquine have been used for many decades in the treatment of a wide
range of infections, including malaria (prozozoal), Q fever (bacterial), and human immunodeficiency
virus (HIV) (viral), and autoimmune diseases such as systemic lupus erythematosus and rheumatoid
arthritis [18]. Despite the proposal of numerous putative modes of action involving interactions
with a range of molecular targets and signalling pathways, the immunomodulatory effects of
hydroxychloroquine and chloroquine remain uncertain.

2.1. Effects on Intracellular Innate Immune Responses

A major advance in the effort to understand the mechanism of action of hydroxychloroquine
and chloroquine was the discovery of their antagonistic effects on members of the toll-like receptor
(TLR) family, a group of pattern recognition receptors (PRRs) that can detect molecular signatures of
pathogens, such as bacteria and viruses, in order to elicit rapid intracellular immune responses [19].
Within this family, TLR3, TLR7, TLRS, and TLR9 are nucleic acid sensors that are exclusively found
within endosomes so to minimise exposure to self-DNA or -RNA [20]. TLR3 detects double-stranded
RNA (dsRNA) [21], TLR7 and TLR8 recognise single-stranded RNA (ssRNA) [22], and TLR9 is
activated by DNA containing unmethylated CpGs which are abundant in microbial but rare in
vertebrate genomes (i.e., 60-90% of mammalian CpGs are methylated) [23,24]. These nucleic acid
ligands are also common features of viral genomes, thus TLRs play an important role in the detection of
viruses within cells as part of the innate immune defence against viral infections. Initial in vitro studies
demonstrated that chloroquine could suppress the stimulatory activity of CpG-oligodeoxynucleotides
(ODNs) at concentrations <10 uM, thereby inhibiting cytokine release [5,25]. Subsequent studies
demonstrated the dose-dependent inhibition of CpG-ODN binding to TLR9 by <2.5 uM chloroquine in
human embryonic kidney 293 (HEK293) cells [26] (Figure 1). Although this interaction was optimal in
acidic endosomal environments at pH 5.5-6.5 [26], TLR9 inhibition can be achieved with significantly
lower concentrations of chloroquine than that needed to alter the pH of endosomal compartments
(<20 uM) [4-6]. Based on these findings, it was proposed that hydroxychloroquine and chloroquine
could bind to CpG-containing nucleic acids and induce conformational changes that prevent them
from interacting with and activating TLR9 [6,27]. Furthermore, chloroquine inhibited ssRNA-mediated
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TLRS8 activation and poly(I:C) (synthetic analogue of dsRNA)-mediated TLR3 activation in HEK293
cells in a dose-dependent manner (<20 uM) [6]. In human monocyte-derived dendritic cells and
peripheral blood mononuclear cells (PBMCs), chloroquine inhibited poly(I:C)-induced TLR3 responses
at concentrations <10 uM [28]. Chloroquine has also been shown to inhibit TLR7-mediated responses
to small nuclear ssRNA in human PBMCs at a concentration <10 uM, resulting in the downregulation
of IFN-« expression [29] (Figure 1).
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Figure 1. Immunomodulatory mechanisms of hydroxychloroquine (HCQ) and chloroquine (CQ). (A) At
lower concentrations, which we define as <20 uM, HCQ and CQ can inhibit the activation of nucleic acid
sensors, Toll-like receptors (TLR) in endosomes and cyclic GMP-AMP synthase (cGAS) in the cytoplasm.
This leads to the inhibition of pattern recognition receptor (PRR)-induced activation of downstream
pro-inflammatory cytokine and type I interferon (IFN) gene expression. At high concentrations
(=100 uM), HCQ and CQ can increase lysosomal pH, which leads to disruption of presentation of
(B) extracellular antigens processed through the endolysosomal pathway and (C) intracellular antigens
processed through the autophagosome-lysosome fusion pathway by antigen presenting cells. dsRNA,
double-stranded RNA; ssRNA; single-stranded RNA; MHC II, major histocompatibility complex
class II.

In addition to the inhibition of TLRs, hydroxychloroquine has been shown to have an inhibitory
effect on the PRR cyclic GMP-AMP synthase (cGAS). cGAS is activated by cytosolic DNA, which is
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indicative of viral infection, to initiate a signalling cascade leading to a type I interferon response [30,31].
An in silico screen of drug libraries to find cGAS antagonists identified several antimalarial
drugs as putative inhibitors and further computational analysis predicted an interaction between
hydroxychloroquine and the DNA binding site of cGAS [32]. Following dsDNA transfection of the
human monocytic cell line (THP1), hydroxychloroquine treatment decreased expression of interferon
(IFN)-f3, a downstream cytokine of cGAS activation, in a dose-dependent manner with a half-maximal
inhibitory concentration (IC50) of 25 uM [32] (Figure 1). It remains unclear whether the inhibitory
effect of hydroxychloroquine on cGAS is achieved through hydroxychloroquine binding to cGAS or
the DNA. Nonetheless, given the proposed mechanism of action via TLRY, it seems possible that
hydroxychloroquine and chloroquine might prevent the activation of nucleic acid sensors cGAS and
TLR9 through a common mechanism such as alteration of the structural configuration of the DNA
substrate [33,34].

These findings have gone some way to explain the efficacy of hydroxychloroquine and chloroquine
in the treatment of systemic lupus erythematosus and rheumatoid arthritis. A hallmark of both
autoimmune diseases is the accumulation of DNA- or RNA-containing complexes due to a build-up of
apoptotic bodies, which have been implicated in the activation of TLR9 or TLR?, respectively [35,36].
Recent studies in patient-derived PBMCs have suggested that cGAS may also be important in
the detection of DNA in systemic lupus erythematosus [37,38]. Indeed, redundancy and overlap
between the substrates of different nucleic acid sensors seem likely and evolutionarily advantageous.
In preventing the activation of these PRRs, hydroxychloroquine or chloroquine may be able to dampen
an overactive innate immune response to self-nucleic acids in systemic lupus erythematosus and
rheumatoid arthritis. The same mechanism would also enable hydroxychloroquine and chloroquine to
reduce the immune response to foreign nucleic acid antigens, such as those derived from viral infections.

2.2. Effects on Cellular Immune Responses

The inhibition of key PRRs, such as TLR9 and cGAS, by hydroxychloroquine and chloroquine
has been shown to affect downstream pro-inflammatory cytokine and type I interferon responses
(Figure 2) [6,29,32]. In vitro, both hydroxychloroquine and chloroquine have been shown to inhibit
the production of the pro-inflammatory cytokines tumour necrosis factor-oc (TNF-«), IFN-y and
interleukin (IL)-6 in PBMCs [39], and TNF-«, IL-1f3, and IL-6 in human monocytes [40]. IFN-y can
prime macrophages for pro-inflammatory responses and render them resistant to suppressive immune
factors [41]; IL-6 can control the survival, expansion, and maturation of B cells [42]; and TNF« is key
in activating and promoting the long-term survival of macrophages [43]. Chloroquine has also been
demonstrated to inhibit c-Jun N-terminal kinase (JNK)-mediated activation of the transcription factor
activator protein 1 (AP-1) in CD4* T cells [44]. The resulting reduction in helper T cell activation,
proliferation, and cytokine release would be expected to reduce the level of immune response. A type
I interferon response also induces an anti-viral state within the infected and neighbouring cells
by upregulating a large number of interferon-stimulated genes (ISGs) via the Janus kinase-signal
transducer and activator of transcription (JAK-STAT) pathway [45]. Examples include tripartite
motif-containing 5 (TRIM5«) that can bind to viral capsid proteins to promote viral disassembly and
restrict infection [45]; ISG15 which is a ubiquitin-like protein that can covalently bind to viral proteins
to disrupt replication [46]; and IL-15 that helps to eliminate infected cells by inducing the proliferation
and maintenance of natural killer cells and CD8* T cells [47,48].
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Figure 2. Effects of pro-inflammatory cytokines on cell-mediated immune responses. An example
of cell-mediated immune responses downstream of the immunomodulatory effects of HCQ and CQ.
HCQ and CQ can reduce pro-inflammatory cytokine expression by inhibition of (A) PRRs (e.g., TLR9) at
low concentrations or (B) MHC II-mediated antigen presentation at high concentrations (see Figure 1).
MHC II can activate CD4* T cells, which are another major source of pro-inflammatory cytokines.
Key pro-inflammatory cytokines include (C) interleukin (IL)-6 that can stimulate the maturation and
expansion of B cells into antibody-producing plasma cells, (D) IFN-y and tumour necrosis factor-o
(TNE-o) that can activate macrophages, and (E) IL-15 that can stimulate the activation and expansion of
CD8™ T cells. Lower opacity text and images represent the indirect effects, while those in bold highlight
the direct effects of HCQ, CQ, and pro-inflammatory cytokines.

In addition to the inhibition of PRRs and their downstream signalling cascades,
hydroxychloroquine and chloroquine also appear capable of indirectly modulating immune responses
though the alkalisation of lysosomes when used at higher concentrations. The processing of extracellular
material for antigen presentation is classically undertaken by professional antigen-presenting cells,
which utilise the lysosomal pathway to display short peptides on major histocompatibility complex
(MHC) class II molecules for detection by CD4" T cells [49]. By increasing the pH of lysosomes,
chloroquine can affect antigen processing, as demonstrated in macrophages (at 100 uM) [50],
dendritic cells (at 100 uM) [51] and B cells (at 25-100 uM) [52]. Notably, these effects, which are
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associated with raised endosomal and lysosomal pH, were primarily observed at high concentrations
of chloroquine (100 uM). In addition, chloroquine has been shown to inhibit autophagy, a regulated
process for removing damaged intracellular organelles or proteins by enveloping cytoplasmic material,
by inhibiting the fusion between autophagosomes and lysosomes [53]. This, in turn, leads to the
inhibition of presentation of cytosolic antigens, including autoantigens and viral antigens, on MHC class
I molecules via the autophagy-lysosomal pathway [54-56] (Figure 1). Since dysregulation of autophagy
contributes to cancer development and chemotherapy resistance, hydroxychloroquine has been
evaluated as an autophagy inhibitor in clinical trials for various cancers [57-60]. Very high daily doses
of hydroxychloroquine (typically <1200 mg/day) have been used in this context in order to effectively
block the fusion of lysosomes with autophagosomes, thus supporting a dose-dependent mechanism
of action of hydroxychloroquine. Overall, study findings are consistent with hydroxychloroquine
and chloroquine having a direct immunosuppressive effect on viral sensing and pro-inflammatory
cytokine release at low concentrations, and an indirect immunomodulatory effect via lysosomal antigen
processing and presentation at high concentrations (Figure 1).

3. Effects of Hydroxychloroquine and Chloroquine on Viral Infections

Historically, hydroxychloroquine and chloroquine have been utilised as tools to assess the effect of
endosomal and lysosomal processes on viral entry, as many viruses exploit the host endocytic machinery
to infect target cells. Following cell surface receptor binding, viral particles are internalised via a range of
endocytic mechanisms, including clathrin-mediated, caveolin-mediated, and non-clathrin non-caveolin
endocytosis. Endosomes undergo gradual acidification from an early to late stage, which acts as a
trigger for viral uncoating and genome release so that endosomal escape is precisely timed to prevent
overexposure of viral contents to the acidic environment [61]. The inhibition of replication of Semliki
Forest virus [62], Chikungunya virus [63], and hepatitis A virus [64] by chloroquine in vitro has
been suggested to occur as a result of impaired endosomal acidification and viral entry due to the
concentration of this drug in intracellular compartments. In addition, the acidification of vesicular
compartments along the secretory pathway is important in the post-translational modification of viral
envelope proteins during the production of new infectious virions. For example, in vitro studies
demonstrated that hydroxychloroquine and chloroquine could inhibit the production of infectious
HIV-1 virions by preventing glycosylation of the viral glycoprotein gp120, which normally occurs within
the acidic Golgi complex [65-67]. In addition, chloroquine treatment resulted in the accumulation
of non-infectious herpes simplex virus (HSV)-1 virions in the trans-Golgi network in vitro [68].
Taken together, these observations support the potential anti-viral effects of hydroxychloroquine and
chloroquine in vitro when used at sufficient concentrations to alter endosomal pH, but in vivo efficacy
remains unclear.

3.1. Immunomodulatory Effects on Viral Infections

The combination of the alkalisation of the endolysosomal pathway and the immunomodulatory
effects of hydroxychloroquine and chloroquine have led to speculations surrounding their potential
benefits in the treatment of viral infections. Although both innate and adaptive immune responses
are vital to recovery from viral infections, over activation of immune responses may lead to harmful
tissue damage and disease progression. Such counterproductive immune responses have been
observed in chronic HIV [69], severe acute respiratory syndrome coronavirus (SARS-CoV) [70],
and SARS-CoV-2 infections [71], leading to investigation of hydroxychloroquine and chloroquine
as potential immunomodulatory therapies. Systemic T cell activation in chronic HIV infection is
thought to be associated with disease progression. A randomised controlled trial showed that
chloroquine therapy could reduce the proportion of CD38* HLA-DR* CD8 T cells, thus supporting its
usage in certain groups of HIV patients [72]. The effect may be explained by chloroquine-mediated
suppression of TLR7 activation by HIV RNA in primary monocytes and plasmacytoid dendritic cells
(pDCs) [73-75]. Similarly, in vitro chloroquine has been shown to prevent TLR7-mediated responses to
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other RNA viruses such as hepatitis C [76,77], influenza [78] and vesicular somatic virus [79], as well as
TLR9-mediated responses to DNA viruses such as HSV-2 and Epstein-Barr virus [80-82]. There appears
to be a general correlation between the concentration of chloroquine or hydroxychloroquine used
and the effects seen in vitro (Table 1). High doses of these drugs, which we define as >100 uM,
tend to inhibit viral replication, while low doses (<20 pM) tend to inhibit innate immune pathways
without detectable effect on viral replication. This correlation is consistent with the hypothesis that
high concentrations of hydroxychloroquine or chloroquine could inhibit viral entry or assembly by
increasing the pH of intracellular vesicular compartments, while low concentrations could reduce
pro-inflammatory cytokine release by preventing the activation of nucleic acid sensors. Nonetheless,
a degree of overlap could be expected between these two types of effects, which may be variable
between different cell lines. Of note, Vero cells derived from the kidney epithelium of the African green
monkey, which are commonly used to propagate viruses in vitro, harbour a 9 Mb deletion leading to
loss of the type I interferon gene cluster [83,84]. Therefore, Vero cells would not be an appropriate
model for assessing the immunomodulatory effects of these drugs during viral infection. Further work
is needed to assess the effects of hydroxychloroquine and chloroquine on viral infection in biologically
relevant cell types and in vivo.

Table 1. Effects of hydroxychloroquine and chloroquine on selected viruses in vitro.

Effect Drug Concentration (uM) Virus Viral Genome Cells Reference
75 Yellow fever virus ssRNA P388D1 [85]
100 Semliki Forest virus ssRNA BHK-21 [62]
cQ 10-100 Hepatitis A virus sSRNA BS-C-1 [64]
Inhibition of viral replication !
150 HSV-1 dsDNA HuH7 [68]
250-4000 Varicella zoster virus dsDNA Mononuclear cells [86]

T cell and macrophage

HCQ 1-1000 HIV-1 sSRNA hybridoma cell line [67]
10 and 100 Hepatitis C virus ssRNA Huh7 and macrophages [76,77]
10 HSV-2 dsDNA pDCs [80]
Inhibition of virus-mediated CcQ 1-100 Vesicular stomatitis virus ssRNA pDCs [79]
immune response ! 10 Influenza A virus ssRNA pDCs [78]
5and 100 HIV-1 ssRNA pDCs and PBMCs [73,74]
HCQ 10 and 20 Epstein Barr virus dsDNA pDCs and monocytes [81,82]

! In vitro studies conducted in Vero cells were excluded because of the inability for these cells to produce type I
interferon responses, making them unsuitable for assessing the immunomodulatory effects of HCQ and CQ. HSV,
herpes simplex virus; pDC, plasmacytoid dendritic cell; HIV, human immunodeficiency virus.

In contrast to their inhibitory effects on viral replication in vitro, hydroxychloroquine and
chloroquine may have different effects in vivo due to the lower systemic concentrations achieved
and their inhibitory effects on anti-viral responses, such as those mediated through TLRs. In a
randomised, double-blind, controlled trial of 400 mg/day of hydroxychloroquine versus placebo in
patients with asymptomatic HIV infection and not on anti-retroviral therapy, hydroxychloroquine
was found to be associated with an increased HIV viral RNA load as well as a faster decline in
CD4" cell counts, leading to the need to initiate anti-retroviral therapy [87]. Another double-blind
controlled trial of HIV-1 infected patients randomised to either 250 mg/day of chloroquine or placebo,
demonstrated a significant increase in HIV viral RNA in patients not taking anti-retroviral therapy and
a decrease in ISG expression [88]. While in vitro experiments in Vero cells showed chloroquine could
inhibit the replication of Semliki Forest virus and the closely related Chikungunya virus, these effects
were not seen in animal studies where chloroquine was associated with higher viral loads [89,90].
In addition, when used to treat Chikungunya viral infection in a clinical trial, chloroquine led to clinical
deterioration without significant effect on viral load, which was attributed to a delaying effect on
adaptive immunity [90,91].

3.2. Treatment of SARS-CoV-2 Infections

The anti-viral applications of hydroxychloroquine and chloroquine have gained renewed interest
in the wake of the 2020 SARS-CoV-2 pandemic. In vitro studies of SARS-CoV, responsible for the
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2003 epidemic, demonstrated that chloroquine had an inhibitory effect on viral replication in Vero
cells [92-94]. However, intraperitoneal and intranasal injections of chloroquine ultimately induced
no effect in vivo in BALB/c mice [95]. Nevertheless, with the emergence of the SARS-CoV-2 global
pandemic, several in vitro studies have demonstrated hydroxychloroquine and chloroquine inhibit
viral replication of this new strain of coronavirus in Vero cells [96-98]. However, the potential benefits
of these drugs in the treatment of SARS-CoV-2 infected patients are highly disputed. Preliminary
clinical trials in China claimed that chloroquine treatment might inhibit exacerbation of pneumonia,
improve radiographic appearances, enhance virus-negative conversion, and reduce the overall length of
the illness [99]. However, the results of these trials are yet to be formally peer-reviewed. A subsequent
French trial with 20 SARS-CoV-2 patients suggested that hydroxychloroquine treatment (at 600 mg
daily) significantly reduced viral load [100]. However, methodological concerns, such as a lack of
randomisation and unexplained exclusion of patients in the hydroxychloroquine-treated arm (three
of which were transferred to intensive care and another died), have since led to the discounting of
the study’s findings [101]. In a subsequent larger double-blind clinical trial, 81 SARS-CoV-2 infected
patients randomised to either low (450 mg twice daily on the first day and once daily for four days) or
high dose (600 mg twice daily for 10 days) chloroquine were compared, with both groups also receiving
the antibiotic azithromycin. Increased lethality from cardiac effects associated with a prolongation of
the corrected QT interval was observed on electrocardiography in the high dose group [102]. As the
trial had to be stopped due to safety concerns, the study became underpowered to detect a treatment
benefit of chloroquine [102]. An open-label clinical trial was undertaken in China on 150 SARS-CoV-2
infected patients with mild to moderate symptoms. Patients were either randomised to the normal
standard of care or treated with hydroxychloroquine at 1200 mg daily for three days followed by a
maintenance dose of 800 mg daily for another 2-3 weeks depending on severity [103]. There was
no detectable difference in virus-negative conversion, although there was a greater report of adverse
effects in the hydroxychloroquine treated patients [103]. There is currently no evidence to show any
significant benefit of hydroxychloroquine or chloroquine in SARS-CoV-2 infection and high doses
of the drugs may be associated with adverse effects. One explanation for the discrepancy between
in vitro and in vivo findings may be due to the use of Vero cells for all in vitro experiments performed
with SARS-CoV and SARS-CoV-2, which do not produce type I interferons [92-94,96-98].

In summary, despite various attempts to utilise hydroxychloroquine and chloroquine to control
viral infections, they have not demonstrated clinical efficacy in treating any acute viral infections to
date, either as a primary or adjunctive therapy. On the contrary, the immunomodulatory effects of
hydroxychloroquine and chloroquine at in vivo biological concentrations may be exploited to enhance
viral transduction during gene therapy.

4. Application of Hydroxychloroquine to Viral Vector-Mediated Retinal Gene Therapy

4.1. Immune Responses to AAV-Mediated Retinal Gene Therapy

AAV vectors have been widely utilised in gene therapy to treat a range of retinal genetic
diseases due to their broad tissue tropisms, low pathogenicity, and relative low immunogenicity
compared to other major viral vectors, such as lentiviruses and adenoviruses. Despite assumptions
of immune privilege in the eye and low immunogenicity of AAV, inflammatory responses have
been observed following subretinal injections of AAV. For instance, AAV2- and AAV8-injected
cynomolgus macaques demonstrated a dose-dependent increase in capsid-specific neutralising
antibodies and a systemic T cell response to the GFP transgene in two of the 14 animals that
received high vector doses (1 x 10!! vector genomes (vg)/eye) [104]. Subretinal injection of cynomolgus
macaques with an AAV2tYF vector (with three capsid tyrosine to phenylalanine mutations) expressing
the gene CNGB3 led to inflammatory responses in the anterior and posterior segments at both
1.2 x 10'! and 1.2 x 10'2 vg/eye, with one animal developing severe endophthalmitis; all animals had
an increase in neutralising antibodies to the AAV2tYF capsid [105]. Cynomolgous macaques injected



Int. ]. Mol. Sci. 2020, 21, 4972 9of 22

with the AAV7mS8 demonstrated high expression of glial fibrillary acidic protein (GFAP) (a marker
for glial activation) at the highest vector dose (1 X 1012 vg/eye) [106]. Severe retinal inflammation
was detected with signs of lymphocytic retinal infiltrates, perivascular inflammation, loss of RPE,
and chronic choroidal inflammation [106]. The presence of a dose-dependent inflammatory response
to AAV2-mediated retinal gene therapy was first observed in humans in a phase 1/2 clinical trial
treating RPE65-associated Leber congenital amaurosis where five of the eight high dose patients
(1 x 10'2 vg/eye) had signs of intraocular inflammation, such as anterior uveitis, mild vitritis, and optic
disc swelling [15]. In a phase 1/2 clinical trial of AAV2-mediated gene therapy for choroideremia, one of
14 high dose patients (1 x 10'! vg/eye) developed intraocular inflammation in the form of vitritis,
retinitis, and choroiditis, which was associated with reduced visual function [17]. Similarly, in a phase
1/2 trial of AAV8-mediated gene therapy for RPGR-associated X-linked retinitis pigmentosa, seven out
of nine high dose patients (0.6-4 x 10! vg/eye) developed steroid-responsive subretinal inflammation
associated with transient changes in retinal sensitivity [14]. Typically, inflammatory responses have
been controlled in retinal gene therapy trials using a course of systemic immunosuppression (e.g.,
oral corticosteroid). However, persistent immune responses against the AAV transgene may diminish
the long-term durability of the treatment. Currently, it is uncertain whether intraocular inflammation
following AAV-mediated retinal gene therapy is directed at the viral capsid, therapeutic cassette, or the
transgene product itself. Characterising the exact nature of the immune responses to AAV and devising
methods for overcoming these counterproductive responses have become of great interest as gene
therapies go from proof-of-concept to clinical application.

Intramuscular injection of recombinant AAV in wildtype mice elicited TLR9-mediated activation of
pDCs and a type I interferon response independent of AAV serotype, suggesting that the TLR9-Myd88
pathway was critical for the activation of a CD8" T cell response against the AAV capsid and
transgene [107]. The immunogenic serotype AAVrh32.33 has also been shown to elicit a TLR9-mediated
CD8* T cell response in vivo, which was significantly diminished upon depletion of CpG sequences
(the ligands for TLR9 receptors) in the viral genome [108]. The activation of adaptive immunity against
AAV could lead to the production of transgene-specific antibodies, reduced transgene expression,
and diminished durability of gene therapy. For instance, in a gene therapy trial for haemophilia B,
an AAV serotype 2 vector containing the human Factor IX transgene delivered via hepatic artery
infusion, led to a transient therapeutic level of transgene expression lasting 8 weeks due to destruction of
transduced hepatocytes by an AAV capsid-specific CD8* T cell response [109]. While AAVs containing
self-complementary genomes can provide higher levels of transgene expression in vitro, they are
associated with greater pro-inflammatory innate immune responses in vivo as the double-stranded
AAV genome can activate TLR9 more strongly than ssDNA in standard AAV vectors [110]. Furthermore,
we found that mouse embryonic fibroblasts lacking cGAS, which is capable of sensing secondary
structures of ssDNA such as the AAV ITRs, showed significant increases AAV transgene expression
compared with wildtype cells, suggesting that nucleic acid-sensing innate immune responses may be
a key limiting factor for AAV transduction [111]. Together, these studies reveal the ability for AAV,
similar to other viruses, to activate PRRs and elicit both intracellular and cellular immune responses
that can determine the efficacy of gene therapy.

Key anti-viral sensors, including TLR9 and cGAS, and effectors, including IFN-y, TNF-«, and IL-13
are upregulated in the retina following AAV gene therapy in vivo, in wildtype mice and non-human
primates [111-113]. Release of pro-inflammatory cytokines within the retina can lead to increased
permeability of the blood-retina barrier and enable infiltration of circulating leukocytes into the
normally “immune-privileged” retinal environment [114-116]. This is supported by positive retinal
immunohistochemical staining for MHC class I and II (suggestive of active antigen presentation) and
CD8 (indicative of infiltrating cytotoxic T cells) following subretinal injection of AAV8 in non-human
primates [112]. One possible source of retinal inflammation following AAV gene therapy may be related
to the activation of retinal microglia, which are resident macrophage-like cells capable of detecting
viral infections and orchestrating local immune responses through the activation of TLR9 [117] and
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c¢GAS [118], and recruitment of infiltrating leukocytes [119]. This would be consistent with increased
immunohistochemical staining for ionized calcium-binding adaptor molecule 1 (IBA1) (a microglia
activation marker) in the retina following subretinal injection of AAV in mice [112,113].

4.2. Improving the Efficacy of Retinal Gene Therapy

Since hydroxychloroquine and chloroquine are inhibitors of the anti-viral PRRs TLR9 and cGAS,
they may provide a means of improving AAV transduction by modulating anti-viral responses during
gene therapy. We tested this hypothesis by examining the effect of hydroxychloroquine on AAV2
transduction in vitro at a range of concentrations and found a significant increase in transgene expression
at around 19 uM of hydroxychloroquine [111]. Similar enhancing effects on AAV transduction were
observed in primary non-human primate retinal pigment epithelium (RPE) cells and human retina
explants [111]. Co-administration of AAV vector and 19 uM hydroxychloroquine via subretinal
injection in mice led to improved transgene expression compared with vector alone using both an AAV2
vector with a ubiquitous CAG promoter (4.6-fold improvement) and an AAV8(Y733F) vector with a
photoreceptor-specific promoter (GRK1) (5.9-fold improvement) [111]. However, additional in vivo
studies with therapeutic vectors and different AAV doses would be beneficial to further investigate the
efficacy of hydroxychloroquine in retinal gene therapy.

The suppression of anti-viral pathways by hydroxychloroquine or chloroquine may ultimately
prevent expression of downstream pro-inflammatory cytokines and recruitment of infiltrating
leukocytes to the retina following AAV gene therapy. In addition, the cytokine IL-6, which has
been shown to be inhibited by hydroxychloroquine and chloroquine, can induce B cell maturation and
antibody production [42]. This may be of particular concern in patients seronegative for anti-AAV
antibodies where AAV gene therapy to the first eye may lead to B cell maturation and the production
of anti-AAV antibodies that could diminish the efficacy of repeat treatment to the second eye at a
later date. Although AAV2 capsid-specific antibodies and T cell responses have been seen in animal
models following readministration via the subretinal route [120], no such reaction was seen in a trial
with 11 patients [121]. Nonetheless, transduction of the second eye did not seem to be significantly
affected in either cases [120,121]. On the other hand, intravitreal administration of AAV appears
to induce a significantly greater level of anti-AAV antibody response [122] and is more prone to
antibody-mediated reduction of AAV transduction over repeated treatments [123]. This may be
because of increased vector shedding in intravitreal AAV delivery [124], while the blood-retina barrier
may limit exposure to circulating antibodies and immune cells during subretinal injections. Therefore,
adjunctive therapy with hydroxychloroquine might be beneficial in intravitreally delivered retinal
gene therapies by reducing the level of AAV neutralising antibody production to facilitate second
eye treatment. Alternatively, the endopeptidase imlifidase (IdeS) has been developed as a means
of eliminating anti-AAV antibodies [125]. Cynomologus macaques with pre-existing anti-AAV8
antibodies were intravenously injected with IdeS 24 h prior to AAV8-hFIX injections. This led to
decreased titres of AAV8-specific IgG and neutralising antibodies and a significant increase in hFIX
transgene expression. IdeS also enabled readministration of the novel AAV variant AAV-LKO03 in
African green monkeys, leading to a significant increase in transgene expression [125]. It remains to
be seen whether such methods would prove effective in retinal gene therapy given that neutralising
antibody responses are minimal following subretinal AAV injections [17]. Nonetheless, anti-AAV
antibodies have been detected in some retinal gene therapy clinical trials following subretinal [15] and
intravitreal injections [126,127], thus further work is necessary to determine the effect of retinal gene
therapy on neutralising antibody responses.

Corticosteroids provide an additional means of controlling AAV-mediated inflammation and
have been widely used in retinal gene therapy trials to control inflammatory responses [11,14,17].
Corticosteroid activity exists at the apex of an extensive signalling pathway that blocks several
downstream inflammatory responses. For instance, by inducing expression of the anti-inflammatory
molecule mitogen-activated protein kinase (MAPK) phosphatase 1; preventing transcriptional activity
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of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) that regulates downstream
transcription of a vast range of cytokines; and blocking c-Jun-mediated transcription of innate immune
factors [128]. However, despite this significant anti-inflammatory activity, little is known about the
effect of corticosteroids on the efficacy of retinal gene therapy. In vivo studies to investigate the level of
retinal transduction with and without corticosteroid treatment would thus be of significant interest.
Further work is therefore needed to analyse the mechanism of the AAV-mediated immune responses
and how these may be modified using adjunctive treatments during gene therapy.

5. Safety and Delivery of Hydroxychloroquine in Retinal Gene Therapy

5.1. Hydroxychloroquine Retinopathy

Although the first cases of retinopathy associated with chloroquine therapy were described in the
late 1950s [129], retinal toxicity was considered infrequent until the turn of the century as only patients
with symptoms of hydroxychloroquine retinopathy were detected [130]. The recognition of an increased
risk of retinopathy in chloroquine users, as compared to hydroxychloroquine users, led to the reduction
in the use of chloroquine across its treatment indications [131]. However, modern retinal imaging
techniques, such as optical coherence tomography (OCT) and fundus autofluorescence, over the past
20 years have enabled the detection of pre-symptomatic disease [132]. Using such techniques, a major
case-control study identified the prevalence of hydroxychloroquine retinopathy at 7.5% of patients
taking the drug for more than 5 years, increasing to 20-50% after 20 years of therapy [133]. The risk
factors for retinopathy included daily dose, duration of therapy, renal impairment, and concurrent
tamoxifen therapy [133]. A daily dose of >5 mg/kg/day over a prolonged period was considered to
confer a greater risk of hydroxychloroquine retinopathy [133], and safe dosing guidelines for chronic
use of hydroxychloroquine were defined by this threshold [134]. Due to the risk of hydroxychloroquine
retinopathy following chronic use, screening programmes were recommended in several countries to
reduce the risk of permanent visual loss in this group [135,136]. It is important to note that clinically,
hydroxychloroquine and chloroquine are not bioequivalent, and different daily doses are needed to
achieve similar therapeutic effects. The safe limits of daily dosing with regards to retinopathy also
differ, with 5 mg/kg/day for hydroxychloroquine and 2.3 mg/kg/day for chloroquine [136].

5.2. Routes of Administration

The adjuvant use of hydroxychloroquine to augment the effects of gene therapy at the time of AAV
vector delivery requires some consideration of the route of delivery of hydroxychloroquine, the dose
administered and the duration of therapy. The safe limits of orally administered hydroxychloroquine
have been defined over the past 60 years. Although there is no identified safe dose which confers
no risk, retinopathy is unlikely in the first 5 years of therapy unless concomitant risk factors are
present [133]. Very high doses of hydroxychloroquine (1000 mg/day) used in clinical trials in oncology,
where hydroxychloroquine is used as an inhibitor of autophagy, have resulted in retinopathy in two
out of seven patients at 15 and 25 months, respectively [137,138]. Although the mechanism of retinal
toxicity of systemically administered hydroxychloroquine is unknown, the dosing characteristics which
produce retinopathy have been well described. In the context of retinal gene therapy, it is unlikely that
short courses of orally administered hydroxychloroquine in the peri-operative period will have any
detectable effects on retinal structure or function, even at a high daily dose of 1000 mg/day.

Although the systemic adjunctive use of hydroxychloroquine in retinal gene therapy has not yet
been tested, this approach may be problematic given what is known about the pharmacokinetics of the
drug. Hydroxychloroquine has a relatively long plasma half-life of 32 days, and elimination half-life in
blood is approximately 50 days. The drug is highly sequestered in tissues, and therefore a steady-state
plasma concentration is only achieved after 6 months of daily dosing [139]. Moreover, a study
evaluating serum hydroxychloroquine levels in different individuals identified significant variability
between subjects [140]. Thus, a consistent and predictable tissue concentration of hydroxychloroquine
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within the retina to enhance AAV retinal gene therapy would be difficult to achieve over a short interval.
Furthermore, given that the effects of hydroxychloroquine on the intracellular innate immune response
appear highly dose-dependent, this variability in tissue drug concentrations may have a significant
influence on retinal photoreceptor or RPE transduction. A greater variability in clinical outcome
measures might, therefore, be expected when compared to locally delivered hydroxychloroquine.
Rabbit models have demonstrated the sequestration of systemically administered hydroxychloroquine
within the pigmented tissues of the eye, such as the RPE, choroid, and ciliary body, where it is bound to
melanin [141]. It is unclear how the immunomodulatory effects of hydroxychloroquine may influence
the relative efficiency of transduction of AAV-delivered transgenes to the RPE or photoreceptors
given this RPE-predominant tissue distribution from systemically administered hydroxychloroquine.
Although the effects of systemically administered hydroxychloroquine have not been evaluated in any
AAV gene therapy studies, it is likely that hydroxychloroquine would need to be administered in the
weeks prior to AAV delivery to allow hydroxychloroquine to reach appropriate tissue concentrations
within the eye. Both the efficacy of systemic hydroxychloroquine in the context of retinal gene therapy
and tissue concentrations of hydroxychloroquine within the retina and RPE require further evaluation.

The delivery of hydroxychloroquine by subretinal injection allows for precise control over the
local drug concentration. In 2013, an in vitro study used chloroquine at 100 uM as a tool for alkalising
endosomes, a concentration known to raise the pH of these compartments, and demonstrated a decrease
in AAV transduction in a hepatocellular carcinoma cell line (HepG2) [142]. In contrast, we showed
that 19 pM hydroxychloroquine enhanced AAV-mediated transgene expression in vivo by around
5-fold [111]. The lower concentration of hydroxychloroquine used would primarily be expected to
have an immunomodulatory effect and minimal influence on endosomal pH. When comparing the
effects of low (19 uM) versus high (113 uM) dose of hydroxychloroquine co-administered subretinally
with AAV in vivo, we found that 19 uM hydroxychloroquine led to significantly increased transgene
expression, while 113 uM hydroxychloroquine had no effect or in some cases a negative effect on
AAV transduction (Figure 3A). Moreover, no retinal structural change was detected by OCT with
this single low dose of hydroxychloroquine (Figure 3B) [111]. Given that hydroxychloroquine was
only delivered as a one-off treatment together with the AAV vector, the toxic effects associated with
prolonged hydroxychloroquine treatment are unlikely. However, long-term assessment of retinal
function using an electroretinogram would be required to fully investigate the safety of subretinally
delivering hydroxychloroquine. Taken together, these findings are consistent with the hypothesis that
a low concentration of locally delivered hydroxychloroquine could improve viral transgene expression
by inhibiting PRR-mediated anti-viral responses, while high concentrations of hydroxychloroquine
may impair viral entry by altering endosomal pH.

5.3. Potential Clinical Applications

Current AAV retinal gene therapy trials and therapeutic protocols, in the case of voretigene
neparvovec for RPE65-associated Leber congenital amaurosis, generally include a perioperative period
of systemic immunosuppression with prednisolone to reduce the risk of retinal inflammation [11,14,17].
Nevertheless, at high vector doses cases of intraocular inflammation have been observed requiring
supplementary corticosteroid treatment. This can include oral prednisolone, dexamethasone eye
drops, and intravitreal dexamethasone implants (Ozurdex), as demonstrated in the phase 1/2
dose-escalation gene therapy trial for X-linked retinitis pigmentosa [14]. Corticosteroids provide
an effective means of controlling ocular inflammation; however, systemic corticosteroid usage may
be associated with a range of potential adverse effects, including activation of viral retinitis in
previously immunocompetent patients [143,144]. Intraocular or periocular corticosteroid use may also
be associated with an increased risk of acute retinal necrosis secondary to HSV [145,146]. Since the
dose of hydroxychloroquine administered in the sub-retinal space in AAV gene therapy potentiates
viral action, there is a theoretical risk of viral retinitis. However, acute retinal necrosis has not been
reported in long-term systemic hydroxychloroquine users despite clear evidence for drug accumulation
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within the RPE. Hydroxychloroquine in the context of subretinal delivery may, therefore, function
as an immunomodulatory rather than immunosuppressive agent. This may suggest that subretinal
administration of a single low dose of hydroxychloroquine as an adjuvant to AAV gene therapy is
of low risk while offering the potential to reduce the AAV dose required, thus reducing the risk of
treatment-induced retinal inflammation and the need for systemic steroids to counter this response.
However, while existing evidence supports the safety of low dose hydroxychloroquine in healthy
retinae, it is unclear whether the degenerate RPE and photoreceptors in inherited retinal dystrophies
may respond differently to the same concentration of hydroxychloroquine.
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Figure 3. Dose effect of HCQ on improving the efficacy of adeno-associated viral (AAV)-mediated
retinal gene therapy in vivo. C57BL/6] mice were subretinally injected with 1 x 108 vector genomes
of AAV8(Y733F) GRK1.GFP with and without either 18.75 uM (n = 10) or 112.5 uM (n = 11) HCQ.
(A) The protein quantification of GFP expression normalised to 3-actin (expressed as logg) 6 weeks
post-injection of AAV only injected eyes (x-axis) plotted against AAV with HCQ injected eyes (y-axis).
Each point represents an individual animal. Points above the line represent a positive effect and below
a negative. The p-value for analysis between paired eyes is given in the legend using a Wilcoxon
matched-pairs signed rank test. (B) Mean total retinal thickness measured by in vivo spectral domain
optical coherence tomography imaging (+ SEM).

6. Conclusions

An important feature of the mechanism of action of HCQ and CQ is their ability to accumulate in
intracellular compartments. However, the activity of these drugs within acidic vesicles may largely
rely on their concentration. High doses of HCQ and CQ can alkalise endosomes and lysosomes to
impair their function, while low doses appear to have minimal effects on pH but can prevent activation
of intracellular PRRs to modulate downstream innate immune responses. This dual activity may
explain the contradictory effects of HCQ and CQ seen in viral infections, with low concentrations
providing potential to minimise anti-viral responses. AAV gene therapy is a promising treatment
for inherited retinal disease; however, clinical efficacy is limited by the proportion of target cells that
successfully express the therapeutic transgene. Adjunctive use of HCQ provides a means of inhibiting
restrictive anti-viral intracellular immune responses to improve transgene expression and enhance the
therapeutic effect to reach the transduction threshold needed to prevent disease progression. Given the
risk of deleterious tissue inflammation with high doses of AAV, HCQ may also enable the use of
lower and safer vector doses to achieve a given treatment effect. When applied to viral infections in
general, it remains to be seen whether an optimal dosage of HCQ may be found to reduce unwanted
tissue inflammation due to anti-viral immune responses in order to reduce overall disease severity
or duration.
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Abbreviations

AAV Adeno-associated virus

HCQ Hydroxychloroquine

CQ Chloroquine

ssDNA Single-stranded DNA

ITR Inverted terminal repeat

HIV Human immunodeficiency virus
TLR Toll-like receptor

PRR Pattern recognition receptor
dsRNA Double-stranded RNA

ssRNA Single-stranded RNA

ODN Oligodeoxynucleotide

PBMC Peripheral blood mononuclear cell
cGAS Cyclic GMP-AMP synthase

IFN Interferon

TNF Tumour necrosis factor

IL Interleukin

ISG Interferon-stimulated gene

MHC Major histocompatibility complex
HSV Herpes simplex virus

SARS-CoV Severe acute respiratory syndrome coronavirus
pDC Plasmacytoid dendritic cell

vg Vector genomes

OoCT Optical coherence tomography
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