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Abstract 

The use of Adeno-associated viral (AAV) vectors for gene therapy has been most promising 

because of their safety profile; however, current production methods limit desirable amounts 

of AAV vectors. Significant efforts have been made to improve AAV production systems, 

including the optimisation of vector expression cassettes and the regulation of producer cell 

factors. In this study, we endeavoured to alter the host cell gene expression using CRISPR/Cas9 

technology to improve AAV production. We generated knockouts of Y-Box protein (YB)1 in 

293T, and the putatively identified homologue Spodoptera frugiperda Y-Box protein (SfYB) in 

Sf9 cells. We present the first example in which CRISPR/Cas9 genome editing can be utilised to 

regulate cell-intrinsic factors that may be implicated in AAV vector production; although, the 

disruption of YB1 or SfYB did not generate enhanced AAV vector producer cell lines. YB1 

knockout cells presented with heightened sensitivity to chloroquine and limited its use for AAV 

vector production. The protective function of YB1 to chloroquine-induced cytotoxicity was 

demonstrated, and analysis of YB1 mutants suggested that its cold shock domain was the 

principle mediator of this resistance. We also identified YB1 associations with AAV serotype 2 

(AAV2) inverted terminal repeat (ITR) in vitro, and a rather distinct colocalisation between YB1 

mutant ς encompassiƴƎ ¸.мΩǎ /-terminal domain (CTD) and AAV2 intact particle and AAV2 

capsid to the nucleolar compartment. Therefore, there may be associations between YB1 and 

its CTD in AAV2 vector production. We also present the advantages of using a repertoire of 

assays to characterise CRISPR/Cas9-edited cell lines. This included the advantage of 

establishing clonal populations that were homozygous for their knockout mutation(s), and 

utilising target-specific antibodies for screening knockouts. Regardless, CRISPR/Cas9 has 

become a mainstream technology allowing for specific and efficient genome editing, and is 

revolutionising human gene therapy with the potential of giving rise to an entirely new class of 

therapeutics. 
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Chapter 1: Introduction 

 

1.1.0 Gene Therapy 

1.1.1 Definition of gene therapy 

Gene therapy is defined as the directed and targeted delivery of exogenous genetic material to 

correct a negative phenotype or disease. The goal of gene therapy is to cure the clinical status 

of patients, whom suffer from certain heritable or acquired genetic diseases. In this way the 

recipient of gene therapy is corrected of their genetic defect either by mediating the repair of 

ǇŀǘƛŜƴǘǎΩ ƎŜƴŜǘƛŎ information (Urnov et al., 2005; Wu et al., 2015), or inserting the functioning 

gene into the target tissue(s) (Anderson, 1984).   

 

1.1.2 Conception of gene therapy 

The core principles behind gene therapy derived from initial studies that propagated within 

the last century with work performed on bacteria. Frederick Griffith examined the then 

unknown phenomenon of transformation (Griffith, 1928) by mixing live, non-virulent R form of 

Type I pneumococcus with heat-inactivated virulent S strain. Subsequent infection of this 

mixture in mice developed active infection, pneumonia, and death. Additionally, viable isolates 

of S form of Type II pneumococcus were cultivated from infected mice. Thus Griffith concluded 

the R form had converted to the more virulent micro-organism. Studies that followed, shortly 

thereafter, showed that the key factor that permitted such transformation was mediated by 

the transfer of deoxyribonucleic acid (DNA) (Avery et al., 1944).  

 

Additional gene transfer mechanisms were shortly discovered, and perhaps an important 

mediator of horizontal transfer of genetic material was via bacteriophages, in a process 

ŘǳōōŜŘ ΨǘǊŀƴǎŘǳŎǘƛƻƴΩ (Zinder and Lederberg, 1952). These particulates invade and inject their 

genetic material into target bacterial cells, which then facilitates their replication and 

consequently induces cell lysis. Or a dormant infection establishes with integration of 

bateriphage genetic material into the target genome. Upon particle assembly, bacteriophages 

are capable of aŎǉǳƛǊƛƴƎ ǘƘŜ ǘŀǊƎŜǘΩǎ ƎŜƴŜǘƛŎ ƛƴŦƻǊƳŀǘƛƻƴ.  Subsequent infection facilitates the 

exchange of genetic material between bacteria (Zinder and Lederberg, 1952; Wilson et al., 

1979). This process contributes to the rapid acquisition of antibiotic resistance in certain 

bacteria (Colomer-Lluch et al., 2011). The process exemplifies the extent at which 
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bacteriophages are capable of functioning as transforming mediators.  

 

Further to this, work performed by Waclaw Szybalski demonstrated the potential for rescuing 

genetic defects by the acquisition of functional exogenous DNA (Szybalska and Szybalski, 

1962). Cells require the synthesis of nucleic acids for growth and survival. This synthesis is 

programmed in the form of dihydrofolate reductase (DHFR), and when inhibited, an 

alternative pathway is utilised in the form of hypoxanthine-guanine phosphoribosyl 

transferase (HGPRT). Taking advantage of this, Szybalska generated HGPRT+ and HGPRT- clones 

from the human bone marrow cell line, D98S. Inhibition of DHFR by aminopterin 

(supplemented as hypoxanthine, aminopterin, and thymidine [HAT] medium) promoted the 

survival of HGPRT+ derivatives only because the alternative HGPRT-mediated synthesis of 

nucleic acid compensated for the lack of DHFR activity. Subsequent isolation of genomic DNA 

from the HGPRT+ cells and transformation of HGPRT- cells with said isolated DNA resulted in 

the complete rescue of HGPRT- cells when grown in HAT medium. Furthemore, daughter cells 

of transformed cells also showed a similar phenotype to the HGPRT+ derivative, indicating 

stable transfer of the rescued gene (Szybalska and Szybalski, 1962). This represented one of 

the earliest indicators that the physical transfer of genetic information could be a means to 

produce a desired phenotype. 

 

The phenomena of transduction, genetic transfer, and the concept of rescuing genetic defects 

fuelled research innovation with extension to eukaryotic viruses. One driver of this potential 

application was the observation that pseudovirions were an additional product of 

polyomavirus (Winocour, 1968) or simian virus 40 (SV40) (Trilling and Axelrod, 1970) infections 

in vitro. Pseudovirions refer to progeny particles that harbour packaged fragments of host 

DNA instead of virus-specific genome. Observations made by Osterman et al. (1970) showed 

that pseudovirions were capable of intracellular uncoating and, therefore, exogenously-

acquired DNA could be shuttled safely into infected cells. Although, no indication of the fate of 

the shuttled host DNA fragments could be deduced from initial studies, the aforementioned 

work provided the initial premise that genetic information could be delivered safely in vivo. It 

quickly became apparent that the mammalian SV40 virus could be manipulated to function as 

a transfer vector of genetic information into eukaryotic cells, and propagate recombinant 

vectors from cultured mammalian cells (Ganem et al., 1976; Goff and Berg, 1976; Nussbaum et 

al., 1976). Replacing SV40 genome sequences, namely the sequences encoding the SV40 large 

T antigen and/or sequences encoding the structural proteins Vp1-3, with a desired transgene 
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permitted in vitro production of replication-defective recombinant SV40 vectors in COS-7 cells 

(Strayer, 1996). Vector production was permissive because COS-7 cells provided the large T 

antigen in trans (Strayer, 1996). The therapeutic potential of recombinant SV40 vectors has 

been demonstrated in animal models of select human diseases (Goldstein et al., 2002; Duan et 

al., 2004; Vera et al., 2007). However, a considerable limitation of recombinant SV40 vector 

technology and its use in clinical studies included the accumulation of replication-competent 

SV40 vectors during production processes (Vera et al., 2004). This was likely as a result of 

recombination between recombinant SV40 DNA (for vector production) in COS-7 cells that 

were originally immortalised by the introduction of origin of replication-mutant SV40 viral DNA 

(Gluzman, 1981). 

 

1.1.3 Gene therapy strategies 

It became essential to identify more appropriate viral vectors for the delivery of exogenous 

genetic material into target cells, especially those that could stably transduce target cells for 

therapeutic purposes. Additional studies revealed the capacity for gene transfer by means of 

alternative viral vectors, including: lentivirus, Adenovirus and Adeno-associated viruses (AAVs) 

(Volpers and Kochanek, 2004; Kotterman and Schaffer, 2014). Therefore, the principles of 

gene therapy involved introducing nucleic acid to be administered directly to humans with the 

aim of genetic engineering of target cells. This would allow substitution or replacement of 

defective gene sequences, and potentially provide long-term curative benefit to those patients 

who suffer from acquired or genetic disease. 

 

The predicted collective of monogenic diseases affect a great number of people worldwide. A 

list of approximately 10,000 monogenic diseases is available in the Online Mendelian 

Inheritance in man (OMIM) database. The prospect of alleviating these conditions by a single-

administration, curative strategy is highly attractive. And with enhanced next-generation 

sequencing technologies, the precise genes or genetic defects responsible for a great many 

genetic disorders (approximately 50%) have been identified in good confidence (Boycott et al., 

2013). With enhanced molecular understanding of genetic diseases, the targeting efficiency of 

these identified gene defects can be improved substantially with greater overall clinical 

success. 

 

To tackle this viral vector-based gene therapy platforms have been actively developed. Their 

applications have been widely extended from the original concept of reintroducing the correct 
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gene to target cells or tissue. Such includes direct correction of the defective genes using 

genome editing technologies (this will be briefly discussed in section 1.6.4). However, it is 

worth mentioning that alternatives to viral vector based gene therapies are actively being 

researched and have even undergone clinical trials. The intention is to expand gene therapy 

platforms to overcome limitations of viral vector and/or rAAV vector strategies for gene 

therapy. Such includes non-viral delivery methods that involve the gene transfer of 

therapeutic cDNA-encoding gene, plasmid, or RNA. Non-viral vector gene transfer methods 

involving electroporation (Neumann et al., 1982) of desired nucleic acids have shown some 

clinical translation potential, either in vivo and/or ex vivo (Brown et al., 2009). However, given 

the nature of the gene transfer technique, the use of electric fields and impulses can incur 

localised cell death and damage, which is more apparent that physical gene transfer methods 

such as viral vector strategies (Lefesvre et al., 2002; Kubota et al., 2005). 

 

Additional non-viral vector strategies can also involve introducing nucleic acids complexed to 

liposomes (for example pGM169/GL67A), polymers, or gold nanoparticles for gene therapy 

applications (Alton et al., 2015; Lee et al., 2017b; Sun et al., 2017). The use of a viral vector to 

shuttle the desired nucleic acid is omitted. Many advantages are proposed for using non-viral 

gene delivery methods over viral delivery methods. This includes the increased safety from the 

naked DNA randomly integrating into the host genome and potentially encouraging insertional 

mutagenesis. The cDNA/RNA used in non-viral delivery methods is largely non-integrating into 

host genomes, and are unlikely to affect the genomics of proto-oncogenes or tumour 

suppressor genes. Additionally, non-viral methods are associated with low immunotoxicity 

given the absence of viral proteins, which reduces the chance for adverse immunological 

responses to the gene delivery as compared to using viral vector methods (Chen et al., 2010; 

Kelley et al., 2018). This is largely because recombinant viral vectos are typically derived from 

naturally occurring viruses, from which a subset of the human population may be experienced 

against and already have an immunological memory component ready to mount exaggerated 

immune responses against cells targeted by viral vectors (Veron et al., 2012). Finally, viral 

vectors often come with a packaging limit for the desired therapeutic gene as is seen with 

rAAV vectors (up to 4.5kbp). The restricition in cDNA size is in theory lifted using non-viral 

methods as packaging capacities do not need to be considered. Having said this, gene 

delievery efficiencies are compromised with significantly large cDNAs regardless of complexing 

with liposomes, polymers, or gold particles (Ribeiro et al., 2012).      
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1.1.4 Advantages of AAV vectors in gene therapy 

To facilitate the above, vector-based gene therapy has become an extremely attractive 

approach. AAV vectors show considerable promise as a system to deliver recombinant nucleic 

acid into target cells. The great wealth of information available on AAVs and its biology has 

permitted its easy manipulation. Knowledge in AAV capsid structure and design has enabled 

commercial applications for research and translational benefit. Wildtype AAVs have shown, 

until more recently (and briefly discussed in Section 1.1.5), no known association with active 

human disease or cytopathogenicity, and thus potentiates the viral system as safe (Nathwani 

et al., 2007; van Gestel et al., 2014). Moreover, AAV transduces a broad range of cells 

including non-dividing cells. This poses a complication and limitation when concerning other 

vector-based strategies, which have a marked preference for transducing actively dividing cells 

only. However, given AAVΩs tractable infectivity towards either cell states (dividing or non-

dividing), vectors derived from this system are able to circumvent this limitation, and broaden 

cell targeting capabilities. By extension, the prospect of targeting a greater repertoire of 

genetic diseases is thus more permissible.  

 

It should be appreciated, that unlike SV40-based gene transfer, use of recombinant (r)AAV 

vectors is associated with long-term and stable transgene expression (Kaspar et al., 2005) ς a 

prerequisite for successful gene therapy. Recombinant AAV has therefore been used in gene 

therapy clinical trials for a number of diseases, such as: Duchenne muscular dystrophy (Bowles 

et al., 2012), haemophilia B (Nathwani et al., 2011; Nathwani et al., 2014; French et al., 2018; 

Miesbach et al., 2018), and cystic fibrosis (Moss et al., 2004). More promising is the fact that 

the first EU-licensed gene therapy product, Glybera, and the even more recent US-approved 

Luxturna, are both rAAV-based gene therapy products for the treatment of hereditary 

lipoprotein lipase deficiency (Carpentier et al., 2012) and LeberΩǎ congenital amaurosis 

(Bennett et al., 2016), respectively. Collectively, these examples demonstrate that rAAV-based 

gene therapies are a promising advancement as a modern healthcare and medicine. 

 

1.1.5 Disadvantages of AAV vectors in gene therapy 

Despite the advantages of using rAAV vectors for gene therapy applications (as briefly outlined 

above and in further detail in the rest of the literature review), the vector system is not 

without some drawbacks that limit its extended use as a gene therapy platform. Firstly, the 

packaging capacity of rAAV vectors is very limiting, where wildtype AAV genomes are 

approximately 4.7kb in length (Srivastava et al., 1983). Therefore, after removal of the rep and 
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cap encoding sequences, little cargo space is left for the desired therapeutic transgene. An 

attempt to overload rAAV vectors is met with challenges in packaging intact vector genomes ς 

vector genomes are found truncaǘŜŘ ŀǘ ǘƘŜ рΩ-end and/or showed impaired transduction 

efficiencies in vitro (Wu et al., 2010). Next, rAAV vector genomes chiefly persists episomally in 

the nucleus of transduced cells (Penaud-Budloo et al., 2008), and rarely integrates randomly 

into the host genome (Inagaki et al., 2008). Therefore, depending on the target cell type, 

episomal rAAV vector genomes can be simply diluted out by cell division, leading to a transient 

state of gene correction. Additionaly, given that in most instances the capsids of naturally 

occurring AAV serotypes are used to pseudotype rAAV2 vector genomes, of which wildtype 

counterparts naturally infect humans, and consequently contribute to an immune response 

and immune memory to rAAV vectors. Ultimately, the host immunological response to rAAV 

vectors is evident (Veron et al., 2012), and restricts the efficacy of rAAV vectors as a gene 

therapy tool (Janelidze et al., 2014).  

 

Furthermore, the safety profile of using rAAV vectors for gene therapy has become a 

controversial topic despite the number of clinical trials to date that suggest its general safety 

profile. Potential genotoxicty by rAAV vectors was first implied in murine models that 

demonstrated a significant risk in hepatocellular carcinoma development (Donsante et al., 

2001; Donsante et al., 2007). The genotoxicity issue was further raised by Nault et al. (2015), 

of which group identified the integration of wildtype AAV2 genome sequences in 11/193 

human hepatocellular carcinoma samples. The integration occurred in key genes known to be 

cancer drivers and correlated with their overexpression (CCNA2, TERT, CCNE1) (Nault et al., 

2015). Having said this, no long term studies on large animal models thus far have 

demonstrated rAAV-mediated genotoxicity, post-transduction with rAAV vectors in a clinical 

context (Gil-Farina et al., 2016). Nonetheless, this potential revelation that AAV, and by 

extension rAAV, may show some tendancy for insertional mutagenesis and hepatocellular 

carcinoma risk, may warrant long term followup and observation of clinical trial participants 

for tumour formation. This would likely include identifying AAV vector integration sites to 

evalulate the risk of insertional mutagenesis in studies involving rAAV vector transduction. 

 

1.2.0 Biology of AAV 

1.2.1 Taxonomy and classification of AAV 

Human AAV was first identified as contaminants of simian Adenovirus preparations (Atchison 

et al., 1965). AAVs are small (20-25nm), non-enveloped, DNA viruses which have been classed 
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into the Parvoviridae family. Parvoviridae family of viruses are among the smallest viruses 

known, and comprise a wide number of non-enveloped viruses with capsid shells that form an 

icosahedral structure of T=1 symmetry (Xie et al., 2002). AAVs belong to its own genus, 

Dependovirus, originally described due to their tendency to require helper-viral functions to 

propagate. Therefore, AAVs are non-ǇǊƻŘǳŎǘƛǾŜ ŀƭƻƴŜΣ ŀƴŘ !!±ǎΩ ƭƛŦŜ-cycle is incomplete 

unless aided by the presence of an unrelated DNA virus ς namely Adenovirus (Hoggan et al., 

1966) or Herpes Simplex Virus (HSV) (Buller et al., 1981). Upon super-infection these helper 

viruses act to change the intracellular milieu and permit AAV gene expression and replication. 

Adenovirus provides AAV with early Adenoviral proteins: E1A, E1B, E4 and E2A. These helper 

proteins function to promote host-cell entry into S-phase and DNA replication (Samulski and 

Shenk, 1988). It also has been described that AAV replication can be stimulated by cellular 

genotoxic stresses (experimentally simulated by ultra-violet light, chemical carcinogens, or 

inhibitors of DNA replication) in the absence of helper virus, resulting in infectious AAV 

progeny (Yalkinoglu et al., 1988). In contrast to this, when helper functions are absent, AAV 

establishes latent infection with site-specific integration into chromosome 19q13.4 (Kotin et 

al., 1990). Thirteen serotypes of AAV (that are capable of infecting humans and primates) have 

been described; with AAV2 being the best characterised serotype. The remainder of this 

literature review will focus on this particular serotype as a prototype for the entire family.  

 

1.2.2 Structure and organisation of AAV genome 

All AAV serotypes package a single-stranded (ss)DNA genome of either polarity (plus or minus 

strands) at equal efficiency during assembly of AAV progeny (Steinbach et al., 1997). AAV DNA 

genome is approximately 4.7kb in length (Srivastava et al., 1983), and at eitƘŜǊ ŜƴŘ όрΩ ŀƴŘ оΩ 

ends) are specialised T-shaped hairpin secondary structures. These form as a result of 145 

nucleotide (nt) sequences called inverted terminal repeats (ITRs), and flank AAV coding 

regions. 

 

¢ƘŜ ƻǊƎŀƴƛǎŀǘƛƻƴ ƻŦ !!± ƎŜƴƻƳŜΩǎ ŎƻŘƛƴƎ ǎŜǉǳŜƴŎŜ Ŏŀƴ ōŜ ǎǳƳƳŀǊƛǎŜŘ ōȅ ǘƘŜ ǇƻǎǎŜǎǎƛƻƴ ƻŦ 

two main coding gene cassettes or open reading frames (ORFs) ς rep and cap (Fig. 1.1). The 

primary ORFs contain a region in which the rep and cap genes are overlapping by a small  

intron sequence. The rep and cap encode for four non-structural proteins and three structural 

proteins, respectively. Although, an additional non-structural protein involved in AAV 

assembly (assembly-activating protein, AAP) has been identified by Sonntag et al. (2010), and 

is encoded within the cap ORF. More recently, an additional AAV2 gene has been 
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characterised (AAV2 X). The AAV2 X ƎŜƴŜ ǿŀǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ƳƻǊŜ оΩ-end of the AAV2 genome, 

which is associated with its own promoter ς p81 (Cao et al., 2014). It was found that the 

product of the X gene enhanced autonomous and helper-directed DNA replication six-fold 

(Cao et al., 2014). 

 

A total of three major messenger (m)RNA transcripts are generated from the two ORFs of AAV 

ƎŜƴƻƳŜΩǎ Ǉƭǳǎ ǎǘǊŀƴŘ (Jay et al., 1979). Transcription initiation of each transcript is controlled 

by individual promoters termed p5, p19 and p40 (defined by their relative location within the 

genome). Both ORFs share a ŎƻƳƳƻƴ оΩ-end polyadenylation site to dictate transcriptional 

termination. Moreover, through the use of multiple promoters and hijacking of the host cell 

transcriptional machinery a total of eight proteins are easily encoded within the short coding 

sequence of AAV. 

 

Figure 1.1 Genome organisation of AAV2. Representative organisation of AAV2 genome, with rep and 
cap ORFs flanked by ITR sequences. Further dissection of rep and cap ORFs is also shown, with several 
main transcripts encoded by two ORFs ς coding for three structural proteins (Vp1-3), and four non-
structural proteins (Rep78, -68, -52 and -40). Black lines within cap represent surface-exposed aa 
residues. AAP alternative reading frame is denoted by the grey arrow. Coloured arrows indicate 
separate hypervariable regions. Figure from Kotterman and Schaffer (2014). 

 

Because of the limited coding capacity of AAV, AAV is restricted in its self-sufficiency. For 

instance, AAV does not encode its own RNA polymerase for transcription. To compensate, AAV 

is dependent on the host cell machinery to engage transcriptional activity and processing. 

Nonetheless, through transcriptional processing of alternate splice variants, the rep ORF 

encodes four non-structural proteins termed Rep78, Rep68, Rep52 and Rep40, which engage 
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in a number of processes ς namely replication. Expression of Rep78 and Rep68 are under the 

transcriptional control of p5 promoter, whereas Rep52 and Rep40 are determined by the p19 

promoter. Rep68 and Rep40 are C-terminal truncated splice variants of the Rep78 and Rep52 

major transcripts, respectively. The cap ORF, instead, is under the transcriptional control of 

the p40 promoter and encodes the capsid structural proteins Vp1, Vp2 and Vp3, as well as 

AAP. Vp1-3 makes ǳǇ ǘƘŜ ŎƻǊŜ ŎƻƳǇƻƴŜƴǘǎ ƻŦ !!±Ωǎ ǇǊƻǘŜƛƴ ǎƘŜƭƭΣ ŀƴŘ ŀƭǎƻ ŘŜǘŜǊƳƛƴŜs the 

AAV serotype. The major transcripts undergo splicing events due to the presence of the small 

intron sequence found within the rep-cap overlapping region (Qiu et al., 2003). The small 

intron possesses relevant splice donor and splice acceptor sites to facilitate splicing of either 

ORF, and therefore contributes to the repertoire of proteins expressed by wildtype AAV 

genome. 

 

1.2.3 AAV ITRs 

¢ƘŜ рΩ ŀƴŘ оΩ ŜƴŘǎ ŀǊŜ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ITRs of AAV genome, where the terminal 145nt form T-

shaped hairpin secondary structures. The initial-most 125nt form imperfect palindromes that 

folds upon itself to adopt the T-shaped hairpins. The ITR is a key requirement for certain 

aspects of AAV biology; for example a key role of the ITR is to facilitate AAV genome 

replication by creating double-stranded (ds)DNA duplex that helps self-prime DNA synthesis. 

In addition to this the ITRs also possess cis-elements such as the Rep-binding elements (RBE 

ŀƴŘ w.9ΩύΣ ŀƴŘ ǘŜǊƳƛƴŀƭ ǊŜǎƻƭǳǘƛƻƴ ǎƛǘŜ όtrs) involved in the nicking of dsDNA after completion 

of DNA replication. These are all necessary for active replication of AAV genome and packaging 

of genomes into preformed AAV capsids, to then form infectious units. Wildtype AAV is known 

to integrate site-ǎǇŜŎƛŦƛŎŀƭƭȅ ƛƴǘƻ ǘƘŜ ƛƴŦŜŎǘŜŘ ŎŜƭƭΩǎ ƎŜƴƻƳŜ ƛƴǘƻ ŎƘǊƻƳƻǎƻƳŜ мфǉмоΦпΣ ŀƴŘ 

this process is largely dependent on the ITRs. A representative diagram of AAV2 ITR is 

portrayed in Fig. 1.2. 
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Figure 1.2 AAV2 ITR sequence and secondary structures. Secondary structure of the left ITR is depicted, 
with annotations describing relevant features of the AAV2 ITR. AAV ITR is composed of two palindrome 
sequences (B-.Ω ŀƴŘ /-/Ωύ ǘƘŀǘ ƳŀƪŜ ǳǇ ǘƘŜ ŀǊƳǎ ƻŦ ǘƘŜ ¢-hairpin structure, and the longer palindrome 
sequence (A-!Ωύ ǘƘŀǘ ƳŀƪŜǎ ǳǇ ǘƘŜ ǎǘŜƳ of the ITR. The D-sequence on either end of the AAV genome is 
the point where the AAV genome becomes single-stranded. w.9Σ wŜǇ ōƛƴŘƛƴƎ ŜƭŜƳŜƴǘΤ w.9ΩΣ ǎŜŎƻƴŘ 
Rep binding element; trs, terminal resolution site. Figure from Goncalves (2005). 

 

1.2.4 Capsid structure 

As depicted previously the cap ORF encodes the capsid proteins (Vp1-3). Each share C-

terminus residues; however, Vp2 and Vp3 are N-terminus truncated splice variants of Vp1. 

Vp1-3 are 87kDa, 73kDa and 61kDa in size, respectively. The capsid of AAV virions is composed 

of sixty subunits made up of these three core proteins. The triplets of proteins arrange 

themselves in a specific 1:1:10 ratio of Vp1, Vp2 and Vp3, respectively, to form individual 

subunits (Agbandje-McKenna and Kleinschmidt, 2011). Altogether these 60 subunits assemble 

to form an icosahedral structure with T=1 icosahedral symmetry (Fig. 1.3A) as determined by 

X-ray crystallograǇƘȅ ŀǘ о* ǊŜǎƻƭǳǘƛƻƴ ŦƻǊ !!±н (Xie et al., 2002). The 3D-structure of several 

AAV serotypes has also been determined by X-ray crystallography, including: AAV4 (Padron et 

al., 2005) and AAV5 (Walters et al., 2004). Shared characteristics are evident between AAV 

serotype capsids, and these shared topological features are mainly found at each axis of 

symmetry. For instance, the most prominent features of AAV capsids are protrusions that 

appear at the three-fold symmetry axis, and a cylindrical channel that appears at the five-fold 

symmetry axis (Fig. 1.3B). Fig. 1.3B also depicts prominent depressions at the two-fold 

symmetry axis, which are immediately followed by the protrusions at the three-fold symmetry 

axis (O'Donnell et al., 2009).  
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Figure 1.3 3D-structure of AAV2 capsid. A) 3D representation of AAV2 capsid shell, where the white 
triangle represents one subunit composed of the Vp1-3 at 1:1:10 stoichiometry. These assemble to form 
the icosahedral structure. Topology is coloured to reflect distance from centre of particle ς white, 
furthest distance from centre, and red is closest to centre. Figure adapted from Xie et al. (2002). B) 
Cross-sectional of AAV2 capsid with symmetry axes 2, 3, and 5 annotated. Arrows indicate protrusions 
at the 3-fold symmetry axis that flank 2-fold symmetry axis depression. Figure adapted from O'Donnell 
et al. (2009). 

 

1.2.5 AAV serotypes 

Serotypes are defined as an isolated virus that does not cross-react with neutralising 

antibodies or antiserum that is originally specific against other existing forms. AAV2 was the 

first isolated serotype to be cloned into a bacterial plasmid by Samulski et al. (1982). 

Therefore, it became the key serotype used for clinical and research purposes. Consequently, 

AAV2 biology is best characterised and extensively elucidated in comparison to all other 

naturally occurring AAV serotypes.  

 

The initial most AAV serotypes 1-4 and 6 were mainly isolated as contaminants of Adenovirus 

preparations (Atchison et al., 1965), whereas AAV5 was identified from human penile genital 

warts (Bantel-Schaal and zur Hausen, 1984). Several more recent AAV serotypes have also 

been identified, including AAV7-9, as well as well over 100 AAV variants (Gao et al., 2002a; 

Gao et al., 2004; Mori et al., 2004; Schmidt et al., 2006). This novel repertoire of AAV 

serotypes was identified through PCR-based strategies that targeted homologous regions of 

the cap gene in a number of human tissues (Gao et al., 2004). It then became apparent that 

some AAV serotypes showed distinct in vivo transduction properties despite significant 

homology at the DNA-level. For example, isolation of AAV8 showed remarkable transduction 

into murine liver compared to AAV2 (Sands, 2011). The distinct transduction biology between 

serotypes encouraged expansion of AAV as a tool for gene therapy. Where the select tropism 



 

12 
 

displayed by particular serotypes proves advantageous in a clinical setting by avoiding broad, 

non-specific transduction, and thus allowing for more site-specific targeting of cell or tissues. 

 

1.2.6 AAV life-cycles and helper-virus functions 

Upon infection into target host cell, AAV typically undergoes one of two life-cycles ς lytic or 

lysogenic. Lytic infection predominates when helper functions and virus are made available. 

Productive AAV results and is characterised by active genome replication, gene expression of 

viral-encoded genes, and the eventual production of AAV virions. Helper virus-mediated lysis 

of host cell results in the release of AAV virus progeny.  

 

The repertoire of Adenovirus genes that mediate the helper functions for AAV production 

were identified as E1a, E1b, E2a, E4orf6 and virus-associated RNAs (VA RNAs) (Samulski and 

Shenk, 1988). The encoded proteins and RNAs permit AAV production by affecting different 

aspects of AAV life-cycle as well as the biology of the infected host cell. To start with, E1a 

encodes E1A protein, which up-regulates cyclin E and cdc25A expression and activity and 

promotes host cell entry into active S-phase of the cell cycle (Spitkovsky et al., 1996). 

Additionally, E1A is directly implicated in the pRb/E2F-1 pathway, by binding to the pRb family 

of proteins to release key transcription factors that are defined as key regulators of S-phase 

entry from the G1 stage of the cell cycle (Nevins, 1990). Ultimately there is gross manipulation 

of the infected cell that prompts cell cycle entry and up-regulation of DNA replication and 

synthesis machineries. E1A additionally functions to regulate virus replication by promoting 

transcriptional up-regulation of the AAV promoters, p5 and p19 (Tratschin et al., 1984). E1A is 

capable of stabilising p53 ς the tumour suppressor gene product, to elicit pro-apoptotic 

functions. This is mediated through E1AΩǎ ability to render p53 incapable of proteasomal 

degradation (Lowe and Ruley, 1993; Li et al., 2004). Although, remaining helper functions have 

evolved to prevent E1A-mediated p53-induced apoptosis. Namely, the E1B and E4orf6 helper 

proteins (encoded by E1b and E4orf6, respectively) are able to destabilise p53 by forming a 

complex with associated cellular proteins. This complex harbours an E3 ubiquitin ligase 

function and targets p53 for ubiquitin-mediated proteolysis (Luo et al., 2007; Schwartz et al., 

2008). Furthermore, E1B and E4orf6 possess additional helper functions that promote the 

nuclear export of late viral mRNA to the cytoplasm for downstream processing (Pilder et al., 

1986; Krätzer et al., 2000; Blanchette et al., 2008). Considering AAV or Adenovirus virus-

specific elements are exposed within infected cells, the host cellular anti-viral responses must 

be repressed. The VA RNAs assist in this regard to impressively block anti-viral mechanisms by 
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inhibiting interferon (IFN) signalling that would otherwise activate anti-viral enzyme systems 

such as Dicer and the RNA-induced silencing complex (RISC) (Andersson et al., 2005). Lastly, 

the final helper function required for AAV production is performed by E2A (encoded by E2a), 

which functions to promote AAV DNA replication (Ward et al., 1998). Therefore, the range of 

helper functions work in concert to promote an intracellular milieu permissive for AAV2 

production.   

 

1.2.7 AAV site-specific integration 

On the other hand, in the absence of a helper virus or helper functions, AAV is significantly 

compromised in self-sufficiency and undergoes latency. Here, AAV genome replication is 

limited and gene expression is repressed. Latency is established by the preferred site-specific 

integration of AAV genome into chromosome 19q13.4, dubbed the AAV integration site 1 

(AAVS1) (Kotin et al., 1990; Samulski et al., 1991). Specifically AAV genome integrates into the 

initial exon of the myosin binding subunit 85 (MBS85) gene (Janovitz et al., 2013). This site-

specific integration accounts for roughly 45% of all integrations detected by Janovitz et al. 

(2013).  

 

A direct consequence on the lack of helper virus co-infection is the limited expression of AAV 

Rep78 and Rep68. This results in the repression of AAV-specific gene expression and DNA 

cannot be replicated (Labow and Berns, 1988). Integration into the AAVS1 locus is particularly 

favoured because of the presence of GCTC repeat elements, of which elements appear 

similarly in wildtype AAV ITRs. The presence of these elements permits the Nςterminus of 

Rep78 and Rep68 proteins to bind to (Weitzman et al., 1994; Surosky et al., 1997). 

Additionally, the presence of a trs within the AAVS1 site also has been identified, and thought 

to be nicked upon integration of AAV genome (Linden et al., 1996). In particular, supplying the 

rep gene in cis to an ITR-flanked GFP expression cassette demonstrated enhanced integration 

into AAVS1 compared to supplying in trans (Balagúe et al., 1997). Given that the only viral 

components present in these investigations included the rep gene and ITR sequences, this 

essential work showed that the minimum requirements for site-specific integration was the 

presence of Rep and ITRs. 

 

The exact mechanism of AAV integration has been explored, especially to elucidate any 

adverse consequence of AAV integration or latency. Rep78/68 protein are capable of binding 

to both AAV RBE and cellular RBE at the same time (Weitzman et al., 1994), suggesting a 
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possible mechanism of integration involving Rep tethering the ITR containing sequence to the 

AAVS1 site. Henckaerts et al. (2009) investigated site-specific integration using mouse 

embryonic stem cell lines because mice cells harbour an MBS85 orthologue. It was observed 

that integration of AAV genome was associated with duplication of the target integration site. 

Specifically, and given integration can occur ǿƛǘƘ ǘƘŜ !!± ƎŜƴƻƳŜ ƻǊƛŜƴǘŀǘŜŘ ƛƴ ǘƘŜ рΩ-оΩ 

transcriptional direction of the Mbs85 gene (Lusby et al., 1981; Rahim et al., 2011), the left ITR 

sequence was found within the Mbs85 gene. Whereas the right ITR was located in the 

promoter region of Mbs85 instead, with the addition of 18nt spare that resembled the reverse 

complement of the Mbs85 sequence from the junction that reads into the left ITR (Henckaerts 

et al., 2009). Therefore, integration was suggested to be mediated by Rep, which nicks at the 

cellular trs in AAVS1 leading to DNA synthesis of the target site with co-recruitment of AAV 

genome via Rep and AAV left ITR RBE sequence. With AAV genome in proximity, strand 

displacement leads to AAV genome being replicated instead and is contiguous with the initial 

replication of the target integration site. Seeing as 18nt (reverse complement) of the Mbs85 

was observed by Henckaerts et al. (2009) at the far right junction at the integration site, this 

suggested that the AAV genome was replicated and the replication fork switches back to the 

Mbs85 sequence (the strand complementary to the displaced strand) as template. The 

proposed model (Fig. 1.4) is extended by ligation of ǘƘŜ оΩ-hydroxyl group of the nascent 

ǎǘǊŀƴŘ ǿƛǘƘ ǘƘŜ рΩ-end of the originally displaced cellular DNA by Rep, because Rep has shown 

previous ligase activity (Smith and Kotin, 2000). Although, the importance of cellular ligase IV 

in AAV integration was more recently noted by Daya et al. (2009), where significantly less AAV 

specific integration was observed in cells that expressed less ligase IV. Nonetheless, quiescent 

AAV is readily rescued when latently infected cells are subsequently infected by helper virus. 

The lytic life-cycle of AAV commences with the excision of AAV provirus from the host genome 

(a Rep-dependent process), and the production of infectious progeny in the presence of 

superinfection with Adenovirus (Berns et al., 1975). 
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Figure 1.4 Model for AAV site-specific integration into AAVS1 locus. I) A nick is generated in the trs 
structure in AAVS1, mediated by AAV Rep78/68. II) Strand displacement occurs by DNA synthesis at site 
of nick. III) Strand displacement occurs with AAV genome as template instead. IV) DNA synthesis 
switches back to the Mbs85 DNA sequence (complementary to the displaced strand). V) Ligation 
ōŜǘǿŜŜƴ ǎȅƴǘƘŜǎƛǎŜŘ 5b! όƘŜǊŜ ŀƴƴƻǘŀǘŜŘ ŀǎ ǊŜǇƭƛŎŀǘŜŘ !!± ŀƴŘ Ψǳƴƪƴƻǿƴ ǎŜǉǳŜƴŎŜΩύ ŀƴŘ ǘƘŜ 
displaced DNA strand occurs. VI) A nick is generated in the opposite strand by Rep, and DNA synthesis 
completes AAV genome integration. VII) This model of AAV integration into the AAVS1 generates a 
duplication of the Mbs85 sequence. Figure from Henckaerts et al. (2009). 

 

1.2.8 AAV receptor-ligand interaction 

Infection by AAV is a multi-step process that involves virus attachment to relevant cell surface 

receptors. This leads to intracellular signalling that promotes virus uptake by endocytosis. AAV 

is then trafficked towards the nucleus, and its ssDNA genome is translocated into the nucleus 

for replication and gene expression for production of progeny. AAV2 has been shown, by 

single virus tracing studies by Seisenberger et al. (2001), to make multiple contacts with cell 

membranes to decelerateΦ .ȅ ǾƛǊǘǳŜ ƻŦ !!±нΩǎ ǎŜƭŜŎǘƛǾŜ ōƛƴŘƛƴƎ ǘƻ ƛǘǎ ǇǊƛƳŀǊȅ ŀǘǘŀŎƘƳŜƴǘ 

receptor, heparan sulphate proteoglycan (HSPG) (Summerford and Samulski, 1998; Rabinowitz 

et al., 1999), AAV2 is capable of making the necessary contacts it requires to slow down its 

acceleration and firmly attach to cell surface membranes. This process seems especially reliant 

on Vp3 capsid protein (Rabinowitz et al., 1999). The use of site-directed mutagenesis of the 

cap ORF helped identify critical functional domains within Vp3, which facilitate receptor-ligand 

binding between AAV2 and HSPG (Wu et al., 2000). The corresponding mutations introduced 

by Wu et al. (2000) correlated with two amino acid (aa) ŎƭǳǎǘŜǊǎ ƛƴ ±ǇоΩs loop IV. The precise 
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aa residues that contribute to the heparin-binding motif was further elucidated by Kern et al. 

(2003) as being R484, R487, K532, R585, and R588. These are located as patches of basic aa 

within loop IV at the three-fold rotation axis of AAV2 capsid. Considering that these key 

residues are not exposed on the capsid surface but rather buried, and that K532A and R585M 

mutants showed only a modest effect in AAV2 infectivity, it seems that AAV2 binding to HSPG 

initiates contact to cell membranes in order to enhance cell-virus interactions for anchorage, 

and is not wholly necessarily for infection.  

 

It was also apparent that a number of co-receptors were necessary to facilitate AAV2 entry. It 

was identified that co-ǊŜŎŜǇǘƻǊǎ ʰ±ʲр ƛƴǘŜƎǊƛƴΣ ʰ±ʲм ƛƴǘŜƎǊƛƴ (Asokan et al., 2006), fibroblast 

growth factor receptor-1 (FGFR1) (Qing et al., 1999), and hepatocyte growth factor receptor, 

c-Met (Kashiwakura et al., 2005) enhanced infectivity with little to no effect on the binding 

properties of the virus particles to target cell. For instance, cells treated with antibodies that 

ǘŀǊƎŜǘŜŘ ʰ±ʲр ƛƴǘŜƎǊƛƴ ǎƘƻǿŜŘ ƛnhibited endocytosis of AAV2, but binding affinity was 

unchanged relative to the use of control anti-mouse immunoglobulin G (IgG) (Sanlioglu et al., 

2000). However, it was noted that initial attachment of virus to cell surface seemed to be 

enhanced by the FGFR1, as the loss of FGFR1 expression alone correlated with the inability for 

AAV2 to bind (Qing et al., 1999).  

 

1.2.9 AAV cell entry 

As a consequence of AAV binding to primary cell surface receptor (HSPG) and secondary co-

receptor(s), downstream signalling pathways are activated to permit virus uptake by clathrin-

mediated endocytosis (Bartlett et al., 2000). ThŜ ǎŜǉǳŜǎǘǊŀǘƛƻƴ ƻŦ ǾƛǊǳǎ ōȅ ʰ± ƛƴǘŜƎǊƛƴǎ ŀƴŘ 

localisation of AAV2 to clathrin-coated pits facilitates the molecular cue for clathrin-mediated 

endocytosis (Mukherjee et al., 1997; Wang et al., 1998). This paradigm of cell entry is 

conserved between AAV serotypes (Bartlett et al., 2000). Even serotypes that bind to an 

alternative, unrelated primary receptor(s), such as AAV5 (which binds to sialic acid receptor), 

has also been shown to sequester to clathrin-coated pits for receptor-mediated endocytosis 

(Bantel-Schaal et al., 2002). 

 

Downstream signalling events associated with actin cytoskeletal reorganisation and 

endocytosis has been largely supported. AAV2 has been shown to internalise into HeLa cells in 

a Ras-related C3 botulinum toxin substrate 1 (Rac1)-dependent manner (Sanlioglu et al., 

2000). Rac1 is a small signalling GTPase involved in cell cytoskeletal reorganisation, cell 



 

17 
 

motility, adhesion and membrane trafficking (Lamaze et al., 1996; Ridley, 2006; Fujii et al., 

2013). Integrins have been widely known to interact with a number of intracellular signalling 

molecules and function as molecular cues for downstream signalling events. Integrin 

interactions with Rac, Rho and Cdc42 families of GTPases have been described (Nobes and 

Hall, 1995; Van Aelst and D'Souza-Schorey, 1997). With the clustering of integrins to a focal 

point at the cell surface enables proximal activation of phosphatidylinositol-3 kinase (PI3K) 

pathway, followed by Rac1 activation (Li et al., 1998). PI3K is a lipid kinase which 

phosphorylates PtdIns(4,5)P2 (PIP2) to form the active secondary messenger, PIP3. PIP3 then 

acts upon small GTP-binding proteins such as Rac1 and results in actin polymerisation. 

Ultimately, actin filaments propagate directly under the plasma membrane at the focal point. 

Membrane extensions then form and engulf AAV2 particles in the initial process of 

endocytosis. Complete internalisation is deemed dynamin-dependent, where dynamin 

oligomerisation forms a ring structure that is necessary for the formation of clathrin-coated 

vesicles, and the final pinching of coated pits from the cell membrane into the internal 

compartment (Duan et al., 1999). However, inhibition of dynamin showed only a partial block 

in viral endocytosis (Duan et al., 1999), indicating the presence of alternative entry 

mechanisms. It should be noted that a number of the aforementioned investigations assayed 

AAV2 infection in the presence of Adenovirus co-infection for helper function, which may 

affect cell homeostasis and thus confound previous reports on AAV2 internalisation. 

 

On the other hand, Nonnenmacher and Weber (2011) demonstrated that infectious AAV2 

internalisation was predominantly controlled by the clathrin-independent carriers (CLIC)/GPI-

anchored-protein-enriched endosomal compartment (GEEC) pathway, instead. This was 

determined by blocking clathrin-mediated endocytosis through the overexpression of 

truncation mutant of Eps15 (a clathrin-coated vesicle component), or chemical inhibition using 

chlorpromazine. Virus internalisation was unaffected under these coƴŘƛǘƛƻƴǎ ƛƴŘƛŎŀǘƛƴƎ !!±нΩǎ 

independence to clathrin-mediated endocytosis. Alternatively, inhibiting effectors of 

CLIC/GEEC, such as Arf1 and Cdc42 GTPase showed reduced transduction of AAV2 into HeLa 

and 293T cells by 70%. AAV2 was evidenced within CLIC/GEEC endosomes, as per co-localised 

markers of CLIC/GEEC endosomes, such as GRAF1 (Nonnenmacher and Weber, 2011). AAV2 

entry was not completely blocked by inhibiting clathrin-mediated endocytosis mentioned 

above, whereas, inhibition of both the CLIC/GEEC- and dynamin-dependent pathways of 

endocytosis were needed to block entry completely. Therefore, both entry pathways are 

simultaneously used by AAV2 (Fig. 1.5), although the dependence of either may vary 
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considerably between different host cell types. 

 

Figure 1.5 Proposed mechanisms of AAV vector trafficking to the nucleus. AAV binds to key receptors 
on the surface of target cells, and are internalised by clathrin-mediated endocytosis (CCP) and/or 
CLIC/GEEC. Trafficking of AAV then is transported to the nucleus, likely involving early endosome 
maturation to late endosome or recycling endosomes. AAV is then released to transverse the nuclear 
membrane into the nucleus to continue its life-cycle. Acronyms thereafter include: CAV, caveolar 
endocytosis; Cyt, cytosol; Dyn, dynamin; ER, endoplastic reticulum; EE, early endosome; LE, late 
endosome; LY, lysosome; MP, micropinocytosis; No, nucleolus; NP, nucleoplasm; NPC, nuclear pore 
complex; Nuc, nucleus; PNRE, perinuclear recyclying endosomes; TGN, trans-Golgo network. Figure 
from Nonnenmacher and Weber (2012). 

 

1.2.10 AAV trafficking to the nucleus 

Inarguably, the AAV genome must be trafficked into the nucleus, express relevant viral 

proteins, and replicate progeny in order to establish an infective or latent life-cycle. Successful 

transduction of AAV requires intact particle to migrate to the nucleus, and import at least its 

genome. It remains unclear exactly how AAV is trafficked to the nucleus, especially when 

exactly viral uncoating occurs. To answer these, studies have predominantly utilised rAAV 

vectors and examined the subcellular localisation and trafficking mechanisms employed.  

 

Recombinant AAV vectors are compartmentalised into Rab5+ early endosomes after initial 

uptake by clathrin-mediated endocytosis. These vesicle-bound rAAV are shown to traffic to the 

perinuclear space (Bartlett et al., 2000; Sanlioglu et al., 2000). More recent evidence suggests 

AAV is trafficked to the Golgi apparatus that occupies the perinuclear space (Bantel-Schaal et 
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al., 2002; Xiao and Samulski, 2012; Xiao et al., 2016). Strong evidence suggests that 

compartmentalised AAV utilises the cellsΩ microtubule network to traffic itself towards the 

nucleus via the perinuclear space, unidirectionally (Xiao and Samulski, 2012). Despite using 

nocodazole treatment to disrupt microtubule formation and inhibit the formation of the 

microtubule organisation centre (MTOC), a small portion of infecting AAV still manage to 

translocate into the nucleus, indicating alternative mechanisms for AAV trafficking and/or 

nuclear translocation (Xiao and Samulski, 2012). 

 

Efficient trafficking and transduction is dependent on early endosome processing to late stage 

endosomes. Reports have shown trafficking of AAV through the Rab7+ late endosomes; 

although trafficking via Rab11A+ recycling endosomes has also been reported (Douar et al., 

2001; Ding et al., 2006; Harbison et al., 2009). Redirecting AAV to traffic via the Rab7+ vesicles, 

using EerI to inhibit endosomal reticulum-associated degradation processing, contributed to 

enhanced transduction efficiencies (Berry and Asokan, 2016). This indicated a benefit for AAV 

particles to commit to a single trafficking pathway. Interestingly, a dose-dependent disparity in 

AAV2Ωǎ infection route has been described: high multiplicity of infection (MOI) of 10,000 

genomes/cell correlated with co-localisation of AAV2 particles with Rab11A+ endosomes. 

Rab7A+ late stage endosomes was associated with low MOI of 100 genomes/cell (Ding et al., 

2006). In addition to this, the mechanism utilised by AAV to traverse infected cells likely is cell-

type dependent (Pajusola et al., 2002), as chemical inhibition of micropinocytosis in HeLa, 

HepG2 or Huh7 cell lines showed enhanced transduction rates only in the hepatocellular cell 

lines (Weinberg et al., 2014). Differential trafficking pathways may be a feature of different 

AAV serotypes infecting the same permissive cells. This may be attributed to the fact that 

different AAV serotypes utilise different primary receptors to mediate viral or vector entry into 

target cells, which would likely impact on downstream signalling events (Liu et al., 2013). 

 

Endosomal escape of rAAV typically ensues, and involves the release of rAAV from their 

processed endosome vesicles. Therefore, once trafficked close to the nucleus, endosomal pH 

is modulated to favour AAV escape. Endosome maturation into late endosomes and lysosomes 

is accompanied with acidification of this compartment. The use of chemical inhibition of 

endosomal acidification has outlined the importance of this step. Inhibitors have included 

ammonium chloride, bafilomycin A1, or chloroquine, all of which treatments correlated with 

reduced AAV transduction (Bartlett et al., 2000; Xiao and Samulski, 2012). Eventually, a 

conformational change in the N-terminus of Vp1 of AAV capsid, which houses the 
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phospholipase A2 (PLA2) domain and nuclear localisation signals (Fig. 1.6), is stimulated 

(Venkatakrishnan et al., 2013). Given both the inhibition of late-endosome formation and 

acidification of late endosomes is associated with reduced AAV transduction, it seems late-

endosome acidification is the trigger for this conformation change. Mutations in PLA2 catalytic 

domain correlated with reduced AAV gene expression and translocation into the nucleus, but 

did not affect AAV entry into cells and its localisation to the perinuclear space (Girod et al., 

2002; Stahnke et al., 2011). Moreover, AAV infectivity and transduction were rescued when 

co-infecting Vp1 mutated AAV vectors with specialised AAV vectors, which were composed of 

Vp1 fusion proteins that allowed their capsid surfaces to be exposed, with inherently activated 

PLA2 domains (Grieger et al., 2007). In turn, these data imply that the PLA2 domain is necessary 

for AAV infectivity downstream of AAV entry and trafficking to the perinuclear space. Given 

PLA2 functions to hydrolyse phospholipids, it was reasonably assumed that this activity is 

ŜƳǇƭƻȅŜŘ ōȅ ƛƴŦŜŎǘƛƻǳǎ !!± ǘƻ ƘȅŘǊƻƭȅǎŜ ǘƘŜ ŜƴŘƻǎƻƳŜ ŎƻƳǇŀǊǘƳŜƴǘΩǎ ƳŜƳōǊŀƴŜ ŀƴŘ 

escape. 

 

It remains widely accepted that AAV translocates into the nucleus as intact particles (Nicolson 

and Samulski, 2014; Kelich et al., 2015). Despite the growing evidence in support of nuclear 

translocation of intact AAV, the point at which viral uncoating actually occurs remains 

debated. Fewer studies imply viral uncoating of AAV2 as occurring prior to nuclear 

translocation (Lux et al., 2005). In further support of the former is the presence of three basic 

regions (BR1-3) in the unique N-termini of Vp1 and Vp2 (Fig. 1.6). The sequences of which 

closely resemble nuclear localisation signals (NLS) (Grieger et al., 2006). Mutations in BR1-3 

are associated with reduced transduction and the inability for AAV to translocate into the 

nucleus (Johnson et al., 2010). The mechanism in which intact AAV particles physically 

translocate the nuclear membrane has thus been proposed, and seems to operate in a 

different manner to minute virus of mice (MVM) ς another parvovirus ς that disrupts the 

nuclear lamina in order to access the nucleus (Cohen et al., 2006; Cohen et al., 2011). The 

proposed mechanism has been shown to involve nuclear pore complexes (NPCs) instead for 

AAV2. Labelled AAVs were directly evidenced to move into the nucleus through labelled NPCs 

(Kelich et al., 2015). And the inhibition of NPCs using wheat germ agglutinin prevented nuclear 

entry of infecting Cy5-AAV to a greater extent than vehicle control used in the study (Nicolson 

and Samulski, 2014). Furthermore, rAAV2 was found to co-localise with importin-ʲ όŀ ƪŜȅ 

chaperone involved in directing nuclear entry of NLS containing proteins) after 1h post-

infection, and post-acidification of AAV2 containing endosomes (Nicolson and Samulski, 2014). 
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Figure 1.6 Vp1 and Vp2 contain key signals for AAV life-cycle. Schematic of AAV Vp1-3 proteins, which 
contain PLA2 (HD) domain and basic regions (BR1-3) in the N-terminus of Vp1 and Vp2 proteins 
necessary for AAV infectivity. + regions indicate putative nuclear localisation signals. Figure from 
Johnson et al. (2010). 

 

After entering the nucleus AAV2 localises to nucleoli, but mobilisation into the nucleoplasm 

seems to be required for AAV to uncoat and permit gene expression (Johnson and Samulski, 

2009). The exact means that intact AAV capsids use to traffic to nucleoli is not recognised in 

full, but nucleolar proteins have been shown to directly interact with intact AAV. Namely, 

nucleolin and nucleophosmin have been shown to bind and co-localise with AAV after nuclear 

import (Qiu and Brown, 1999; Bevington et al., 2007). Although, nucleolar accumulation of 

infecting AAV seems to act as a barrier to efficient transduction; specifically short interfering 

(si)RNA knockdown of either nucleolin or nucleophosmin in HeLa cells showed enhanced 

transduction efficiencies (Johnson and Samulski, 2009). Chemical treatment with hydroxyurea 

significantly affected the subcellular distribution of nucleolin, and treatment with hydroxyurea 

correlated with enhanced AAV transduction efficiency, with a diffuse distribution of AAV in the 

nucleoplasm but excluded from the nucleoli (Johnson and Samulski, 2009).  

 

1.2.11 AAV DNA replication 

AAV genome replication predominantly occurs in the presence of Adenovirus or HSV co- or 

super- infection, which provides all the necessary helper functions that permit AAV 

transcription and gene expression. Ultimately, AAV DNA replication occurs by the synthesis of 

dsDNA from the ssDNA AAV genome acting as template. The dsDNA AAV replication product 

serves as replicative intermediates (Straus et al., 1976), from which ssAAV genomes with plus 
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or minus polarities are packaged into AAV capsids (Berns and Rose, 1970). Host cell 

machineries and viral factors require access to naked AAV genome in order to commence DNA 

replication. Although, the disassembly of AAV capsid has not been fully elucidated, work by 

Johnson and Samulski (2009) propose infectious AAV2 vector remain compartmentalised in 

nucleoli, and mobilise to the nucleoplasm in order to instigate AAV genome replication or gene 

expression.  

 

DNA replication is achieved initially from the inherent property of the AAV ITRs. The ITRs 

harbour the viral origin of replication in the forms of the RBE and trs, but also, the initial-most 

125nt of ITRs form imperfect palindromes that folds upon itself. This self-annealing property 

provides a suitable dsDNA template, and importantly provides a base-ǇŀƛǊŜŘ оΩ-hydroxyl group 

from which unilateral DNA synthesis can occur. The replication machinery is thought to be 

recruited for unidirectional DNA synthesis from the ITR-ŘŜǊƛǾŜŘ оΩ-hydroxyl group. However, 

the unilateral DNA replication alone does not complete DNA replication of the entire AAV 

genome, due to a lack of a base-ǇŀƛǊŜŘ оΩ-hydroxyl group on the opposite strand to replicate 

thŜ ǊŜƳŀƛƴŘŜǊ ƻŦ оΩ ITR that served as a replication primer. In this case, AAV Rep68/78 

proteins bind to the dsDNA of the ITR via the RBE (McCarty et al., 1994). Rep also recognises a 

second ƳƻǘƛŦ όw.9Ωύ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǘƻǇ ƻŦ ƻƴŜ ƻŦ ǘƘŜ ITRΩǎ ƘŀƛǊǇƛƴǎ (Hickman et al., 2004). Rep 

is thought to function as a helicase to generate ssDNA around the trs, which is necessary to 

allow the trs to form an intermediary hairpin structure. This change in conformation within the 

AAV ITR sequence promotes cleavage of the trs Ǿƛŀ wŜǇΩǎ ŜƴŘƻƴǳŎƭŜŀǎŜ Ŧǳnction, and provides 

ŀƴƻǘƘŜǊ оΩ-hydroxyl group to permit DNA synthesis and single-strand displacement. The 

remainder of the ITR that served as a replication primer is faithfully replicated, resulting in a 

completely replicated AAV genome as a dsDNA intermediate. The DNA ends of which can 

renature to form terminal hairpins from each strand and generate another base-paired, оΩ-

hydroxyl group for replication by single-strand displacement. This provides concatemeric AAV 

genomes and the ssAAV genome for packaging (Straus et al., 1976; Hong et al., 1994). An 

overall schematic of replication by single-strand displacement is depicted below in Fig. 1.7. 
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Figure 1.7 Model for AAV genome replication. ¢ƘŜ оΩ ITR of AAV2 genome forms a T-shaped hairpin 
structure, which provides a base-ǇŀƛǊŜŘΣ оΩ-hydroxyl group necessary for DNA synthesis. Firstly 
wŜǇсуκту ōƛƴŘǎ ǘƻ ǘƘŜ оΩ ITR as the origin of replication, and further recrǳƛǘƳŜƴǘ ƻŦ ǘƘŜ ŎŜƭƭΩǎ ǊŜǇƭƛŎŀǘƛƻƴ 
machinery facilitates DNA synthesis of the AAV genome. The trs ǎƛǘŜ ŀǘ ǘƘŜ оΩ ƻŦ ǘƘŜ !!± ƎŜƴƻƳŜ ƛǎ 
nicked by Rep68/78, and provides another base-ǇŀƛǊŜŘΣ оΩ-hydroxyl group to permit complete DNA 
replication of the ITR that served as a replication primer. After complete DNA replication, the ITRs can 
renature to serve as replication primers to promote single-strand displacement and elongation of the 
AAV genome. The entire model results in concatameric dsAAV genome. The ssAAV genomes can be 
packaged. Solid lines refer to template strand; dashed lines refer to replicating strands. Figure from 
Goncalves (2005). 

 

1.2.12 AAV assembly 

It is commonly perceived that AAV assembly occurs in two distinct phases, i) assembly of a 

preformed capsid shell, followed by ii) the packaging of ssAAV genome into the preformed 

capsid (Myers and Carter, 1980). The assembly of preformed capsid vectors has been observed 
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in the nucleoli or nucleolar periphery, with encapsidation of AAV genome occurring in the 

nucleoplasm (Wistuba et al., 1997). The expression of Vp1-3 leads to the coordinated 

assembly of AAV capsid with the 1:1:10 stoichiometry of Vp1, Vp2 and Vp3, respectively. This 

process of which requires host factors in order to facilitate capsid assembly (Steinbach et al., 

1997; Wistuba et al., 1997).  

 

Assembly of preformed AAV capsids is promoted by an additional protein, AAP, which is 

encoded by an alternative ORF in the cap gene (Fig. 1.1).  Expression of Vp2/3 and Vp3 only 

capsid proteins can result in successful assembly of empty vectors, albeit, non-infectious 

vectors (Grieger et al., 2007). This is likely due to the loss of the PLA2 domain and BR1-3 

sequences. Nonetheless, vectors derived from solely Vp3 expression was only possible when 

the entire AAV2 cap gene, with mutated initiation codons for Vp1 and Vp2 ORFs, was 

transfected (Sonntag et al., 2010). This indicated the presence of an AAV-encoded factor 

upstream of Vp3 ORF responsible for nucleolar trafficking and capsid assembly of Vp3, and 

was characterised as AAP (Sonntag et al., 2010; Sonntag et al., 2011; Earley et al., 2015). 

Silencing AAP expression prevented the nucleolar trafficking of Vp1-3 proteins and capsid 

formation, which could not be rescued by tagging Vp3 with a nucleolar signalling peptide 

(Sonntag et al., 2010). Therefore, a proposed role for AAP is to function as a scaffolding 

protein by binding to capsid proteins and concentrating the assembly process to the nucleoli 

(Naumer et al., 2012; Earley et al., 2015). The mechanistic role of AAP in promoting capsid 

assembly may be conserved between serotypes given AAV2-derived AAP can promote capsid 

assembly of a diverse range of AAV serotypes (Sonntag et al., 2011; Naumer et al., 2012). 

However, Earley et al. (2015) have shown that AAP is not essential for capsid assembly for 

AAV4, 5, and 11, and for nucleolar localisation of capsid assembly.  

 

Encapsidation of ssAAV genome into preformed capsids is likely to follow after AAV genome is 

replicated, and is thought to occur in the nucleoplasm at later stages of AAV infection 

(Wistuba et al., 1997). Additionally, Rep -40, -52, -68, and -72 proteins were shown to bind 

directly to free capsid proteins or assembled capsids independent of ITR-containing AAV 

vector DNA, by co-immunoprecipitation studies (Dubielzig et al., 1999). Certain bulky 

Ƴǳǘŀǘƛƻƴǎ ŀǘ !!±нΩǎ ǇƻǊŜǎ ŀǘ ǘƘŜƛǊ ŦƛǾŜ-fold symmetry axes correlated with reduced Rep-

capsid interactions and genome packaging efficiency (Bleker et al., 2005; Bleker et al., 2006). 

Such protein-protein interaction may generate an intermediate complex with AAV ssDNA, 

given Rep78 covalently associates with AAV рΩ-ITR sequence (Prasad and Trempe, 1995).  
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AAV vector genomes have been identified to enter AAV capsids in a polar mannerΦ ¢ƘŜ оΩ-

ssDNA sequence was identified in partially-packaged AAV2 vectors ƛƳǇƭȅƛƴƎ ǘƘŜ оΩ-ssDNA 

sequence is first translocated into preformed capsids (King et al., 2001),  despite the fact that 

ǘƘŜ рΩ-sequence associates with preformed capsids in context with Rep78 (Prasad and Trempe, 

1995). Especially, the loss of the ITRΩǎ D-sequences, but retention of the hairpin secondary 

structures, in plasmid constructs was defective in their ability to produce ssDNA genomes. 

Therefore, ssDNA progeny genome could not be packaged, and vector genomes were not 

detectable (Wang et al., 1996). Further to this, after associating dsAAV genomes to preformed 

capsid via Rep78, smaller wŜǇплκрнΩǎ 5b! ƘŜƭƛŎŀǎŜ ŀŎǘƛǾƛǘȅ ǇǊƻƳƻǘŜŘ ǘƘŜ unwinding the ds 

AAV genomes, principally at thŜ оΩ-end to feed and encapsidate ssAAV genome (King et al., 

2001).  

 

1.3.0 In vitro production of recombinant AAV vectors 

1.3.1 Recombinant AAV vectors 

The development of rAAVs for vector-based gene therapy has progressed significantly and 

continuously over the years. Use of AAV vectors has become a very successful and promising 

therapeutic tool for treatment of monogenetic diseases. However, despite the current 

developments, certain limitations have restricted the full utilisation of AAVs. One main 

limitation is the constrained viral titres produced from current production methods. Interest in 

this field of research is due to the need for high MOI for efficient in vivo transduction by rAAV 

vectors. Generally an MOI of 103-105 infectious particles/cell is predicted to be needed (Ellis et 

al., 2013), or clinical doses of 1012-1013/kg infectious particles needed for human 

administration (Bryant et al., 2013); though these quantities are quite dependent on the 

intended target tissue type. 

 

1.3.2 Components required for rAAV production 

Recombinant AAV production is mediated most commonly by triple transfection of three 

recombinant plasmids that introduce the transgene, cis and trans components of AAVs, as well 

as helper functions. These recombinant plasmids individually encode for the transgene of 

interest flanked by AAV2 ITRs, or the Rep and Cap proteins, or finally the helper functions 

minimally required for rAAV vector production (Matsushita et al., 1998; Xiao et al., 1998). The 

gold standard for the laboratory-scale in vitro production of vectors is the use of the packaging 

cell line, human embryonic kidney (HEK)293T. Therefore, adherent 293T cells are subjected to 

triple transfection by above mentioned plasmids to commence rAAV production. 
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293T cells are a specialised cell line, and have been developed and commercialised for the use 

in rAAV vector production. This immortalised cell line has been specifically modified by the 

addition of human Adenovirus type 5 E1 early region coding DNA, and in turn provides E1A 

and E1B helper function (Graham et al., 1977). Therefore, an advantage of this transformation 

allows for a immortalised cell line as per E1A oncogene function, and the necessary helper 

function provided by E1AΩǎ trans-acting function to up-regulate viral promoters. Another 

advantage of using a 293-AAV specialised cell line is the partial independence from Adenovirus 

or alternative helper virus infection, which improves the safety profile of subsequent rAAV 

vectors ς the risk of pathogenic contamination is ablated. The remainder minimal helper 

function is provided by the aforementioned helper plasmid that provides the E2A, E4orf6 

ǇǊƻǘŜƛƴǎ ŀƴŘ ǘƘŜ ±! wb!ΩǎΦ ¢Ƙƛǎ ƛǎ ŘŜƭƛǾŜǊŜŘ ƛƴǘƻ ǘƘŜ Ǉŀckaging cell line simultaneously by 

triple transfection with the AAV-transgene and rep/cap plasmids.  

 

It should be noted that the transgene of interest is cloned into a vector backbone that 

comprises the AAV2 ITRs, and therefore the rep and cap ORFs have been replaced completely. 

With the removal of the rep and cap coding sequences with intended transgene, the coding 

capacity increases significantly. A coding capacity of approximately 5kb in length is generated 

with the replacement of the rep and cap genes. The ITRs are maintained for their cis-acting 

functions in particle assembly (packaging of the recombinant AAV genome into preformed 

empty capsids), and genome replication. Additionally, the discovery of different serotypes of 

AAV (Rutledge et al., 1998) promoted pseudotyping of rAAV vectors. This meant the capsid 

encoding element of the recombinant systems derived from different serotypes, whereas the 

ITRs and rep gene were based on AAV2. This permitted a wide range of serotypically different 

vectors to be produced, and thus expanded the transduction potential of rAAV vectors 

because pseudotyping particles provide a wide collective tropism.   

 

1.3.3 Recombinant AAV vector production 

Scalable systems of rAAV production are currently in development. However, an important 

consideration to take into account is the need to produce sufficient quantities of vector that 

can be used for clinical use. This has been a long-standing limitation in the history of rAAV-

mediated gene therapy, but constant advancements have been developed to procure higher 

and purer yields of rAAV. 

 

Generally speaking 293T cells are grown and expanded in vitro. After which, triple transfection 
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with three plasmids (encoding transgene and cis- or trans- acting factors) is performed on 

adherent 293T cells (Fig. 1.8). A number of means can be utilised to promote the efficient 

transfer of plasmid DNAs into 293T cells, especially the use of Calcium Phosphate precipitation 

(Xiao et al., 1998), and polyethylenimine (PEI) (Drittanti et al., 2001), and cationic lipids (Liu et 

al., 2008). The Calcium Phosphate precipitation method is widely used for large-scale 

production of rAAV, attributable by the reagents cost-effective use in transfection of 293T 

cells, especially with high transfection efficiency documented by Meissner et al. (2001) (up to 

90% transfer of exogenous DNA into cultured cells). It must be noted that for rAAV vector 

production using Calcium Phosphate or even other chemical methods of DNA transfer, the 

process and conditions must be specially optimised. Additionally, consistency between 

productions must be upheld to truly ensure reproducible and comparable AAV titres and 

quality. Additional considerations are the viability and quality of cultured 293T cells and the 

variation in protocols between established laboratories. Consistency in this respect is difficult 

to achieve, with variation in chemical makeup of reagents and technique, culture conditions, 

all of which can impact on rAAV vector production. Despite this, Calcium Phosphate-mediated 

triple transfection has shown to provide vector titres ranging from 103-105 viral genomes/cell 

(Aucoin et al., 2008), therefore showing a range of 100-fold difference in infectious viral 

genomes. This is a considerable difference to have to account for, and one that has proven 

difficult to narrow.  
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Figure 1.8 Schematic of a common AAV vector production method by triple transfection. The triple 
plasmid system to generate rAAV vectors in 293T, or suitable E1A/B-expressing cell line is illustrated. 
The vector genome is encoded by one plasmid, and contains the gene of interest under transcriptional 
control of a suitable promoter and polyA signal, all of which is flanked by AAV2 ITRs. The second plasmid 
(pAAV-RepCap) encodes AAV2 Rep protein, and Cap proteins for the desired AAV serotype. The third 
plasmid (pHelper) contains E2, E4 and VA-RNA ς the minimal adenovirus factors required for AAV 
replication. 293T cells are ultimately co-transfected, after which, AAV vectors can be harvested. Figure 
adapted from Ayuso et al. (2010). 

 

Nonetheless, triple transfection results in the production of rAAV and 72h post-transfection, 

cells are harvested and lysed to recover rAAV vectors. Therefore, each cell treated must be 

transfected with each of the three plasmids for vector production to occur. This transfection 

pressure therefore restricts the efficiency of production on a cell-by-cell basis. Subsequent 

purification of infectious rAAV vectors from empty capsids and cellular proteins is then 

performed. For example purification was most initially based on multiple rounds of caesium 

chloride density-gradient ultracentrifugation. Here, caesium chloride salts are able to form 

gradients based on differential buoyancies. This generates differing equilibriums between 

sample compositions when subjected to ultracentrifugation. When viruses are treated with 

caesium chloride salts and centrifuged, viruses are collectively separated from contaminants 

and cellular constituents. In fact, where rAAV production involves Adenovirus helper, caesium 

chloride density-gradient ultracentrifugation is capable of partitioning rAAV from Adenovirus 

contaminants. Main disadvantages of this purification method must be considered; these 

include caesium chloride toxicity, which means downstream clinical use is limited unless 






































































































































































































































































































































































































































































































































































































































































