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Thesis Abstract 
 

Gene therapy is the transfer of nucleic acids for therapeutic benefit, a process potentially 

achieved through several delivery methods. One of the most common gene therapy 

delivery modalities is adeno associated virus (AAV). The availability of a system to 

produce large quantities of AAV, and of diverse AAV serotypes, that can infect different 

cell types makes AAV very attractive for widespread clinical implementation. Viruses like 

AAV that are manipulated to become highly useful delivery tools rely on complex 

biological systems for production. It is imperative that these systems are well 

characterised and designed to be highly safe and efficacious. 

This PhD thesis investigated nucleic acid contamination of AAV preparations, looking at 

the production system as a source, and the problems that this may pose for AAV infected 

cells. Specific regions of DNA from AAV producer plasmids were incorporated into virions 

more abundantly. These were found adjacent to the outside of the inverted terminal 

repeats (ITRs) that flank the expression cassette, and on the plasmid containing the 

replication and capsid genes, directly upstream of the P5 promoter which drives 

expression of the replication proteins, REP78 and REP68. Contaminant sequences were 

found to be transferred into transduced cells during AAV infection, persistent within cells 

and transcriptionally active. Investigation of P5 upstream contaminants showed potential 

for protein to be produced persistently from contaminant sequences both in vitro and in 

vivo.  

Finally, precise sequence regions causing DNA incorporation upstream of the P5 

promoter were examined. This information was used to produce alternative production 
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reagents that, in their first iteration, provided proof of principle of P5-related contaminant 

removal from the final AAV product, and in additional iterations resulted in a modified P5 

promoter (P5-HS). This promoter limited upstream contamination thereby resulting in 

higher purity AAV, whilst retaining vector yields equivalent to the original AAV production 

system. 

 

Impact Statement: 
 

The finding that DNA contaminants within AAV preps can be transcribed and translated 

post infection highlights a previously undescribed safety issue with AAV gene therapy. 

The plasmid-based transfection system used to produce AAV is standard in the field. In 

the academic research setting this contamination could result in interference with 

experimental results through unintended downstream effects and interactions caused by 

any RNA or protein products resulting from the DNA contamination. In the clinical setting 

the effect could be more severe, as AAV is being administered directly to patients in an 

ever-growing number of clinical gene therapy trials. The findings in this thesis regarding 

the profile and activity of DNA contaminants in AAV illustrate why those using the virus 

should take measures to characterise the purity of their products in greater detail and 

implement all available methods to reduce production plasmid-derived impurities from 

AAV preparations.  

The P5 spacer AAV production system (P5-HS)  developed within this thesis to remove 

contamination upstream of the P5 promoter can be used to produce AAV of any serotype 

and protein of interest, thus providing a universal tool that can be used to improve the 
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purity and safety of any AAV gene therapy product. P5-HS also produces equivalent titers 

of AAV to standard production reagents. This retention of viral vector yield is important 

because very high doses of AAV are required to treat patients, and commercial entities 

will not wish to sacrifice production capabilities when making changes to their systems. 

P5-HS can be easily implemented in place of the current producer plasmids without the 

need to change any other aspect of the production system, keeping the cost of 

implementation to a minimum. P5-HS provides a means to take a significant step towards 

the FDA guidelines of reducing the amount of administered non-expression cassette DNA 

in an AAV gene therapy product to under 10ng per dose, the standard that has been in 

place for vaccines since 1997.1 
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1. Introduction 

1.1 Introduction to gene therapy: 

Gene therapy is the therapeutic delivery or alteration of nucleic acids to correct a clinical 

phenotype caused by a genetic disorder. The origins of gene therapy date back to the 

late 1960s, when Renato Dulbecco’s research group identified that the transformation of 

SV40 infected cells was due to the stable integration of the SV40 genome into the genome 

of the infected cells.2 Four years later, the term “gene therapy” was coined by Theodore 

Friedmann and Richard Roblin in an editorial, as a possible therapeutic option for the 

1500 genetic diseases identified at that time,3 a number that sits around 10,000 in the 

present day. In the years since, there has been considerable progress; however, it was 

not until 1989 that the first gene transfer study was carried out in humans, in which the 

neomycin resistance gene was transferred by Steve Rosenberg’s group into T cells that 

were subsequently infused into a patient.4 A year later the first gene therapy patient was 

treated for adenosine deaminase deficiency (ADA-SCID) with retroviral modification of 

their T lymphocytes to express the adenosine deaminase gene. This proof of principle 

study, along with other preclinical research, led to a great enthusiasm at the potential for 

gene therapy approaches to usher in a new era of medicine.5,6 

However, the field of gene therapy stalled with regards to clinical translation in 1997 after 

the death of Jesse Gelsinger, a patient with an ornithine transcarbamylase deficiency who 

suffered a cytokine storm after adenoviral gene therapy treatment. Furthermore, after an 

initially successful ex vivo gene therapy trial for X-linked SCID using a γ-retroviral vector, 
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leukemogenesis was observed in a patient with a proviral insertion at the LM0-2 locus, 

leading to altered expression of the LM0-2 transcript.7,8 This same insertion was later 

seen in other patients treated with this vector who developed leukemia, and additional 

proviral insertions were detected near the proto-oncogenes BMI and CCND2.9,10 Despite 

these considerable setbacks, gene therapy as a treatment modality has surged ahead in 

recent years. After initial successful trials using to treat Leber’s congenital amaurosis and 

haemophilia B,11–13 enthusiasm for genet approaches to treat genetic diseases has again 

gathered momentum.5  Furthermore, after efforts to improve the safety profile of retroviral 

vectors,14 curative clinical success has now been observed in gene therapy treatment for 

X-linked SCID.15,16 There are now gene therapy products that have received market 

authorization by regulatory bodies in the United States, Europe, South Korea, China and 

Russia, with many more seeking market approval.17 Whilst the current proportion of 

patients treated for genetic disorders with gene therapy approaches is exceedingly low, 

there have been over 3,000 gene therapy clinical trials conducted to date.18 It is likely that 

nucleic acid based therapies will continue to increase significantly over time, providing a 

new and invaluable paradigm to the treatment of genetic disorders. 

 

1.2 Gene therapy delivery and treatment methods: 

The most fundamental aspect of a genetic treatment is how the intended DNA cargo will 

be delivered. Delivery strategies will vary depending on the target cell or tissue, and the 

type of genetic cargo being delivered. The most common delivery tool for gene therapy 

is viruses. Viruses are considered useful delivery vehicles for gene therapy due to their 
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innate ability to infect cells with high efficiency. Naturally occurring viruses have been co-

opted by researchers to serve as systems to deliver nucleic acid constructs for a wide 

range of clinical applications (Table 1.1). The type of virus that will be used in each 

treatment setting depends on the requirements of the treatment. In this section a few of 

the most common gene therapy delivery strategies will be outlined.  

1.3 Ex vivo gene therapy: 
There are certain disorders in which the most appropriate method of delivery to the target 

cell is performed outside of the patient, in culture, with the idea that the modified cells will 

be transplanted back into the patient. This is known as ex vivo gene therapy. Some of the 

earliest gene therapy experiments were performed in an ex vivo setting on 

haematopoietic progenitor cells.19,20 Other early gene therapy studies even used ex vivo 

gene transfer to hepatocytes for the potential treatment of disorders like 

hypercholesteremia,21,22  and to the CNS for neurological diseases.23,24 Ex vivo gene 

therapy has certain advantages over its in vivo counterpart. Firstly, any genetic 

manipulation that is made is confined to the targeted cells. This can both increase the 

precision and expand the possible genetic manipulation strategies that can be employed. 

Furthermore, ex vivo gene therapy can often enable sampling of the treated cells to 

ensure the safety and success of the gene transfer prior to treating the patient. 

1.3.1 HSC gene therapy 
 

For genetic disorders of the blood; ex vivo gene delivery requires the GOI to be 

transferred to the haematopoietic stem cell (HSC) population of CD34+ progenitor cells.  
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To achieve this, integration of the genetic material is required, which can be achieved by 

infecting the cells with an integrating lentivirus containing the GOI cassette.25 Lentivirus 

is an enveloped RNA virus with the desired properties for this application due to its high 

propensity to infect immune cells, and efficient semi-random integration into the genome 

in a pattern that whilst not without risk is deemed safe enough for therapeutic application 

26,27 This genomic insertion allows the genetic alteration to become propagated as the 

cells are expanded before infusion into the patient, and in daughter cells post-

engraftment. If a non-integrating virus is applied to these cells, expression of any 

transgene will be lost over time,28 a less desirable outcome for most applications in this 

context. Lentiviral gene therapy of HSCs has provided clinical therapeutic benefit to 

diseases such as X-Linked SCID, Wiskott Aldrich syndrome, Sickle Cell anemia.16,29,30  

1.3.2 Chimeric Antigen Receptor T cells. 
 

A further way that gene therapy has been harnessed for cancer treatment is through the 

development of Chimeric Antigen Receptor T cells (CAR T cells). The purpose of CAR T 

cell therapy is to introduce an artificial T cell receptor into immune cells of either a cancer 

patient or healthy donor, with specificity to a tumour antigen, so that when modified cells 

are reinfused the cytotoxic T cells are able to recognise the tumour and mount an effective 

elimination of the tumour. The artificial construct must be introduced into T cells in a 

manner that will be retained upon T cell division, and this is most commonly achieved by 

the infection of the pre infused T cells with an integrating lentivirus,31 although other 

methods to ensure construct retention that avoid integration such as the incorporation of 

20



S/MAR elements into the construct and mRNA transfection of the chimeric receptor have 

been developed in an effort to reduce the genomic changes made to the infused T 

cells.32,33 The best known and most commonly implemented example of this is for the 

CD19 antigen. CD19 is an antigen expressed specifically in B cells.34 Remarkable clinical 

success has been observed through targeting this antigen in different B cell-derived 

cancers.35–37 In addition to this success, CAR therapies have been developed and trialled 

for a plethora of tumour specific antigens such as CD22, GD2, BCMA, HER2 and 

others.38–42 Most CAR-T research has been directed at the treatment of blood related i.e. 

liquid tumours; however, some groups are tackling the more difficult task of adapting this 

approach for the treatment of solid tumours.43 

1.3.3 Epidermal replacement gene therapy: 
 

One of the most remarkable successes of an ex vivo gene therapy is the treatment of a 

seven-year-old child with Junctional Epidermolysis Bullosa (JEB), a severe monogenic 

skin disorder with limited treatment options and high mortality.44 Keratinocytes from this 

patient were cultured and infected with a retroviral vector encoding the LAMB-3 

component of the laminin-332 protein and expanded into epidermal sheets which were 

transplanted. Almost the entire epidermis was regenerated in this manner resulting in skin 

with normal functional characteristics.45 The success of this proof of principle treatment 

provides considerable hope for the treatment of further patients with JEB, other forms of 

Epidermolysis Bullosa, and other genetic skin disorders such as Xeroderma 

Pigmentosum and Ichthyosis. 

1.4 In vivo gene therapy: 
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If genetic cargo being used in a gene therapy treatment is to be administered directly into 

a patient, there are different considerations for an appropriate strategy. For instance, 

whilst vectors that rely on integration to yield expression such as lentivirus are appropriate 

for ex vivo gene therapy, they are less widely considered for in vivo patient strategies. 

Non integrating DNA viruses are one modality more suited for this purpose. This is partly 

due to the risk that a non-targeted integrating vector would pose to the downstream 

development of cancer. Early trials of in vivo gene therapy focused heavily on adenovirus, 

a large but immunogenic DNA virus and subsequently many other DNA based viruses 

have been explored as a possibility for in vivo gene delivery.  

1.4.1 Oncolytic viruses: 
 

A key application of in vivo viral gene therapy is for the treatment of cancer. There are 

many strategies that can use elements of gene therapy to approach this problem. A direct 

mode for this is oncolytic viruses. The concept that viruses could be harnessed to 

abrogate the growth of tumours was explored in animal models in the 1940s.46,47 These 

early studies relied on the injection of wildtype virus into affected animals. Advances to 

the understanding of viral anticancer properties were made throughout the remainder of 

the 20th century. It wasn’t until 1991 however, that the first well cited example of genetic 

modification being applied to a virus for gene therapy was seen in a treatment human 

glioma samples with herpes simplex virus, type 1 (HSV-1), engineered to be negative for 

the thymidine kinase protein to reduce neurovirulence.48 The principle behind oncolytic 

viral therapies is that the engineered virus will replicate specifically in tumour cells, to an 

extent that cells become lysed, releasing cell debris and viral antigens into the tumour 

microenvironment, prompting an antitumour immune response from the host. 
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The first oncolytic virus to make it to the clinic was an engineered herpes simplex virus, 

type 1 (HSV-1) vector, designed to preferentially replicate in melanoma cells,49 and 

currently there are several open clinical trials using oncolytic vectors, and a wide range 

of viruses in the clinic for this purpose.50 Despite this, there is only one oncolytic virus that 

has received market approval, Talimogene laherparepvec (T-VEC), a herpes simplex 

virus engineered to encode the human GM-CSF gene, and injected into inoperable 

melanoma,51 although this drug is under clinical investigation in other tumour types, with 

promising results.52,53 

1.4.2 Adenovirus: 
 

The adenovirus family comprise over 85 characterised double stranded DNA viruses that 

range from 26-45kb in length.54 Adenoviral based Gene transfer was one of the earliest 

gene therapy tools to be used clinically and was implemented in several gene therapy 

trials in the 1990s.55–57 There was a lot of excitement around the use of adenovirus as a 

gene therapy delivery tool; however, these early clinical trials revealed that expression of 

the provided transgene was transient, and that successful readministration was not 

usually feasible.58 Another key problem with early generation adenovirus vectors as a 

treatment method was the potential for an immune response against the vector. This was 

seen acutely following vector administration to Jesse Gelisinger in an attempted treatment 

of ornithine transcarbamylase deficiency, leading to multiple organ failure concomitant 

with elevated IL-6 and IL-10 overproduction, resulting in death.59,60  

Subsequent developments to the adenoviral recombinant system allowed for a larger 

space to be freed up for packaging an expression cassette of interest and reducing the 
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number of viral elements retained in the infused virus; however, retention of gene 

expression post infection has still been difficult to achieve with adenoviral vectors, and 

leaky expression of the adenoviral proteins can occur.61 ‘Gutless’ adenovirurses contain 

none of the adenoviral genes in their packaged DNA, and only retain the inverted terminal 

DNA sequences from the adenovirus in the transferred DNA. These vectors are less 

immunogenic than the original adenoviral systems and may prove to be a useful gene 

therapy tool in future, due to the large packaging capacity conferred.62 The uses of 

adenovirus in the clinic to date include as a vaccination agent, as an oncolytic virus and 

as a vector for delivery of transgene cassettes.63  

1.4.3 Adeno-associated virus: 
 

Adeno-associated virus (AAV) is a Dependovirus of the Parvoviridae family. It is a highly 

compact single stranded DNA (ssDNA) virus of approximately 4.7kb in length and 

approximately 25nm in size.64,65 AAV was discovered in 1965 as a coinfection alongside 

adenovirus particles.65 AAV is one of the most common gene therapy agents primarily 

because it has several properties conducive to safe, long term, gene expression. First, in 

contrast to lentivirus and other retroviral family members, it exists primarily in an episomal 

state.66 AAV can also infect both dividing and non-dividing cells, and furthermore, it has 

not been definitively associated with any human disease. Whilst the earliest gene therapy 

trials with AAV did not yield long term transgene expression,67 AAV has in recent years 

been used in the clinic as a successful gene therapy agent for genetic disorders such as 

haemophilia, spinal muscular atrophy and Leber’s congenital amaurosis,11,68,69 and there 

are currently over 100 active clinical trials using AAV as a gene therapy delivery vehicle 

for genetic diseases as varied as Alzheimer’s, metabolic disorders, and diseases of the 
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retina (Appendix). Many more preclinical treatments are in development. Adeno-

associated virus and its production methodology are discussed at length in the 

subsequent sections ‘The AAV genome’ and ‘recombinant AAV production. 

1.4.4 Other in vivo gene therapy delivery tools: 
 

Other DNA viruses are being developed for gene therapy purposes. For instance, 

Bocavirus is a single stranded DNA virus also from the Parvoviridae family, but with a 

packaging capacity of around 6kb. This could potentially mean that it can be used in 

certain gene delivery contexts where an expression cassette is too large to be 

accommodated by an AAV vector, for instance in delivery of the CFTR gene for treatment 

of cystic fibrosis.70 There are also a number on non-viral delivery methods, such as 

Polymersomes, silica based delivery systems, and nanoparticles.71–73 Use of these 

vehicles in clinical trials is lower than that of viral mediated-gene therapy, but some trials 

have been conducted; in particular studies using cationic liposomes as gene delivery 

vehicles.74,75 

1.5 Gene therapy for haemophilia: 
1.5.1 Haemophilia: 
 

Haemophilia is an X linked monogenic bleeding disorder that occurs in approximately 1 

in 5,000 males worldwide.76 The two primary forms of haemophilia are haemophilia A and 

haemophilia B, caused by mutations in the clotting cascade factor eight (FVIII) and factor 

nine (FIX) genes respectively.77 A deficiency in the factor XI protein is referred to as 

haemophilia C, however this is not X-linked and deficiency produces a milder bleeding 

diathesis.78 There are additional coagulopathies, rarer and caused by deficiencies in other 
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proteins of the clotting cascade such as factor five (FV), factor seven (FVII) factor ten 

(FX), and factor thirteen (FXIII).79 The severity of haemophilia within a given patient is 

dependent upon the type of mutation within these genes, with severe haemophilia 

characterised by circulating plasma levels of FVIII or FIX protein at <1% of normal.80 

Patients with circulating clotting factor levels under this threshold have a very severe 

bleeding diathesis and may exhibit regular spontaneous haemorrhage.77 Of all diagnosed 

cases of haemophilia, severe cases constitute approximately 35% of haemophilia A 

cases and 29% of haemophilia B cases, with a severe incidence across both forms of 

around 7.1 per million people on a population basis.81 

1.5.2 Treatment of Haemophilia: 
 

The first references to haemophilia exist in texts from ancient Egypt and second century 

Talmudic writings.82 If left entirely untreated, patients with severe haemophilia have a life 

expectancy of approximately 10 years.83 The first known example of efficacious treatment 

for haemophilia was in 1840 when an 11 year old child was treated for postoperative 

bleeding via a blood transfusion.84 Whilst modest amounts of plasma product were 

produced and administered to patients in the 1940s and 50s following a fractionation 

protocol developed in 1946,85 considerable improvements in life expectancy were 

achieved after the discovery of cryoprecipitate, a precipitated isolate of slowly thawed 

blood plasma, in 1964.86 In the early 1980s blood derived products contaminated with 

HIV and hepatitis C had devastating effects on recipients, with studies showing a large 

proportion of the haemophilia population of both haemophilia A and B patients receiving 

factor concentrate seropositive for HIV proteins.87,88 Fortunately, the identification and 

recombinant cloning of the genes for normal clotting factors FVIII and FIX was completed 
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at around this time.89–91 This allowed FVIII and FIX proteins to be produced in in vitro 

settings instead of being isolated from blood products. As such recombinant FVIII and 

FIX protein became rapidly implemented as the standard treatment option for haemophilia 

A and haemophilia B patients, respectively. In the present day, screening of blood 

products is much more stringent, and use of cryoprecipitate is only recommended by the 

World Federation of haemophilia in the absence of clotting factor concentrates and if the 

cryoprecipitate has undergone viral inactivation.92  

Recombinant factor for haemophilia treatment can be administered either in response to 

bleeding events (on demand), or prophylactically. Whereas on demand treatment 

requires less recombinant factor, prophylactic administration is designed to retain a high 

enough circulating factor level to initiate clotting upon injury. The current standard of care 

for severe haemophilia in developed nations is the prophylactic administration of 

recombinant factor.93 The benefits of prophylactic therapy versus as needed infusion are 

seen in the later life of the patient, with a lower rate and later onset of joint 

arthropathies.94,95 However, prophylaxis is an expensive undertaking, and haemophilia 

treatment is estimated to cost around 200,000 euros per patient per year in Europe, and 

$150,000 per year in the United States.96,97 This is despite many haemophilia patients in 

these countries only receiving intravenous infusions of recombinant factor in response to 

bleeding events instead of a prophylactic regimen.98,99  The clinical standard in many 

developing nations is far from ideal, with only 30% of those diagnosed having access to 

clotting factor replacement therapy.100 Furthermore, despite the effectiveness of 

recombinant protein infusions, around 30% of severe haemophilia A and 3% of 

haemophilia B patients develop inhibitors to the recombinant protein,101 which requires 
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more complicated treatment strategies such as immune tolerance induction (ITI) and 

results in higher levels of morbidity and mortality.102,103  

A significant issue regarding the treatment of haemophilia is the relatively short half-lives 

of the proteins involved, at approximately 12 hours in adults for FVIII and around 24 hours 

for FIX.77 This means that to retain therapeutic levels of circulating protein, patients need 

to receive recombinant protein infusions at regular intervals that can be upwards of three 

times per week.104 There have been efforts made to improve the efficiency of prophylactic 

therapy; fusion proteins have been generated to heighten the stability of the infused 

coagulation factors, resulting in products with extended half-lives.105 One half-life 

extension strategy has been to fuse the biologically stable albumin protein to FIX and 

FVIIa.106 Other innovations in haemophilia treatment include the use of an engineered 

antibody to mimic the activity of the FVIII protein,107 and the use of RNAi technology to 

reduce blood antithrombin levels for treatment of both haemophilia A and B.108 

 

1.5.3 AAV gene therapy for haemophilia: 
 

Haemophilia was earmarked early as a target disease to treat with gene therapy. This is 

in part because it is a single gene disorder, and because only a relatively modest amount 

of protein activity (around 5%) would be required to convert the disease phenotype from 

severe to mild, which would alleviate many of the disorder-associated symptoms. 

Furthermore, because these proteins are secreted into the bloodstream, there would not 

be the need to deliver the gene to every cell in the target tissue to confer correction, or 

necessarily even target the cell type the protein is usually produced in. The first attempted 
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gene therapy trial for haemophilia B was published in 2000 and utilised intramuscular 

injection of AAV2 containing a FIX cassette.109 Expression of the delivered transgene in 

this trial was detectable in one patient over 3 years post infection, however, circulating 

levels of FIX never surpassed 1% and no clinical benefit was seen.110 A subsequent trial 

reported in 2006 showed transient correction after hepatic artery injection of an AAV2 FIX 

vector, with expression reaching 12% in one patient. However, in this case a rise in liver 

transaminases was seen, concomitant with a total loss of expression, and none of the 

patients on this trial sustained clinical benefit, or detectable circulating FIX protein.111 

Despite this setback, the liver remained a target organ for AAV gene transfer in the 

treatment of haemophilia, and after the discovery that the naturally occurring serotype 

AAV8 had high tropism for the liver after intravenous injection in a large animal model, a 

far safer route to the clinic was established.112  

 

1.5.4 The St Jude/ University College London haemophilia B trial: 
 

The first successful liver directed gene therapy trial with AAV, a collaboration between St 

Jude Children’s Research Hospital and University College London, was published in the 

New England Journal of Medicine in 2011.68 At the highest dose in this cohort, a rise in 

liver transaminases at approximately 2 months post gene transfer was concomitant with 

a decline in FIX levels, this decline was halted with the administration of the steroid 

prednisolone, a practice now standard in liver gene therapy trials. These original patients 

have retained stable expression of the FIX transgene long term,113 with the earliest 

infused patients now over 10 years post AAV treatment.  
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1.5.4.1 The SJ/UCL AAV vector design: 
 

The AAV treatment strategy used in the SJ/UCL trial for haemophilia B used components 

from extensive preclinical work carried out over the years in the field. The most commonly 

used serotype at the time was AAV2. However, the serotype chosen for this trial was 

AAV8. AAV8 was discovered alongside AAV7 in samples from rhesus macaques in 

2002.114 It’s full length capsid gene is 3 amino acids longer than that of AAV2 and 83% of 

the residues are homologous.115 It was observed that post intravenous injection into both 

mice and macaques, AAV8 had strong tropism for the liver,116,117 aided in part by the rapid 

uncoating of the AAV8 capsid in comparison to other serotypes.118 Furthermore, 

regarding the prevalence of innate immunity to the AAV capsid, a phenomena first noted 

in the 1960s,119 the AAV8 capsid has consistently shown a lower prevalence of pre-

existing immunity in humans than for AAV2120–122 For use in a recombinant production 

system the AAV8 capsid was used in tandem with the AAV2 REP gene and AAV2 ITRs 

flanking the expression cassette.  

The expression cassette packaged within the ITRs contained a series of features 

designed to maximise therapeutic potential (Fig. 1.1): The promoter sequence (referred 

to hence as LP1), comprises a combination of the human alpha-1-antitrypsin (hAAT) 

promoter  and the human apolipoprotein hepatic control region (HCR)123 This promoter 

limits expression of the transgene to liver cells. Other trials have used different promoter 

strategies to yield the same effect. An intron from the SV40 virus was included between 

the promoter and FIX sequence, as studies had shown the inclusion of this to boost 

protein expression levels. The FIX DNA sequence was codon optimised to allow for 

improved expression of the transgene and is substantially different from the naturally 
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occurring codon pattern (Fig 1.2).123 The protein sequence remains unchanged aside 

from the incorporation of a naturally occurring Threonine to Alanine polymorphism known 

as the FIX Malmo variant (Fig 1.3).124 Due to the short size of the construct (~2.35kb) one 

of the ITRs flanking the FIX expression cassette was mutated by deletion at the TRS site. 

This mutation prevents genome resolution at the terminal end containing the deletion, 

resulting in replication reading back across the genome before resolving at the other 

terminal repeat. Whereas a WT configuration will yield particles with DNA containing 

either the positive or negative strand of the expression cassette, the TRS deletion results 

in the expression cassette DNA of both the positive and negative stand to be present in 

a single virion. These ‘self-complementary’ AAV genomes intramolecularly anneal and do 

not need to undergo second strand synthesis in the infected nucleus to mediate transgene 

expression and can express protein products immediately and efficiently post AAV 

infection.123,125 

This vector plasmid was transiently transfected into 293T cells in a two-plasmid 

transfection system in which the vector genome plasmid also contained the required 

adenoviral helper sequences. These include  the E2A and E4orf6 genes and the VA RNA 

coding sequence,126 but not E1A and E1b as these are already present within the 293T 

cells.127 AAV production for this trial was carried out in adherent 293T cells at large scale 

in cell factories and purified by a three column chromatography method.128 This yielded 

a high purity product with around 20% full particles that was approved for clinical trial 

infusion in both the United States and the United Kingdom.   
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1.5.5 Other AAV trials for haemophilia: 
 

There are now several active and completed gene therapy trials for both haemophilia A 

(Table 1.2) and haemophilia B. (Table 1.3) Successful results have been published from 

an AAV mediated gene therapy for haemophilia A, using a, truncated form of the FVIII 

protein, showing durable efficacy over 2 years post treatment infusion.129 Almost all 

haemophilia gene therapy trials in progress use gene addition via a single AAV cassette 

as the therapeutic approach, although one trial for haemophilia B from Sangamo 

therapeutics utilises a Zinc-finger based gene editing approach to attempt to insert the 

FIX gene into a safe harbour locus (NCT02695160). This requires 3 different AAV to enter 

the same cell, an AAV containing the ZFN left arm, and AAV containing the ZFN right arm 

and an AAV containing the FIX gene. So far, no results have been posted from this trial. 

One trial for haemophilia B run by Baxalta therapeutics was halted after a rise in ALTs 

and concomitant loss of FIX expression that could not be brought under control by 

prednisolone administration.130 This unsuccessful cassette was designed to have a high 

CpG content in order to boost protein expression levels.131 It is likely that the high CpG 

content played a role in the robust immune response seen against this vector and it is 

now suggested that expression cassettes in AAV be depleted for CpG motifs.132–134 
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1.5.6 FIX Padua: 
 

In 2009, a patient with thrombosis in a Padua clinic was identified as having a mutation in the FIX 

gene.135 A single amino acid mutation (R338L) in the FIX gene conferred hyperactivity of the 

protein between 5 and 7-fold. This hyperactivity is due to a faster activation of Factor X facilitated 

by the cofactor FVIIIa.136 This would mean that if applied in the same therapeutic context a lower 

dose could be given to achieve the same level of FIX activity. Preclinical work showed that 

incorporation of the FIX Padua mutation in the recombinant AAV setting could yield improved 

clotting activity at a given dose.137–139 FIX Padua cassettes are now been used in several clinical 

trials and have yielded high clotting activity levels in the reported results from the first trial 

incorporating this mutation.140 Other hyperactive mutations have since been identified and 

exhibited efficacy in preclinical models;141,142 however, these have yet to be incorporated into 

clinical strategies.  

1.5.7 Gene therapy for haemophilia with Inhibitors: 
 

The potential of treating haemophilia by gene therapy for patients with inhibitors via liver 

gene therapy is an exciting prospect. To date no human patient treated for haemophilia 

with AAV gene therapy has developed inhibitors against the therapeutic protein product. 

However, this has been observed in at least one canine from the CHOP FIX dog cohort, 

albeit transiently, and in a dog from an inhibitor prone subcolony.143 Indeed, there is 

evidence that the expression of the therapeutic transgene from the liver provides a 

tolerogenic environment, and AAV gene therapy is being investigated as a clinical 

strategy in haemophilia patients whom have developed inhibitors against recombinant 

protein.144,145 Patients who develop inhibitors have the highest treatment costs, potentially 

upwards of a million euros per year;96,97 therefore, the translation of gene therapy to the 
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clinic for this cohort of haemophilia patients could have both a substantial therapeutic and 

economic impact. 

 

1.5.8 The future of haemophilia gene therapy: 
 

Now that proof of principle has be attained, goals of the field will include attempting to 

lower the necessary dose of AAV to achieve normalisation of clotting factor activity. A 

diversification of gene delivery methods may also reach clinical potential. There has been 

extensive preclinical work for haemophilia treatment via ex vivo and in vivo lentiviral gene 

therapy,146–149 and there are now active clinical trials in lentiviral transduction and infusion 

of CD34+ cells for both haemophilia A and B (Table 1.4). Additional changes to treatment 

strategy such as the delivery of engineered proteins and other variations such as the use 

of ancestral protein sequences have been shown to improve FVIII gene therapy in pre-

clinical models,150 and it is likely that in the future a range of recombinant gene products 

and strategies will be available for the gene therapy treatment of haemophilia, much as a 

range of recombinant protein products are available for infusion in the present day. It is 

incumbent upon the field to ensure this is done in as safe a manner as possible and 

therefore detailed study of these gene therapy products and the processes involved in 

their generation is essential. 
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1.6 The AAV genome: 
 

The AAV genome comprises several overlapping reading frames encoding replication 

and capsid proteins that are situated between inverted terminal repeat sequences (Fig. 

1.4 a). There are 4 overlapping REP proteins, named for their respective molecular 

weights in kilodaltons (KDa); REP78, REP68, REP52, and REP40. These and 3 

overlapping capsid genes; VP1, VP2 and VP3 which, through alternative splicing and the 

use of alternate initiation codons, are produced at a 1:1:10 ratio that assembles into a 

60mer (5 copies VP1, 5 copies VP2, 50 copies VP3) in the nucleus of an infected cell, 

resulting in the mature icosahedral virion. AAV contains 4 known promoters within its 

genome; P5, P19, P40, and P81. The P5 promoter is located at the 5’ of the AAV genome, 

slightly downstream of the 5’ ITR sequence. P5 drives expression of the large replication 

proteins, REP78 and REP68, and operates under a negative feedback loop to 

autoregulate its expression.151 The P19 and P40 promoters are located within the coding 

sequence of the full-length REP gene; P19 drives the smaller REP proteins REP52 and 

REP40,152 whereas the P40 promoter drives expression of the capsid proteins and the 

AAV Assembly protein (AAP),153 produced from an ORF in an alternate reading frame 

within the capsid gene. In addition to this there are other identified ORFs such as the 

AAVX gene,154 which produces a protein aiding in AAV replication, and the MAAP gene, 

which encodes a protein of unknown function that associates with the membrane of the 

host cell (Fig. 1.4.b).155 
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1.6.1 The large form Replication genes: AAV REP78 and AAVREP68: 
 

The overlapping AAV replication genes exist at the 5’ half of the AAV genome. All 4 coding 

regions are in frame with each other and so their final protein products have matching 

domains. The large form REP genes REP78 and REP68 are driven from the P5 promoter 

and the encoded proteins exhibit DNA binding, helicase and endonuclease activity.156 

The genes are named for their molecular weight,157 comprising 621 and 536 amino acids 

respectively (NCBI Reference Sequence: NC_001401.2). They are identical in their first 

529 amino acids,158 but differ in the c terminus due to alternate splicing at donor site 

nucleotide 1906 and acceptor nucleotide 2228.159 This leads to a degree of redundancy 

in the REP proteins as both REP78 and REP68 can stimulate AAV DNA replication 

without the other protein present,160 and high-level expression of either REP78 or REP68 

can result in the production of infectious particles.161 The DNA binding domain of REP78 

and REP68 exists in the N-terminal region, a region not present in the lower MW REP 

proteins, with point mutation at amino acid 225 showing abrogated DNA binding in both 

REP78 and REP68.162 This binding domain recognises and binds to a GAGC triplet at the 

inverted terminal repeats, and an imperfect GAGC repeat in the AAV2 P5 promoter 

(GAGY)2, both of which can serve as the origination point for AAV replication.163,164 When 

bound to the ITRs REP is able to form a phosphodiester bond with an exposed thymidine 

residue in the TRS loop in order to nick the DNA and facilitate genome replication.165 

REP78 and 68 can self-associate at these binding sites into complexes. Two studies 

suggested that such complexes are hexameric in nature,166,167 although more recent work 

suggests that the actual nature, at least for the REP68 protein, is pentameric when in 
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contact with the dsDNA of the RBS and a double octamer in contact with ssDNA.168 It is 

likely that these REP protein complexes are essential for mediating AAV integration 

during the REP dependent association of the AAV genome with the AAVS1 integration 

site on chromosome 19, that can be promoted by the ITR sequences and the P5 

promoter.169,170 The N terminal region of the large form REP proteins also harbour the 

site responsible for the endonuclease activity, a Y156F point mutation eliminates 

endonuclease activity on a ITR hairpin substrate.171 The helicase activity of REP78 and 

REP68, necessary for the strand unwinding required for AAV replication is ATP 

dependent.172 In AAV2 the consensus helicase motifs occur between amino acid 330 and 

422, homologous to regions in replication proteins of other parvoviruses.158  Furthermore, 

REP78 and REP68 contain basic residues in the shared region of their c-terminus which 

function as a nuclear localisation sequence (NLS).173  

REP78 and REP68 have strong roles in the regulation of AAV genome transcription. In 

the absence of the helper genes from adenovirus or herpes simplex virus, the large forms 

of REP maintain a repressive role on AAV transcription from the P5 and P19 promoters.174 

In the presence of these helper genes the repressive function of the REP genes is lifted, 

and REP, acting in concert with other factors, functions as a transcriptional activator of 

the P19 promoter.175 During the replication process, the REP proteins also interact with 

host cellular proteins. REP78 has been shown to bind to the TATA binding protein,176 a 

general transcription factor shown to be necessary for initiation of replication at the P5 

promoter.177 The large form REP proteins are known to bind with other regulators of 

transcription like PC4 and SP1,178,179 and to interact with other host proteins like 

B23/Nucleophosmin and KCTD5.180,181 At the DNA level, consensus binding sites for the 
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GAGC repeat recognition sequences exist within the human genome, in and around 

genes like tyrosine kinase activator 1 and the breast cancer associated BRCA1 gene 

among others.182 Downregulation of certain oncogenic promoters such as c-fos an c-myc 

by REP78 has been observed.183 Conversely upregulation of the c-sis proto oncogene by 

REP68 has been described.184 It has been reported the these proteins have an anti-

proliferative effect on oncogenicity in certain contexts,185–187 and that the large form REP 

proteins can exhibit toxicity to cells, inducing apoptosis through caspase-3 activation.188 

Moreover, when cells are exposed to other cytotoxic conditions, those expressing large 

form REP have been shown to exhibit greater levels of cell death than REP negative 

cells.189 

In addition to their effects on human cells, the large form REP proteins have also been 

shown to affect the life cycles of both DNA and RNA viruses. REP78 inhibits papilloma 

family virus replication for both human and bovine variants,190,191 hepatitis B virus through 

binding to the HBV core promoter,192 and HIV.193 Furthermore, REP78 and REP68 can 

inhibit the replication of the DNA viruses that provide AAV helper function, adenovirus 

and herpes simplex virus.194,195  

 

1.6.2 The short form REP genes: AAV REP52 and AAV REP40: 
 

The short form REP proteins are driven from the P19 promoter. The short form REP 

genes of AAV2 are in frame with the large form but translation of REP52 and 40 begins 

at the site of amino acid residue 225 in the large form REP proteins. REP52 and REP40 

are 397 and 312 amino acids in length respectively (NCBI Reference Sequence: 
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NC_001401.2). They are also splice variants utilising the same c terminal splice donor 

and acceptor sites as the large form REP proteins.159 Due to their translational start 

position both proteins lack the DNA binding domain present in REP78 and 68, and neither 

REP52 or REP40 can promote site specific integration of AAV into the host genome.196 

These shorter forms also lack the endonuclease domain required for trs strand nicking 

during replication, and no endonuclease activity for these proteins has been described.156 

Unlike the large forms of REP, REP52 and REP40 are also thought to only exist in 

monomeric form,166,197 a hypothesis bolstered by the observation that at least for AAV5, 

the key oligomerisation domain exists in the N terminal region of the large form REPs that 

is absent from REP52 and REP40.198 However, the short forms of REP are still required 

for efficient packaging of the AAV genome.199 REP52 and REP40 retain helicase activity, 

which occurs in a 3’-5’ direction,197,200 and a major function of the shorter form Rep 

proteins appears to relate to the direct packaging with the viral genome through the 

preformed capsid pore, a process that requires the helicase activity of REP52 and 40, in 

which it is hypothesised that the helicase acts as a ‘molecular motor’ to load the ssDNA 

of AAV into the capsid through the open pore at the 5 fold symmetry axis.199 and the 

presence of the short form REP proteins is also essential for the accumulation of single 

strand DNA in cells during replication.201  

The short form REP proteins do not display the level of toxicity to cells as seen with 

REP78 and REP68. In one study that examined short form REP toxicity, REP52 did 

appear to have a moderately toxic effect on the cells tested, although much lower than 

that of REP78.188 Also in contrast to the large form REP proteins, the short form do not 

appear to effect the transcription of the adenoviral late promoter significantly; only a 
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modest effect of adenoviral gene transcription is seen with REP52 and none is observed 

with REP40.202 This is likely to be due to the lack of the REP78 and REP68 N terminal 

DNA binding domain, and it is likely that the shorter form REP proteins have a much 

diminished role, if any, in transcriptional regulation of viruses and cells, although wider 

effects of the shorter form REP proteins on cellular transcription have yet to be studied in 

any detail. 

 

1.6.3 AAV capsid genes: 
 

The AAV capsid is the outer shell of the AAV virion, essential for mediating successful 

delivery of the packaged genome. It is icosahedral in structure and coded for by 3 

overlapping proteins designated VP1 VP2 and VP3. This overlapping capsid gene 

structure is common to other Parvovirus family members like Bocaviridae and 

Densoviridae.203,204 Like the REP proteins, the VP proteins are all in frame with each 

other. The MW of the VP proteins for are approximately 87KDa 73KDa and 67KDa for 

VP1 VP2 and VP3 respectively.205 The 3 capsid proteins are produced from a single 

mRNA by alternative splicing.206 VP1 and VP3 of AAV2 are translated from a canonical 

AUG start codon whereas VP2 translation initiation occurs at the lower efficiency ACG 

codon.207 The viral proteins assemble in a 1:1:10 ratio to yield a 60mer particle with a total 

MW (empty capsid) of 3.72MDa for AAV2.208 Once assembled, the virion structure is 

remarkably stable. Long term storage at 4 degrees Celsius or exposure to temperatures 

up to at least 55 degrees Celsius appear to have no effect on the transducing capability 

of AAV.209 
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The AAV2 capsid undergoes assembly in the nucleolus.210 Nucleolin has been shown to 

bind to the AAV2 capsid,211 which may facilitate the nucleolar import of the capsid 

proteins. However, this interaction may be a feature unique to the AAV2 serotype as the 

VP proteins of other serotypes have not been shown to associate with the nucleolus.212 

The AAV capsid proteins can undergo a range of post translational modifications. 

Residues can be phosphorylated, ubiquitinated, glycosylated, SUMOylated and 

deamidated, with modifications like tyrosine phosphorylation and deamidation correlated 

with reduced functional transduction capabilities.213–215 Recently it has also been shown 

that capsid can interact with the promoter sequence of its packaged expression cassette 

and influence tissue specificity of expression, at least within certain neurons.216 

VP1 as the longest of the overlapping capsid proteins contains residues in its n-terminus 

that are not found in VP2 and VP3. This region is referred to as VP1u.217 Capsids deficient 

in VP1 are unable to infect cells. VP1u contains basic amino acid residues that can 

influence the transduction capabilities, although basic residues are detected at the N-

terminus of all the VPs.218 VP1u also contains PDZ binding motifs at its n terminus. 

Mutation of these binding motifs prevents uptake of the viral particle into the nucleus, 

suggesting a role for these sites in the nuclear trafficking step post-endosomal escape.219 

Other consensus sequences in VP1u include SH2 and SH3 binding motifs, and 

endosomal sorting signal motifs.219 One of the most prominent features of VP1u is a 

phospholipase A2 domain.220 This region of the capsid undergoes a conformational 

change during the portion of AAV infection in which AAV containing endosomes are 

acidifying. This change exposes this protease region of VP1u and facilitates the escape 

of the AAV capsid from the endosome.221 
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VP2 also has basic residues in its N-terminus that are internalized in the fully formed 

particle but  become exposed during the course of AAV infection.222 Whilst VP1 and VP3 

are essential to produce infectious AAV particles, virions that lack VP2 retain infectivity.223 

Furthermore, the N terminal region of VP2 can handle large insertions if provided 

separately from VP1 and VP3, a feature which has been utilised to try and improve 

specificity of AAV targeting.224  

VP3 is the smallest and most abundant of the AAV capsid proteins. Whereas VP1 and 

VP2 localise to the nucleus, VP3 is seen in both the nucleus and cytoplasm of cells.225 

This could be due to absence of residues that serve as an NLS in the VP1 and VP2 

proteins.226 VP3 is the only essential capsid protein to form genome containing particles, 

but VP3 only AAV capsids are non-infectious.223 

The full-length capsid sequence is what determines the AAV serotype. Naturally occurring 

AAV serotypes have been discovered in various tissues and organisms.114,227–230 There 

is a relatively low sequence constraint within the capsid to produce functional AAV. This 

is extremely useful for gene therapy as the range of existing serotypes can be expanded 

artificially to engineer capsid variants for specialised therapeutic use. Whilst many current 

AAV gene therapy trials have used naturally occurring serotypes,11,68,231 artificial capsids 

have been developed to improve gene delivery to cells of the inner ear, neurons, and 

muscle amongst others.232–234 AAV capsids in which peptides have been inserted into 

regions of the capsid that can tolerate this without disruption have expanded the targeting 

capability of AAV.235,236 More experimental designs have also shown that capsid proteins 

from heterologous serotypes can be combined in different ratios to yield functional 

‘mosaic’ AAV particles with unique properties, such as altered transduction profiles and 
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capsids activatable only after protease cleavage 237,238 The continued research into 

identifying new capsids both natural and artificial in nature will further the applicability of 

AAV as a gene therapy agent. 

 

1.6.4 The inverted terminal repeats: 
 

Inverted repeat sequences are a common feature of functional significance across 

prokaryotes, eukaryotes and viruses, allowing the formation of complex secondary 

structures.239  The terminal ends of viral genomes are often characterised by inverted 

repeat sequences.  DNA viruses with linear genomes from families like adenoviruses, 

poxviruses, phycodnaviruses and parvoviruses all contain these features in some 

form.204,240–242 The AAV genome is flanked at each end by a 145bp inverted terminal 

repeat (ITR). This is the only element of the viral genome retained in recombinant AAV, 

comprising distinct regions relative to its function. 125 of these nucleotides are an inverted 

repeat sequence, that results in a T shaped hairpin loop. This palindromic sequence 

contains within it additional shorter palindromes between nucleotides 42-62 and 64-84.243  

The remaining 20 nucleotides make up the ‘D sequence’. The D sequence is necessary 

for replication and packaging of the AAV genome.244 The D sequence is implicated in 

aiding AAV transduction and has been shown to bind the nuclear import proteins RFX1 

and RFX3.245 Within this D sequence is the trs site; of which the thymidine residue is 

nicked by the large form REP proteins in AAV replication. The site is conserved across 

AAV serotypes, aside from the most genetically divergent serotype AAV5 which harbours 

a unique TRS sequence within its ITRs.246 Mutation of the TRS site leads to abolishment 

of replication at the ITR,160 a facet used advantageously in the generation of self-
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complementary AAV. Other efforts to substitute the D sequence in its entirety has yielded 

AAV with higher infectious potential, albeit with lower viral production yields.247 

The region in between the D-sequence and the hairpin loops is designated the A-

region.248,249 The A region of AAV2 contains the 14bp REP binding site that directly 

interacts with the large form REP proteins. The hairpin loops of the ITRs are denoted as 

B’, B C’ and C. With each ITR contain a B and C loop. The loops are GC rich and 

assemble to form a T shaped cruciform structure.250 The ITRs can either be oriented with 

the b loop or the c loop as the top of the cruciform. This is known as FLIP or FLOP 

orientation respectively.248,249 During replication There are three thymidine residues within 

the B and C palindromes that elicit stronger binding of the REP proteins to the ITR, at the 

top of the B loop in the Flip orientation and the C loop in the FLOP orientation.251 In either 

FLIP or FLOP orientation the CTTTG residue that contributes to REP binding is positioned 

in the same orientation with respect to the 14bp RBS and the TRS site.252 

The ITR sequences are essential for the circularisation and concatemerisation of the AAV 

genome post infection.253 ITR sequences are found to be present alongside integrated 

AAV genomes, although not necessarily in intact form.254 It is felt that the presence of the 

ITRs enhances the integrative potential of the viral genome. This is certainly the case for 

targeted integration in the presence of REP. The ITRs of AAV are also known to have 

transcriptional activity. This is not a unique feature among viruses; the terminal repeat 

sequences of other DNA viruses like adenovirus and vaccinia virus are also known to 

exhibit transcriptional activity.255,256 In early studies of recombinant AAV, the promoter 

activity of the ITR this was used advantageously to do away with the need for providing 

an additional promoter sequence, as was the case with early designs to deliver the CFTR 
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gene for cystic fibrosis.257,258  A small region in the A/D junction of the ITR is enough to 

drive recombinant transgene expression.259 It is now understood that the ITR promoter 

activity exists across serotypes and cell types.260 In limited circumstances the ITRs have 

been implicated in contributing to cellular toxicity, although the scope of this has not been 

investigated in detail.261   

In the recombinant setting, the ITRs from AAV2 are used almost ubiquitously, especially 

in the clinical context. However, work has been done to assess the use of ITRs from other 

serotypes to produce recombinant AAV. For instance, if producing recombinant AAV with 

the AAV5 REP protein, the most evolutionarily divergent of the natural serotypes, AAV5 

ITRs must be used as AAV2 ITRs cannot undergo efficient TRS site nicking and will not 

package AAV2 ITR flanked cassettes.246 Indeed, a recombinant system using AAV5 REP 

and AAV5 ITRs was generated in the late 1990s.262 Additionally, AAV3 ITRs have been 

used in certain research contexts,263 and the use of heterologous ITRs, i.e. the 5’ from 

one serotype and the 3’ from another has also been examined.253 Much as directed 

evolution efforts have led to the production of a vast array of recombinant AAV capsids, 

it is likely that future research endeavours will lead to the generation of AAV REP protein 

variants with divergent and favourable properties. 

 

1.6.5 The P5 promoter: 
 

AAV contains 4 known promoters within its genome; P5, P19, P40 and P81. The P5 

promoter is approximately 145bp in length and located at the 5’ of the AAV genome, 

slightly downstream of the 5’ ITR sequence. The P5 promoter is present in all catalogued 
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serotypes of AAV, although in AAV5 it is referred to as P7.264 P5 drives expression of the 

large replication proteins REP78 and REP68 and operates under a negative feedback 

loop to autoregulate its expression.265 The transcribed mRNA is polyadenylated at a site 

near the 3’ end of the genome in the case of AAV2, and at a central intronic location for 

P7 of AAV5.264,266  P5 expression is inhibited by all forms of the REP protein, the large 

forms (REP78/68) have a predominant inhibitory effect, with REP52 and REP40 reducing 

mRNA from P5 to a milder degree.174,267 This autoregulatory effect on P5 is facilitated by 

the presence of a series of imperfect GCTC REP binding motifs within the TATA box that 

the large form REP proteins can bind to through an N terminal DNA binding domain.158 In 

addition to the REP recognition sequence, the P5 promoter contains 2 identified sites for 

YY1 binding. These are denoted as YY1-60 and YY1+1, denoted relative to the start of 

transcription site at P5. The YY1-60 site has a repressive role in transcription from P5 in 

the absence of the adenoviral E1a, which switches to an activator role in the presence of 

E1a.268 YY1-60 is also key to the transactivation of P19, with the REP and SP1 proteins 

forming a scaffold to position the P5 YY1-60 complex driving the timed production of 

REP52 and REP40.175 The YY1+1 element exists downstream from the P5 REP binding 

site. This binding site for YY1 plays an activating role in transcription from P5 by aiding 

transcript initiation,269 and limiting the auto-repressive effect by REP68 on P5.265 P5 also 

contains a binding site at its 5’ end for the major late transcription factor (MLTF). MLTF is 

a cellular transcription factor that upregulates transcription of the adenovirus late 

promoter.270 The MLTF binding site is similar to that of YY1-60 in that it is repressive in 

the absence of E1a and enhancing in its presence.271 P5 is also the only AAV promoter 
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to date to have any bidirectional activity characterised therein,272 although no functional 

significance of any of its short, minus strand RNA products has been determined. 

Outside of its role in transcription, the P5 promoter sequence plays a role in the retention 

of the AAV genome within a cell: A 138bp region within the P5 promoter has been 

designated the P5IEE.273 This sequence is necessary and sufficient for REP mediated 

integration of AAV into the AAVS1 site on chromosome 19 of the human genome. 

Although AAVS1 is considered a safe harbour locus, other GCTC repeat containing loci 

in the human genome are not, and targeted integration mediated by P5 could pose a 

safety issue in the recombinant context. Fortunately, the P5 promoter as with the other 

AAV promoters is absent from the packaged expression cassette in recombinant AAV. 

Evidence suggests that this configuration reduces the proclivity for recombinant AAV to 

efficiently integrate at the AAVS1 locus in the presence of REP.274 Despite not being 

present in the packaged recombinant genome, the P5 promoter is key to recombinant 

AAV production in the 293 based system. Previous efforts in the recombinant system to 

replace the P5 promoter with a constitutive promoter did not yield high titers of virus,275 

likely to be due to the inability of a constitutive promoter to retain optimal ratios of the 

different viral replication components. Generating high titers of recombinant AAV is 

essential for the practical application of gene therapy and, therefore, the P5 promoter is 

valuable to the recombinant AAV production system. 

 

1.6.6 The P19 promoter: 
 

The P19 promoter is a short promoter of approximately 180bp in length located within the 

REP gene of the AAV genome. In AAV2, P19 drives the expression of the smaller KDa 
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REP variants Rep52 and Rep40. Like the P5 promoter, under normal conditions the REP 

proteins have an inhibitory effect on the activity of the P19 promoter; in the presence of 

adenovirus, this repression is lifted.276 This appears to be a downstream effect of P5 

activation as the large form REP proteins cooperate with the SP1 transcription factor and 

the YY1-60 site in P5 to mediate this transactivation of P19 transcription by interacting 

with the DNA upstream of the P19 TSS.175,277 An additional key element to transcription 

is a CArG like sequence towards the 5’ of P19 that aids in this transactivation.277,278 Direct 

binding of REP to the P19 promoter has been observed, although there is only 1 GCTC 

sequence present within the P19 sequence.279 As with P5, in AAV2 the mRNA 

transcriptional products of P19 are polyadenylated near the inverted terminal repeat in 

the 3’ of the AAV genome, around 2kb from the terminal end of their protein products.266 

Again this differs in AAV5, which contains polyadenylation for P19 product within an 

intronic sequence centrally located within the AAV genome.264 

 

1.6.7 The P40 promoter: 
 

The P40 promoter of AAV drives expression of the capsid VP proteins and the assembly 

activating protein from alternatively spliced mRNA. Like P19 it is located within the REP 

gene coding sequence, further to the 3’ end of REP. There are two identified SP1 binding 

sites within the P40 promoter,278 and like P19, the P40 promoter is also reliant on 

transactivation by the REP proteins in concert with SP1.280 P40 also contains binding 

sites for the transcription factors EF1a, ATF and AP1, which when deleted yield a slight 

reduction in transcriptional activity.278 The transcription factor binding sites are conserved 

across the P40 sequences of different AAV serotypes.281 As with P5 an MLTF binding 
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site is also present at the 5’ of P40, although no function of this site has been 

determined.278 In the presence of adenovirus, P40 can be transactivated by both the REP 

binding element in the P5 promoter and within the inverted terminal repeats.282 The AAV5 

version of this promoter is denoted P41 but is functionally the same, and as with AAV2 

drives capsid protein expression, although with this serotype there is a much reduced 

level of transactivation from the corresponding REP protein.283 More recently short non 

coding RNAs transcribed from the P40 promoter have been identified, which appear to 

play a role in inhibition of adenovirus replication.281,284 

 

1.6.8 The Assembly Activating Protein (AAP): 
 

The size limitations imposed by the physical space within the AAV capsid require the viral 

genome to encode all essential DNA in a highly compact genome. The replication and 

capsid subunit genes contain multiple overlapping genes in the same frame, and it was 

thought for a long time that these were the only required elements for the AAV life cycle 

contained within the viral genome. In 2010, the Kleinschmidt group identified a +1 reading 

frame gene within the AAV2 capsid coding sequence.210 This 204 amino acid protein 

product, designated the Assembly-Activating Protein (AAP), is approximately 23KDa and 

translated from the alternative initiation codon CTG. AAP was found in AAV2 to be 

essential for functional capsid formation and to aid in the transport of VP proteins to the 

cell nucleoli for assembly. AAP was subsequently identified across other naturally 

occurring AAV serotypes.285 The AAP sequence shows strong homology across 

serotypes, with only AAP from AAV 4, 5, 11 and 12 exhibiting high divergence from the 

consensus coding sequences.286 Interestingly the AAPs from serotypes 4, 5, and 11 were 
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later shown to not be essential for capsid assembly of those serotypes.212 Conserved 

regions of AAPs include two hydrophobic domains in its N terminus, a proline rich region 

between amino acids followed by five serine threonine clusters, and a basic c terminus.286 

Elements in both the N and C terminus of AAP have been shown to promote AAV capsid 

assembly, and it has been posited that the surface charge of capsid lumen residues plays 

a role in dictating the interaction of AAP with the capsid proteins.287 AAP can 

conformationally change and stabilise the VP proteins that otherwise are rapidly turned 

over.288 Indeed, even the AAV serotypes that do not require AAP to form functional 

capsids yield higher titers of vector when their cognate AAP is present,289 although 

exogenous overexpression of AAP does not improve titers further.290 

There is high cross complementarity between AAPs. An early study found that AAP2 can 

facilitate capsid formation of AAV1, AAV8 and AAV9, and AAP1 can facilitate some 

degree of AAV2 capsid assembly, whereas AAP5 cannot.285 A subsequent study 

confirmed this and showed that the vast majority of AAP/serotype combinations result in 

functional particles, with AAP4 and AAP5 having more restricted function, only rescuing 

the production of each other and not any of the other serotypes tested.289 With regards to 

recombinant AAV production, AAP is necessary in both the mammalian cell line and 

baculoviral systems to generate functional virions,289 and aids production yields of VP3 

only virus like particles (VLPs) in Escherichia Coli.291 

Synthetic AAVs are often produced by combinatorial shuffling and/or directed 

mutagenesis. A problem with this is that due to the nested nature of AAP an alteration to 

the AAP sequence is highly likely for any changes made to the capsid protein between 

amino acid residue 203 and 380. This may result in functional capsids for a given utility 
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not being selected for due to dysfunctionality of the resultant nested AAP sequence 

through the introduction of a stop codon or deleterious mutations. It is also possible with 

synthetic variants of AAV that the resultant nested AAP sequence may not produce the 

highest yields in all cases. 

1.6.9 The Membrane-Associated Accessory protein: 
 

The presence of an additional nested ORF in the +1 frame of the AAV2 capsid gene was 

identified by the Kleinschmidt group in 2010 in their studies that elucidated the AAP 

protein.210 However, in this study, no effect upon vector yield was observed and the 

potential protein was not investigated further in the manuscript. Recently this protein was 

further characterized and found to associate with the cell membrane.155 Further studies 

will be required to assess the importance of this protein in the AAV life cycle. 

1.6.10 The AAVX protein: 
 

An additional gene known as AAVX has been identified in the AAV2 genome.292 This 

gene has not been well characterised but appears to have a function in AAV replication; 

removal of the AAVX gene reduces AAV2 replication in 293T cells.154 It is posited that X 

expression is driven from a little studied promoter within the AAV capsid gene referred to 

as P81.292  

Homologues to this gene do not exist in all serotypes. AAV6 for instance, has a disrupted 

ORF in the region where a putative X gene would exist. Exogenous addition of the AAV2X 

gene enhances AAV6 production.293 When AAV serotypes 1-12 are examined the X gene 

appears to be intact in some but not all (Fig. 1.5). AAV8, the serotype used in the SJ/UCL 
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haemophilia trial does not contain a functional nested X gene, with several stop codons 

present in the putative open reading frame (Fig. 1.6). 

1.7 AAV helper viruses: 
One key characteristic of the AAV virus is its inability under normal cellular conditions to 

undergo efficient replication in the absence of proteins provided by a helper virus. AAV 

derives its name from its discovery alongside adenovirus, and it has since been 

demonstrated that adenovirus and other viruses express proteins that facilitate efficient 

replication of AAV. These are described herein. 

1.7.1 Adenoviral helper genes: 
 

AAV is unable to undergo replication in normal cellular conditions without the presence 

of a helper virus. The best characterised of these is adenovirus. Typically adenovirus type 

5 (Ad5) genes are used to provide this helper function, given that the E1 gene insertion 

in 293 cells is from this adenovirus serotype.294 However, genes from other adenovirus 

variants such as Ad2 have also been used in the recombinant setting.295 A range of 

functions assisting with AAV replication are provided by the adenoviral proteins; some 

involve direct interaction with components of the AAV virus, and some interact with other 

factors in the cell to increase permissivity to AAV replication. An example of an adenoviral 

protein that directly interacts with AAV is the early phase gene E1a. E1a proteins are 

expressed early in the adenovirus life cycle and have a significant effect on transcription 

within infected cells.296 Transcriptional regulation is the major role played by E1a with 

regards to AAV replication; E1a presence helps activate the P5 promoter by  
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alleviating the transcriptional repression enacted on P5 by YY1 binding.297 The E2a 

protein has also been shown to stimulate P5 transcriptional activity.298 E2a , along with 

the VA RNAs, are involved in efficient translation of AAV capsid mRNAs.299 Additional 

adenoviral proteins providing helper function to AAV include E1b55k and E4ORF6 

proteins, which facilitate transport and accumulation of AAV mRNA into the cytoplasm300 

Interestingly in seeming contrast to this, E1b and E4ORF6 have been implicated in the 

degradation of Rep52 and preassembled capsid proteins, at least within the context of 

AAV5, an effect which is only overcome by the presence of VARNA.301  

The interactions between adenovirus and AAV is not one way in terms of regulation; the 

REP proteins all inhibit the expression of the adenoviral E2a protein, with the larger REP 

proteins providing a greater inhibitory effect.302 REP68 binding to the E2a promoter region 

has been observed and is thought to cause an inhibitory effect, although the observed 

binding site does not contain the GCTC motif recognised by the N-terminal region.303 A 

similar inhibitory effect is seen at the adenovirus major late promoter, with all REP forms 

aside from REP40 capable of mediating inhibition.202   

1.7.2 Herpes Simplex Virus helper genes: 
 

The family Herpesviridae comprise large double stranded DNA viruses that infect a range 

of species. The HSV1 virus has a genome of approximately 150kb and encodes over 80 

viral proteins and several transcribed regulatory RNAs.304 HSV-1 has been shown to be 

able to provide helper function to assist AAV replication in the absence of adenoviral 

helper genes.305 In fact the herpes simplex virus genes UL5, UL8, UL29, UL30, UL42, 

and UL52 are sufficient to facilitate AAV replication.306 In a similar fashion to its effect on 
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adenoviral replication, AAV replication has an inhibitory effect on the process of HSV 

replication, mediated at least in part by the REP78 and REP68 proteins impairing the 

ability for HSV to form mature replication compartments in the nucleus.307  

1.73 Other viral helper genes: 
 

Aside from the well characterised AAV helper functions of adenovirus and herpes simplex 

virus, other viral genes have been shown to provide a helper effect to AAV replication. 

For instance, a number of proteins in the HPV16 genome have been shown to promote 

AAV replication and in particular the E1, E2 and E6 proteins of HPV16 have been shown 

to enhance recombinant AAV yields.308–310 Vaccinia virus genes have also been 

implicated in promoting AAV replication,311 although one study found it was insufficient to 

provide full helper function for AAV replication.312 Furthermore, human Bocavirus 1 genes 

have shown to exhibit helper function for AAV replication, in the presence of 

adenovirus.313 There is also evidence from an early study of the virus that in cells absent 

of other viruses that are placed under genotoxic stress, AAV replication can be 

facilitated.314 

 

1.8 Recombinant AAV: 
AAV was first incorporated into a recombinant system in 1982.248 Soon after, the potential 

for transgene delivery using AAV was demonstrated by the successful transfer of the 

neomycin-resistance gene to human Detroit 6 cells.315 These early production systems 

relied on the coinfection of adenovirus; however, in 1998 the Samulski group 

demonstrated a method of  high titer viral production that used essential adenoviral genes 
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but did not require the use of live virus.316 The utility of this recombinant system is that 

the REP and CAP genes are delivered to the production system in trans and the sequence 

between the ITRs is replaced with an expression cassette of interest of up to 

approximately 5kb in length, which is then packaged into the AAV capsid (Fig. 1.7). For 

certain monogenic disorders such as haemophilia and Leber’s congenital amaurosis, the 

AAV system can be used to add a correct copy of the gene of interest. Additionally, 

approaches using silencing cassettes and the delivery of gene editing tools have proven 

successful in pre-clinical models for genetic disorders such as Huntington’s, ALS, and 

others.317–319 The typical production system uses the AAV2 REP gene and ITRs, 

however, the capsid gene is often substituted to produce different serotypes. There are 

several naturally occurring AAV serotypes that can be utilized in this system. Recently, 

however, groups have used methods such as DNA shuffling, peptide insertion and 

rational design to generate synthetic serotypes with desired properties, such as 

augmented infection of a target cell type, and evasion of immune response.320–326 The 

production of AAV is discussed in detail in the section ‘Recombinant AAV production’. 

1.9 AAV infection. 
Compared to other viral delivery types AAV infection is surprisingly inefficient. A very high 

multiplicity of infection (MOI) is used to deliver AAV to the cell type of interest, often 

upwards of 1X104 particles dosed for every cell in an in vitro research setting,327 and in a 

clinical setting this can be as high as 2x1014 vector particles administered per kilogram 

when administered systemically.69 In contrast to this, the successful gene therapy 

treatment of X-linked SCID with ex vivo transduction of CD34+ cells with lentivirus uses 

an MOI of 20 in two successive exposures.16 This relative inefficiency of AAV infectivity  
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is functionally mitigated by its ease of high yield production, exceeding 1X105 viral 

particles per producing cell.316 The high yield and a high tolerance for the virus allows for 

clinical dosing strategies to achieve these high infectivity requirements, circumventing the 

relative inefficiency of functional transduction on a per particle basis. 

Whilst the precise mechanism of AAV infection is not fully elucidated, many aspects of 

the infection pathway are well characterised. AAV typically binds to a cell surface receptor 

via exposed residues on a threefold protruding external axis of the icosahedral capsid. 

The precise binding locations vary by serotype.328–330 After binding, AAV particles are 

endocytosed, prevailing evidence suggesting this is largely a clathrin dependent 

process.331,332 They are then transported within the endosome via the trans golgi network 

along microtubules in a unidirectional manner towards the nucleus.333,334 Once the 

endosome reaches the perinuclear region, it undergoes acidification, leading to the 

exposure of the phospholipase A2 (PLA2) domain in the N terminus of the VP1 protein, 

a region that is otherwise conformationally hidden within the capsid. The PLA2 domain 

assists in the breakdown of the endosomal membrane allowing the escape of the AAV 

particle into the perinuclear cytoplasm.222,335 The AAV virion then enters the nucleus, 

likely aided by a number of basic regions in the AAV capsid protein that have homology 

to NLSs and are required for AAV infectivity.218,336 Once inside the nucleus the AAV 

capsid fully uncoats, and the single stranded AAV genome (WT or recombinant) utilises 

the cellular machinery to synthesise a second strand of DNA, converting it into a double 

stranded particle. This is an inefficient process and the rate-limiting step to functional 

transduction by single stranded AAV vectors.337 Once the viral DNA is in a double 

stranded form transcription and translation of the AAV genome can occur. Alternatively, 
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genome transcription can also occur subsequent to intermolecular annealing of a positive 

and negative strand, bypassing the second strand synthesis step. Both second strand 

synthesis and intermolecular annealing are relatively inefficient. In recombinant self-

complementary AAV genomes however, a positive and negative strand are contained 

within a single AAV particle, and expression of the transgene can be mediated far more 

rapidly in the target cell, due to intramolecular annealing of the two strands;338 however, 

this is an artificial process that does not occur in WT virus.  

A universal receptor for AAV cellular entry, KIAA0319L (also denoted as AAVR), has been 

proposed.339 KIAA0319L is expressed broadly across cell types and knockout of this 

protein in cells severely abrogates AAV infection across many tested serotypes.339 

However, uninhibited infection occurs with a distinct lineage of AAV serotypes in a 

KIAA0319L deficient mouse model.340 Furthermore the GPR108 and TM9SF2 proteins 

have been shown to be highly conserved entry factors, enhancing the transduction of 

serotypes across clades, with AAV5 the only tested natural serotype that does not utilise 

GPR108 as a cell entry factor.341,342 There are still many aspects of AAV infection to be 

revealed and it is likely other host proteins critical to high efficiency AAV infection will 

become elucidated. 

1.10 Recombinant AAV production and purification: 
A primary concern of the AAV gene therapy field is the production of enough product to 

meet clinical need. Therapeutic doses of AAV depend on the target tissue. For retinal 

disorders, where AAV is delivered through sub-retinal or intravitreal injection, a far lower 

quantity of viral product is required than for larger organs or whole-body administration of 
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the AAV virus. A dose as low as 6e10vg per eye can achieve therapeutic transgene 

expression in human patients,343 whereas for whole body directed therapies, viral loads 

of up to 2e14vg/kg have been administered.69 To meet production needs for patients 

receiving high quantities of AAV, or indeed to expand the patient population for AAV 

treatments with lower dosing regimens, a highly efficient viral production system is 

essential. Fortunately, production systems can be scaled up to yield sufficient quantities, 

although challenges with producing high efficiency AAV still remain. There are two main 

production cell lines for generating recombinant AAV at clinical scale; HEK293 based and 

SF9 cells.344  

1.10.1 HEK293 based AAV production: 
 

HEK293 cells are derived from human embryonic kidney cells transformed with 

adenovirus serotype 5.294 The cell line contains a stable insertion of the first approximately 

4kb of the adenovirus genome into chromosome 19,127 a sequence containing the E1A 

and E1b proteins (NCBI AC_000008.1). HEK293 cells are easy to culture and transfect 

and are therefore used in many applications requiring expression of exogenous proteins, 

such as protein production, for therapeutic injection; or recombinant adenoviral and 

retroviral production, for gene therapy.345–348 Similarly, HEK293 cells can also be 

efficiently used to produce AAV for both research and clinical applications. 

The HEK293 production method uses a 2 or 3 plasmid system; in which either adherent 

or suspension HEK293-derived cells are transfected with AAV viral production 

components alongside adenoviral helper genes. Transfected cells are then incubated, 

(most commonly at 37°C, 5-10% CO2 neutral pH), in which time AAV replicates prolifically 
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in the cells, yielding in the order of 1e5 AAV particles per cell.316  The time of production 

incubation prior to harvest ranges from 2-7 days depending on the production setup and 

research group.349–351 A common derivative of HEK293 cells containing the SV40 T 

antigen (293T) is used routinely for AAV production at the research grade and has been 

used to manufacture clinical material.128 The SV40 T antigen facilitates replication of DNA 

containing the SV40 origin of replication.352. Removal of the T antigen is now encouraged 

by the FDA for clinical gene therapy products, as it is a potentially transformative agent. 

Direct removal of the T antigen from these production cells generally results in 

dramatically reduced AAV titers.353 However, many adaptations have been made to the 

293 cell production system to facilitate large scale production capabilities. For instance, 

many early clinical trials in the field used adherent 293 cells to produce recombinant 

AAV.354 This provides a 2 dimensional limitation to cell density, as the cells must be grown 

in a monolayer. Scale up with adherent 293 cells can be achieved by using cell stacks 

that contain multiple layers of culture surface for the cells to adhere to.128,355 This is still 

monolayer culture and to overcome this on a larger scale, and maximise usage of 

production space, adapting the cells to grow in suspension gives a much higher cell 

density and ergo a much higher total yield, if efficiencies on the per cell basis can be 

maintained. 293SF cells for instance, which is a clonal cell line developed to operate in 

suspension, have been demonstrated to produce high yields of AAV.356 Stable cell line 

methods of 293 based production also exist, in which the REP and/or CAP genes are 

inserted into the 293 genome and expressed after induction by transient transfection of 

the ITR flanked vector genome.357  
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Other 293 derivates adapted to various conditions have been demonstrated to provide 

useful properties for AAV production. Freestyle 293F cells (Thermo Fisher Cat# R79007) 

are an adapted cell line cultured to grow efficiently in serum free conditions. This is useful 

to AAV production for the clinic as raw animal derived biological products are advised to 

be kept to a minimum in the manufacturing of biological products.358 Expi293F cells 

(Thermo Fisher Cat# A14527), are a further derivative of 293F cells and are designed to 

grow in denser culture.359 Other 293 cell variants have been developed, like AAV-293 

cells (Agilent Cat# 240073), and 293AAV cells (Cell biolabs Cat# AAV100); which both 

claim to improve AAV production yields. Given the benefits of improving AAV production 

it is likely that additional cell lines catered to aspects of AAV manufacturing will be 

developed. 

 

1.10.2 Baculoviral AAV production: 
 

Baculoviridae are a family of large double stranded DNA viruses of between 80 and 

180kb.360 Lepidoptera is the most well characterised baculoviral infection host;361 

however, baculoviridae have been found in several invertebrate species, including 

sawflies and crustaceans.362,363 The baculovirus AAV production system uses the SF9 

cell line derived from the Spodoptera frugiperda species of Lepidoptera.364 Infection of 

SF9 cells with a baculovirus that contains recombinant expression cassettes has been 

used to produce proteins and viral particles since the late 1980s.365 The first system to 

implement this system into high efficiency AAV production utilised a baculovirus derived 

from Autographa californica to deliver separate constructs containing the REP gene, the 

71



CAP gene, and the ITR containing recombinant genome. These were delivered to SF9 

cells by a triple coinfection.366 All 3 of the key AAV promoters have activity in these cells, 

enabling recombinant production to occur.367  However, a problem with this original 

system was genome instability, causing loss of the constructs with multiple passages of 

the virus, potentially limiting the scale of production.368 A subsequent system used a dual 

coinfection configuration in which the REP and CAP genes were contained within the 

same baculovirus genome, a setup that produced higher titers and exhibited greater 

genetic stability. Other methods to improve the baculovirus system for AAV production 

have been developed. One group placed all of the AAV components within a single 

baculovirus construct to facilitate efficient production.369 Another developed the ‘OneBac’ 

system, which contains the AAV REP and CAP genes stably inserted into the SF9 cell 

genome. In the OneBac system, expression of REP and CAP is induced only upon 

infection with the ITR flanked vector genome containing baculovirus.370 The OneBac 

system is scalable due to the ability to easily expand SF9 cells, resulting in high titer AAV. 

A second version ‘OneBac2.0’ has been modified to improve the VP1 content of certain 

AAV serotypes and decrease baculoviral DNA impurities.371 An additional issue with 

earlier generations of baculoviral production is the potential for the capsid proteins of 

certain serotypes to be digested by the baculoviral protease v-cathepsin, resulting in 

lower activity of the purified product, an issue that can be resolved by the addition of a 

protease inhibitor.372 Furthermore, SF9 cells are known to contain an endogenous 

adventitious virus called sf-rhabdovirus.373 Whilst unlikely to cause any negative 

downstream effects, an Sf9 based cell line with this virus removed (Sf-RVN) has been 

developed.374  
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AAV produced through baculoviral infection can be purified in a similar manner to that of 

the 293 cells system, through TFF and affinity chromatography, and AAV produced in this 

manner can efficiently transduce cells. Indeed, the first AAV gene therapy product to 

reach commercial authorisation (Glybera for treatment of familial hyperlipoproteinemia) 

was produced in a baculoviral cell production system.375 Some groups have reported that 

AAV purified from baculoviral systems appears to be less infectious than that produced 

by the 293 cell based method. However, at least one group has reported that when 

optimisations are made to VP ratios, a greater transducing potency can be achieved using 

baculoviral production as compared to 293 cell based.376 Further investigation will be 

required analysing the two production methods side by side to determine optimal 

conditions.  

 

1.10.3 Other AAV production methods: 
 

Other systems to produce recombinant AAV have been explored and developed. BHK 

cells that utilise herpes simplex virus for helper function, have been used to produce AAV 

for the treatment of A1AT deficiency in the clinic.377–379  HeLa cells were an original 

production option for recombinant AAV, however concerns about clinical grade production 

with this cell line existed in part due to the presence of papilloma virus sequences 

contained within the HeLa cell genome.380 However, Hela cell derivatives have been 

shown to be efficient cell line systems to produce AAV. Hela S3 cells, a derivate that can 

effectively grow in suspension culture, were used to produce AAV1 for a clinical trial of 

Serc2a delivery to heart failure patients.354 Furthermore, before 293 derived cells became 

the standard production line, AAV was often produced in A549 cells381,382 Additionally, 
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infectious AAV has also been successfully produced from Saccharomyces cerevisiae.383 

It is likely that with future research alternative cell lines will be generated to produce AAV 

from, both for academic and commercial purposes. 

1.10.4 AAV purification: 
 

Once AAV has been produced in the cell line of interest, it must be harvested and purified 

to a high concentration. This processing of the virus can be achieved in several ways. For 

research grade quality AAV, simplistic protocols designed to quickly and inexpensively 

purify infectious virus can be used. These include precipitation and ultra-centrifugation 

based methods,384,385 and vary widely in whether input material is collected from just the 

supernatant, just the lysate, or a combination of the two.355,386–389 

In the same manner that AAV production within cells must be performed at scale, 

purification methods must also be designed for processing of large volumes of virus 

containing media and cellular lysates. An initial step in AAV purification is often the 

reduction of material volume to an appropriate level for the processes further 

downstream. This can be achieved in a couple of ways; Tangential Flow through (TFF) 

continually passes material over a high MW filter to retain the virus within a smaller 

volume of media.390 An alternative is the use of high MW polyethylene glycol (PEG). PEG 

is often used in protein purification and can precipitate AAV out of solution.391 This 

precipitate can then either be processed further, by applying it to a gradient 

ultracentrifugation step,392 or in the crudest of purification protocols, spun down and 

resuspended directly and used for infection.385 
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The primary ultracentriguation methods for purifying AAV are the use of sedimentation 

gradients. The two main types are the use of a caesium chloride step gradient and 

iodixanol. Caesium chloride gradients are typically a 2-stage process. Full particle density 

AAV in CsCl solution is approximately 1.4g/ml,393 and so first a step gradient protocol 

where two phases, one above and one below the particle density of AAV are layered to 

form a single-phase interaction.394 Full particles then sediment at the phase and can be 

extracted either for research grade use or for an additional CsCl continuous gradient 

sedimentation which improves the purity of the extracted virus.395 The solution of 

extracted virus is then dialysed to remove Caesium Chloride, concentrated, filtered and 

resuspended. Iodixanol gradients operate on the same principle except the density of 

AAV particles in iodixanol is closer to 1.25g/ml and multiple density steps are typically 

layered to form the gradient.396 Upon extraction of the virus from the gradient, the AAV 

can be concentrated for use without additional steps,397,398 or further purified by 

chromatography.399 

For clinical grade material, far more stringent and costly purification methodologies must 

be carried out to meet the standards of good manufacturing practice (GMP). These often 

involve multiple steps of column purification.400 Affinity and anion exchange 

chromatography are the primary methods by which this can be achieved. Affinity 

chromatography in the context of AAV relates to the capsid proteins. A substance with 

binding affinity for the AAV capsid can be used in columns to bind and separate the capsid 

from other aspects of the cell lysate and media. This affinity agent can be a peptide, an 

antibody, or other agents with AAV capsid specificity.401–404 One particular form of affinity 

chromatography useful to the field is the AAVX affinity resin, which is stated to elicit 
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serotype independent AAV column purification. The AAVX purification reagent is a 

camelid single chain antibody fragment with broad specificity across capsids of different 

AAV serotypes.403 

The other class of column chromatography routinely used in AAV purification is anion 

exchange chromatography. This is a common purification process that yields separation 

of the intended product based upon charge. Columns are packed with positively charged 

resin that bind to negatively charged particles, the pH is then increased in a gradient to 

elute the bound particles from the column. Anion exchange chromatography can be used 

to purify many serotypes of AAV,405 and strategies have been developed to use this 

method to differentiate between full and empty particles, to yield AAV preps with a higher 

proportion of expression cassette containing virions.406,407 Size exclusion 

chromatography can also be implemented to isolate AAV particles.408 Often this will be 

used as a second step in purification, and indeed two-step column purification of AAV is 

relatively common408–411 With the ever-expanding range of AAV serotypes used in the 

clinic it is likely that a continued expansion of purification strategies that can either simplify 

or optimise purification of AAV will be developed. 

 

1.11 Codon optimisation of AAV delivered transgenes: 
 

Almost all life forms use DNA base triplicates to encode for amino acids. There are 64 

codon combinations in total; 61 codon combinations that produce the 20 different amino 

acid, and 3 that result in translation termination. This provides some redundancy to the 

system, i.e. there are six different combinations of codons that code for leucine, and only 
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two amino acids (methionine and tryptophan) that are encoded by a single codon 

triplet.412 It has long been apparent that a bias exists within genes and genomes for the 

codon triplets that are present.413 

It has been shown that by codon optimising recombinant genes to match the highest 

codon usage for an organism, expression of recombinant transgenes can be increased 

as much as 100 fold.414 Whilst it is easy to comprehend that different organisms have 

different usages of each codon, even within a single organism it has been shown that the 

expressed genes within a certain tissues have a unique codon bias signature.415 This is 

an important consideration for gene therapy. Regarding therapeutic gene delivery, the 

benefit to codon optimisation will be situationally dependent, a gene with an already heavy 

bias toward preferred codon usage would have less to gain than one with a more 

divergent DNA sequence. For the FIX gene, codon optimisation has been demonstrated 

to produce a recombinant gene translated with 5 fold increased efficiency as compared 

to the WT sequence.416 The benefit of this is that a greater therapeutic effect can be 

achieved at a given dose, or indeed in some cases it may end up being possible to lower 

the viral dose of a gene therapy vector to achieve a curative phenotype. Attempts to codon 

optimise proteins must be carefully considered depending on translational scenario, as 

the primary benefit from codon optimisation (increased translation speed), can result in 

altered protein conformation despite synonymous amino acid sequence.416 

However, there are other parameters besides high expression that must be considered 

when codon optimising an expression cassette for an AAV construct. A trial launched by 

Baxalta therapeutics that incorporated a high percentage of CpG motifs in order to boost 

expression was halted after high dose treatment led to a considerable CD8+ T cell 
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mediated clearance of hepatocytes, and concomitant loss of FIX expression that could 

not be rescued by steroid administration.417 Studies in pre-clinical models have shown 

that a lower CpG genome content in recombinant AAV results in a lower response from 

naïve CD8+ T cells, although, conversely, for any capsid specific CD8+ memory T cells 

present, a stronger activation is seen with a CpG depleted recombinant genome.133 As 

such, the recommendations for codon optimisation of AAV expression cassettes now 

include minimisation of CpG motifs.134 A further complicating factor is that simply 

matching codon usage to the target tissue may not provide the highest level of expression. 

Certain studies have shown that mRNA secondary structure can have a significant effect 

on translation efficiency. As such, great care needs to be taken to ascertain the ideal 

codon usage pattern of any expression cassette destined for the clinic. 

 

1.12 Unresolved issues for AAV mediated gene 
therapy: 
AAV mediated gene therapy has now been applied to several genetic diseases. Despite 

early clinical successes, there are still many issues to be resolved, of which some of the 

most prominent are discussed in this following section.  

1.12.1 Serotype: 
 

The ideal serotype to mediate AAV gene therapy for a given context is not a fully resolved 

issue. To use the liver as an example: AAV8 has been implemented successfully in 

clinical trials, due to its tropism and efficacy post intravenous injection in preclinical animal 

models, yet the transduction capability in human and NHP hepatocytes appears to be 
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sub-optimal. Comparative studies have been done with mixed results. A directed 

evolution study utilising a humanised mouse model showed that a capsid shuffled variant 

LK03 resulted in transduction of human hepatocytes approximately 10 fold that of 

AAV8.321 Similar approaches have generated other artificial capsid variants that appear 

to exhibit enhanced liver transduction.418,419 However, a separate study found that 

AAV3b, AAV8, LK03 and AAVrh10 all had similar human hepatocyte transduction efficacy 

in mice repopulated with human hepatocytes.420 Other studies have reported conflicting 

data, for instance that AAV9 and AAVrh10 are superior at transducing human 

hepatocytes,421 or that AAV7 has a higher transducing potential than AAV3b and AAV9. 

422 Further research into the ideal serotype for human hepatocyte transduction is clearly 

required, although it may take several further independently reproduced studies before 

an answer can be settled upon. This same conundrum is present in the field of almost 

every target disease from delivery to the cochlea of the inner ear, to heart tissue, to retina. 

The iterative process of determining which capsid configuration is most suitable for 

specific disease applications is likely to continue for years into the future, and the 

production of synthetic serotypes to achieve this is a field unto itself.  

1.12.2 AAV and the immune system: 
 

A further unresolved issue within the field is the precise immune response observed after 

AAV administration. In several gene therapy trials with intravenous administration, a rise 

in liver transaminases (ALT/AST) has been observed.12,69,423 Left untreated a concomitant 

loss of therapeutic protein expression can occur.12 This phenotype has been successfully 

controlled with the administration of steroids upon the detectable rise in liver 

enzymes.12,69,423 However, in at least one clinical trial, treatment with prednisolone was 
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insufficient to prevent the loss of therapeutic protein expression present alongside raised 

liver transaminases.417 CD8+ T cell responses to both the capsid, and transgene encoded 

protein has been observed post infection in animal models and humans.424–426 

Additionally the DNA packaged within AAV can trigger the innate TLR9 immune pathway, 

stimulating interferon production.427 Recombinant AAV genomes that are CpG rich or are 

engineered to be self-complementary (which contain three GC rich inverted repeat 

sequences instead of two) have been shown to elicit a greater TLR9 response.428,429 

Furthermore, whilst in the liver, the duration of the immune response against AAV 

appears to be transient, in a trial designed to treat Alpha-1 Antitrypsin deficiency by 

intramuscular injection, evidence of inflammation at the injection site and the presence of 

active Tregs and exhausted CD8+ T cells was observed over 5 years post infection, which 

the authors claim to be evidence of a tolerogenic effect post AAV treatment.430  

Once a patient has been treated with AAV they will seroconvert, generating antibody-

mediated immunity against AAV. In the clinical trial setting, the presence of high titer 

neutralizing antibodies against the AAV capsid has been seen long term post treatment 

infusion.13 In the context of gene therapy, this leads to a ‘one and done’ situation; once 

an AAV gene therapy treatment has been given, a repeat administration of AAV of the 

same serotype is not possible under normal conditions. Groups have worked extensively 

to circumvent this problem; Multiple administrations of AAV in preclinical models have 

been achieved through immune modulation strategies.431–433 One prominent example of 

this is the coadministration of rapamycin containing particles which allows for multiple 

administrations with the same AAV serotype in primates.434 
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The issue of pre-existing immunity against the AAV capsid is another considerable barrier 

to the applicability of gene therapy. The natural infection of humans by AAV yields a 

considerable portion of the human population exhibiting humoral immunity to AAV 

capsids. Pre-existing antibodies to AAV exist in humans worldwide and depending on 

serotype can be present in as much as 70% of the population.120,121 Even artificially 

generated capsid serotypes that do not exist in natural settings have this issue, with one 

UK based study showing approximately 25% population seroprevalence against LK03, a 

capsid generated artificially by directed evolution.321,435 Furthermore, cross reactivity 

across serotypes of certain anti-AAV antibodies could preclude merely treating with a 

different AAV serotype from being a viable option.436  This would significantly reduce the 

eligible patient population to receive AAV based gene therapy. Work to circumvent pre-

existing immunity to AAV has yielded the development of capsids designed to evade the 

humoral response,437 and a method to remove AAV specific antibodies from the blood 

plasma via plasmapheresis have been developed.438 Understanding the immune 

response against AAV in its entirety will be essential to determining the full safety profile 

of this virus as a mass market gene therapy agent. 

 

1.12.3 Dose limits and AAV toxicity: 
 

Related but distinct from the issue of the immune response against AAV administration 

is the issue of the upper limit of AAV dosing. Successful systemic administration has been 

achieved at doses in excess of 1e14vg/kg69. Yet, preclinical studies have suggested that 

these high doses could yield significant toxicities in large animal models.439 This has been 

compounded by the recent deaths in patients treated for X-linked myotubular myopathy. 
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Significant liver toxicity and subsequent sepsis was observed after a dose of 3e14vg/kg 

in multiple patients.440 In this case, the livers already exhibited significant pathology prior 

to infusion. There is a need within the field to determine and set dose limits regarding 

AAV, perhaps dependent on the nature of particular genetic diseases, and to examine 

how to reduce dosing wherever possible without sacrificing therapeutic benefit. 

1.12.4 Integration of AAV: 
 

AAV is largely considered to be an episomal vector and has been detected in a wide 

variety of tissues in both animals and humans.227,441 In the WT setting AAV has a distinct 

integration pattern. There are 3 characterised AAV preferential integration hotspots for 

WT AAV2 in the human genome. The best characterised site is AAVS1 positioned on 

chromosome 19q13.42,442–445 a site only known to exist in humans and higher order 

primates.446 However, additional preferential integration sites have been identified at 

chromosomes 5p13.3 and 3p24.3, denoted as AAVS2 and AAVS3 respectively,447 and 

an ortholog to AAVS1 has been identified on chromosome 7 of the mouse genome.448 

These sites all contain GAGC repeat elements homologous to the REP binding sites 

present in the AAV genome (Fig. 1.8). The WT AAV5 virus, the most divergent of the 

naturally recovered AAV virus, however, has a characterized integration profile over 99% 

distinct from AAV2, and favours transcriptionally active GAGC repeats in intronic 

regions.449 These targeted integration events are REP protein dependent and driven. 

Recombinant AAV does not contain the large form REP proteins to direct integration 

towards GAGC repeat sites. There have been numerous studies now looking at the profile  
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of recombinant AAV integration in both preclinical and clinical samples that suggest a 

more randomised profile of integration events, although still favouring transcriptionally 

active regions.450,451 A primary concern for the field, particularly after the fatal events in 

gene therapy trials using other delivery mediums, is whether AAV integration could 

contribute to a tumourigenic event. There have been a couple of studies in hepatocellular 

carcinoma patients linking WT AAV integration to oncogenesis.452,453 In the recombinant 

setting, significant concern was generated after publication of a preferential integration in 

the RIAN locus on chromosome 12 resulting in HCC formation after neonatal injection of 

AAV in mice. However, whilst upregulation at the orthologous locus in human results in 

promotion of HCC, the precise signal sequence for this integration event in miR341 does 

not exist in the human ortholog of the locus.454–456  

1.12.5 AAV vector purity: 
 

Another significant challenge to the AAV gene therapy field is that of AAV prep purity. In 

the context of wildtype AAV, particles that did not contain full length viral genomes were 

noted in an early study of the virus.457 When producing virus for clinical applications, the 

primary features of interest are viral yield and efficiency of transgene expression. 

However, purity of recombinant AAV is also a major concern due to how the virus is 

produced. Contamination of AAV preparations can arise in several ways. Firstly, protein 

contamination from the producer cell lines has been shown to impact therapeutic 

transgene activity post infection.395 However, this concern is more applicable to research 

grade material, often performed by non-optimized ultracentrifugation methods. Clinical 

production of AAV to GMP standards requires more stringent purification methods, and 

host cell protein in preps is less. Secondly, AAV capsids do not require the packaging of 
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full viral genomes. In fact, the majority of AAV particles in a purified prep are non-

expression cassette containing, i.e. empty capsids. These virions increase the viral 

antigen load of the administered virus but cannot provide a transducing genome. Often 

purified AAV will comprise up to 90% empty capsids, although certain purification 

methods can be employed to alter this ratio towards a higher level of full capsid 

particles.458,459 There is disagreement within the literature about whether these empty 

capsids are detrimental to therapy administration or can be beneficial.460 Some reports 

have shown that the presence of empty particles inhibits the transduction efficiency of the 

expression cassette.406,461 One group however posited that empty capsids could be 

beneficial to gene therapy by developing a capsid mutant unable to enter host cells and 

adding these empty particles into an AAV prep to shield the transgene containing particles 

from humoral immunity.462 Early studies of the virus also revealed heterogeneity within 

DNA containing particles, with DNA genome lengths ranging between 3% to 100% of the 

viral genome packaged, with shorter DNA fragments biased towards containing the 

inverted repeat sequences at the terminal end of the genome.393 The issue of truncated 

vector genomes can also be exacerbated by the presence of secondary structure forming 

sequences within the ITR flanked expression cassette, including shRNA and sgRNA 

sequences.463,464 

DNA contamination of the purified AAV can also occur; host cell DNA from the production 

cell line and DNA from the transfected producer plasmids can be found in purified AAV 

preps. Any contaminant DNA found outside of the viral particles can be readily removed 

in the purification process by enzymatic digestion. However, contaminant DNA fragments 

inside of the viral particle would be shielded from digestion, and therefore more difficult 
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to remove in the purification process. Previous studies have examined DNA 

contamination in AAV preps and have identified contaminating non expression cassette 

sequences from the producer plasmids and host cell DNA in purified AAV, in both 293 

cell based and baculoviral AAV production methodologies.465–468 It has been posited that 

at least a portion of this is due to ‘reverse packaging’ of the backbone DNA from the ITR 

containing expression cassette plasmid, and that this source of contamination can be 

reduced by increasing the backbone size of the expression cassette plasmid to over 5kb, 

as this exceeds the packaging capacity of AAV.466 Another concern for the field is that the 

presence of contaminating sequence could yield to the production of replication 

competent AAV particles (rcAAV) post gene therapy. This concern was fuelled by the 

observation that REPCAP particles could be packaged in the absence of the inverted 

terminal repeats, albeit at low levels.469 One approach to tackle this has been the 

development of ‘captron’ vectors. These are REPCAP plasmids in which the capsid gene 

of AAV is interrupted by a large intron, such that AAV can be produced normally but the 

entire capsid DNA sequence cannot be aberrantly incorporated into a single AAV 

particle.470 Another is the physical separation of the REP and CAP genes onto different 

plasmids to form a “split packaging system” that can improve yields and yield AAV with 

rcAAV below detection limits.471  
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1.13 Aims of the project: 
The research in this thesis will focus on contaminating DNA within AAV originating from 

the producer plasmids with two specific goals:  

1. To characterise the profile of contaminant DNA sequences originating from AAV 

producer plasmids and assay their activity in cells post infection. 

2. To develop a novel design of the AAV production plasmid system that will reduce 

producer plasmid related DNA impurities from AAV preparations. 

Potential impact: The stated objectives could yield a greater understanding of 

determinants of AAV purity and key considerations with regards to vector design for 

clinical decision makers. Additionally, this work could further optimise the AAV vector 

toolkit to produce a higher purity product in a way that could be implemented to the AAV 

field in both the research and clinical setting. 
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Chapter 2 
 
 
 
 
 

General Methods 
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2. General Methods: 

2.1 Plasmid storage: 
Plasmid constructs were kept in glycerol stocks. 100% Glycerol (Millipore Sigma Cat# 

G5516) was diluted to a working mixture of 50% glycerol with ddH20. Glycerol stocks 

were made with a 50:50 mixture of 50% glycerol and bacteria cultured in NZY media 

(Fisher Scientific Cat# BP24652) containing the desired plasmid. Plasmids were stored 

in stbl2 Max competency cells (ThermoFisher Cat# 10268019) and SURE2 

Supercompetent cells. (Agilent Cat# 200152) 

2.2 Plasmid purification:  
Plasmids were grown in NZY media for 16 hours under either Kanamycin or Ampicillin 

selection. Plasmid purification from 6 well plate AAV production was performed by 

miniprep kit (Qiagen Cat# 27106) Plasmid for large scale AAV production was performed 

by Caesium Chloride gradient centrifugation. (See Appendix 1) 

2.3 Construct Cloning: 
Vector and insert gene fragments were digested overnight by restriction enzymes from 

New England Biolabs in CUTSMART buffer (New England Biolabs Cat# B7204S) at 37°C 

with shaking. Digested vector backbones were 5’ phosphate removed by Calf Alkaline 

phosphatase (New England Biolabs Cat# M0290) for 30 minutes. Digested plasmids were 

run on a 1% agarose gel containing 0.01% Ethidium bromide to separate the required 

fragments. Gel bands were extracted under UV light using a razor blade. Extracted 

fragments were gel extracted using a commercial kit (Qiagen Cat# 28706), and bands 
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were eluted in 35µL ddH20. Vector:insert ligation reactions were prepared at a 1:3 ratio 

and constructs were ligated together using T4 ligase (Promega Cat# M1801) overnight at 

4°C. Ligations reactions were transformed into stbl2 Max competency cells 

(ThermoFisher Cat# 10268019) and spread onto either Kanamycin resistant or Ampicillin 

resistant LB Agar plates. Colonies were picked and verified by digest for both size and, 

for AAV vector plasmids, ITR integrity. Successful ligations were validated by full plasmid 

illumina sequencing (Harvard biosequencing) prior to viral production. 

P5 replacement promoter variants were cloned into the CR21AAV2_8 backbone by Not1 

+ Sal1 digest. P5-HS5 variants were cloned into CR21AAV2_8 backbone by Not1 + Sal1 

digest. P5-HS5 variant was cloned into  

2.4 PCR: 
2.41 AAV particle PCR analysis: 
 

Purified AAV2/8scLP1hFIXco was analysed by PCR to determine the presence of 

contaminant DNA in viral preparations. 50µL reactions were prepared in 0.2ml tubes. 

AAV2/8scLP1hFIXco virus or pAV2/8scLP1hFIXco plasmid at 5e8 vg or ds copies 

respectively were used as template DNA in each sample. 1µL of each primer (3µM), 1µL 

10mM dNTPs (NEB cat# N0447S), and 5µL of Taq polymerase (NEB cat# MO273). 

Samples were made up to 50µL with DNase and RNase free ddH20 (ThermoFisher cat# 

10977015). The PCR machine was heated to 95°C for 5 minutes and samples were 

thermocycled 35X; 95°C for 15 seconds 55°C for 30 seconds; 72°C for 90 seconds, 

followed by a 120 second 72°C final extension phase and a 12°C indefinite hold. PCR 
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products were run on a 3% agarose gel and analysed in a Gel documentation system 

(Proteinsimple AlphaImager HP).  

2.42 Genomic RNA extraction for PCR: 
 

Mouse livers were harvested from mice infected with AAV, snap frozen in liquid nitrogen 

and stored at -80°C. To extract genomic RNA, frozen livers were pulverised with mortar 

and pestle, treated with RNASE free DNASE (Promega Cat# M6101) and purified by a 

commercial kit. (Qiagen Cat# 74104). Samples were quantitated for RNA by a NanoDrop 

OneC spectrophotometer (ThermoFisher). Whole liver RNA was converted to cDNA with 

random hexamer reverse transcription. 1µg of RNA was converted to cDNA using the 

Superscript III first strand synthesis system (Invitrogen). After cDNA generation 1µL of 

RNASE H, incubated at 37°C for 29 minutes and stored at -20°C. 

2.43 Genomic RNA PCR: 
 

For PCR analysis of genomic RNA 500ng of purified mouse liver genomic cDNA was 

loaded into 0.2ml tubes and subjected to 35 cycles of amplification at 95°C dissociation, 

55°C annealing, 72°C extension. Plasmid DNA from the AAV2_8REPCAP was used as 

a positive control. Kanamycin resistance transcript primers - Forward: 

ATGATTGAACAAGATGGATTGCAC; Reverse: GAAGAACTCGTCAAGAAGGCG; 

Ampicillin resistance transcript primers – Forward: 

ATGAGTATTCAACATTTCCGTGTCGC; Reverse: CCAATGCTTAATCAGTGAGGCAC.  

2.44 Quantitiative PCR: 
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2.44.1 DNA Standard preparation: 
 

Standards were prepared from AAV production plasmids. Plasmids were linearised by 

restriction digest and purified by phenol chloroform extraction. Purified standards were 

resuspended in TE buffer (Promega Cat# V6231) to a concentration of 1e9 DNA copies 

per µL. Serial dilutions of 1:10 were made in ddH20 (Thermo Fischer Cat# 10977015) + 

0.005% Pfu68 (Gibco Cat# 24040032). Standards of 5e8-5e4 were used for the assaying 

of purified AAV. Standards of 5e6-5e2 were used for the assaying of crude AAV from 

small scale (6 well) production. For vector genome plasmid analysis the plasmids 

pAVssHLPhFVIIIv3, pAVscLP1hFIXco+helpv3, and pAVssCMV_GFP were used as 

standards for FVII, FIX and GFP titer analysis respectively. For REPCAP contamination 

analysis AAV2_8REPCAP was used as a standard. 

2.44.2 Master Mix Preparation: 
 

Master mix for qPCR reactions were made up to contain (per sample) 12.5µL SYBR green 

(Applied Biosystems Cat# 4309155), 0.075µL of 100µM forward primer (IDT), 0.075µL of 

100µM reverse primer, and 7.35µL ddH20 (Thermo Fischer Cat# 10977015). 

2.44.3 Loading and analysis: 
 

20µL of master mix and 5µL of sample or plasmid standard were loaded into individual 

wells of a 96 well plate (Applied Biosystems Cat# 4306737) and run on an Applied 

Biosystems 7500 Realtime PCR machine. (Cat# 4351107) Amplicon values were 

calculated against the curve generated by DNA standards to determine copy number of 

either expression cassette or contaminant amplicons.  
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2.5 Cell culture: 
Cell lines were cultured in DMEM media (Corning Cat# 15-013-CV) supplemented with 

10% FBS (GE Hyclone Cat# SH30071.03) and 2mM L-glutamine (Corning Cat#25-005-

CI), referred to herein as D10 media. Cultured cells were incubated at 37°C 10% CO2. 

Cells were passaged by the aspiration of media, followed by a wash with Phosphate 

buffered saline without calcium or magnesium (Lonza Biowhittaker – Cat# 17-516F) and 

addition of trypsin (Corning Cat#25-052-CI) for 5 minutes. Trypsinised cells were 

neutralised by D10 media and split to the required concentration into a D10 containing 

flask or dish. More sensitive cell lines were spun at 400g for 5 minutes and resuspended 

in D10 to remove trace trypsin. All cell lines used were identity confirmed by STR analysis 

and tested negative for mycoplasma.  

 

2.6 AAV production: 
Adherent 293T cells (ATCC CRL-3216) were used for all AAV production. 

2.61 Large scale AAV production: 
 

AAV8 FIX and FVIII viruses were produced by 2 plasmid transfections in CellSTACK 

culture chambers (Corning Cat #CLS3271) Prior to transfection adherent Human 

embryonic kidney (293T) cell line (ATCC CRL-3216) were cultured in DMEM (Lonza Bio 

Whittaker Catalog# 12-733Q) supplemented with 10% Fetal Bovine Serum (Fisher 

Scientific Catalog# SH3007103) and 2mM L-Glutamine (Corning Catalog# MT25005CI) 

at 37 ˚C 10% CO2. 
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Transfection plasmids were as follows: A REP-CAP plasmid with AAV2_8 was used to 

provide the replication and capsid genes.  scLP1hFIXco+helpV3 provided a self-

complementary FIX expression cassette and adenoviral helper genes. ssHLPhFVIIIv3 

provided a single stranded FVIII expression cassette with adenoviral helper genes. A full 

list of virus preparations and production plasmids is included in the supplemental data. 

Transfection plasmids were resuspended in DMEM and passed through a 0.2µM filter 

into DMEM containing PEIpro (Polyplus Cat# 115). DNA-PEI mixture was inverted 5X, 

incubated for 15 minutes, and mixed with 800ml of media from CellSTACK culture 

chamber. Transfection mixture in media was then poured back into CellSTACK culture 

chamber and incubated at 37˚C 10% CO2. Supernatants were harvested 7 days post 

transfection and concentrated to between 15-30ml using a multi-manifold of Pellicon XL 

50 cassettes (Millipore-Sigma Cat# C1974). Concentrated supernatants were treated with 

Benzonase 25 units/ml (Millipore-Sigma Cat# E1014) in presence of 1mM MgCl2 at 37°C 

for 1hr. Treated supernatants were passed through a 0.2µM filter, diluted in PBS and run 

on through a POROS CaptureSelect AAVX resin (Thermo Fisher Scientific Cat# 

A36740). Flow rate on column was set to 2ml/min. Column was equilibrated with 5 

column volumes (CV) PBS pH7.4, AAV diluted supernatants applied to column. The 

column was then washed with 15CV PBS pH7.4 and eluted with 5CV of 0.1M 

Glycine-HCl, pH2.7 followed by 5CV of PBS pH7.4. Elution fractions of 4 ml were 

collected. Fractions were titered by qPCR and peak fractions were combined. Eluted AAV 

was concentrated by 100KDa Amicon filter (Millipore-Sigma Cat# C7715) and 0.25% rHA 

was added to the formulation. Virus was stored at 4°C short term and at -80°C long term. 
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2.62 Small scale AAV production: 
 

293T cells were seeded in 6 well plates at a concentration of 800,000 cells per well. 24 

hours after seeding cells were transfected with AAV production plasmids. In the context 

of FIX and FVIII 2 plasmid transfections were used. 

 

2.7 AAV preparation for titer and contaminant analysis: 

2.71 From small scale production tests: 
 

2µL of Supernatant from 6 well plate small scale AAV production was pre-treated with 

500U DNASE1 in NEBuffer3 (1X) in a reaction volume of 100µL. AAV were incubated at 

37°C for 1 hour. Reactions were neutralized with 2µL 0.5M EDTA pH8 and incubated at 

98°C for 10 minutes. Solution was cooled and capsid proteins were denatured via addition 

of 2µL 10% SDS, 2µL of 20mg/ml proteinase K (Ambion Cat# AM2546) and incubation 

at 55°C for 1 hour. Proteinase was inactivated at 98°C for 1 hour and 94µL of 0.01% 

Pfu68 (Gibco Catalog# 24040032) was added. Samples were then diluted 100-fold 

in ddH20+0.01%Pfu68 to yield a total dilution of e-4 and analysed for production 

efficiency and contaminant amplicons by quantitative PCR on an Applied Biosytems 

7500 machine. 

2.72 From column purified AAV: 
 

Large scale, column purified preps were serially diluted in ddh20 to yield a total dilution 

of e-4 and analysed for production efficiency and contaminant amplicons by 

quantitative PCR on an Applied Biosytems 7500 machine. 
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2.8 In Vivo AAV injections: 
For circulating protein experiments C57Bl/6 mice were injected by tail vein with 2e10vg 

of AAV in 100µL Phosphate buffered saline with 0.05% Pluronic acid. For high dose AAV 

contamination experiments C57Bl/6 mice were injected with 4.11e11vg in 100µL 

Phosphate buffered saline with 0.05% Pluronic acid.  

2.9 ELISA: 
20µL of plasma collected from CBL57/BL6 mice was used to assay for circulating protein 

levels. Circulating FIX protein was assayed by Asserachrom IX:Ag Enzyme immunoassay 

for FIX (Diagnostica stago Cat# 00943).  

2.10 Western blot: 
100µG protein was extracted from CBL57/BL6 mice or 40µG of protein extracted from 

Sure2 Competent E.Coli and separated by SDS-PAGE on 4-12% gels (Invitrogen 

NP0321PK2) in 1X running buffer (50ml 20X running buffer Invitrogen Cat# NP0002) + 

950ml ddH20). Separated protein was transferred onto nitrocellulose membrane in 1X 

transfer buffer (50 ml 20X transfer buffer (Invitrogen Cat# NP0006)) Membranes were 

blocked for 30 minutes in 5% milk in PBST (100ml 10XPBS (BioWhittaker  Cat# 17-517Q) 

+ 900ml ddH20 +800µL Tween20 Cat# 85113).  Blots were probed overnight at 4°C with 

either Anti-Neomycin Phosphotransferase 2 antibody (4B4D1) ab60018 or Anti-Beta 

Lactamase antibody (8A5.A10) (Abcam Cat# ab12251). Blots were washed 3X in PBST 

and incubated in Rabbit anti-mouse IgG secondary antibody (Abcam Cat# ab6728) for 1 
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hour. Blots were washed 3X in PBST, treated with enhanced chemiluminesence substrate 

(Thermo Scientific Cat# PI32106) and imaged on autoradiogaphy film (Thomas Scientific 

Cat# A8805). 

2.11 FISH: 
2.11.1 Probe preparation: 
 

DNA for probes was prepared from plasmid DNA purified by a commercial kit. For 

samples that required specific sequence regions, plasmid DNA was digested overnight. 

Digested DNA was run on 1% agarose gel. Region band of correct size was extracted 

and purified by Qiagen kit. Purified DNA was then diluted, phenol chloroform extracted to 

increase purity, and resuspended in ddH20. Denatured probes were prepared by nick 

translation and resuspended in buffer consisting of 50% formamide, 2X saline-sodium 

citrate, and 10% dextran sulfate.472 

2.11.2 Slide preparation – cell lines: 
 

Cell line samples were media aspirated, washed in 1XPBS, treated with trypsin and 

incubated for 5 minutes at 37°C 10% CO2. Trypsinised cell solution was neutralised with 

D10 media and spun down at 400g for 5 minutes. Cell sample was resuspended at 

between 50,000-100,000 cells total in 140µL 1XPBS. Cell resuspensions were 

transferred into a cytospin sample chamber and spun down at 400g onto glass cytospin 

slides (ThermoFisher Cat#5991059) using a cytospin cytocentrigfuge (ThermoFisher 

Cat# A78300003). Slides were incubated in 1% PFA in PBS + 0.05% NP-40 (MP 

Biomedicals Cat# RIST1315) for 5 minutes, then in 1% PFA in PBS for 5 minutes, and 

then in 70% EtOH for 5 minutes before transfer to storage in 70% EtOH at -20°C. 
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2.11.3 Slide preparation – Mouse liver: 
 

Fresh liver samples were cut with a razor blade to expose a fresh edge and touched onto 

slides (Thermo-Scientific Cat# 5991051). Slides were incubated in 1% PFA in PBS + 

0.05% NP-40 (MP Biomedicals Cat# RIST1315) for 5 minutes, then in 1% PFA in PBS 

for 5 minutes, and then in 70% EtOH for 5 minutes before transfer to storage in 70% EtOH 

at -20°C.  

 

2.11.4 Slide treatment RNA FISH: 

Fixed slides were RNA hybridized by dehydration in EtOH. Slides were sequentially 

treated for 2 minutes each in 70%, 80%, and 100% EtOH solutions.  Slides were then 

dried and probed for either expression cassette RNA or contaminant RNA. Denatured 

probes were prepared by nick translation and resuspended in buffer consisting of 50% 

formamide, 2X saline-sodium citrate, and 10% dextran sulfate.472 Probe was applied to 

slides and hybridized at 37⁰C overnight.  Slides were then washed in 50% formamide and 

2X saline-sodium citrate at 37⁰C for 5 minutes.  Slides were mounted in Vectashield 

mounting medium. RNA FISH images were collected and analysed as previously 

described.418  

For sequential DNA-FISH, slides were treated in 4% PFA, 0.5% tween 20, and 0.5% NP-

40 for 10 minutes at RT, and then treated in 0.2N HCl, 0.5% triton X 100 for 10 minutes 

on ice.  Following fixation, slides were denatured in 70% formamide 2X saline-sodium 

citrate at 80⁰C for 10 minutes. Slides were then dehydrated in a graded alcohol series for 
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2 minutes each as for RNA FISH. Denatured probe (same labelled DNA as was used for 

RNA detection) was then applied to the slides and hybridized overnight at 37⁰C.472  

Washing and mounting of slides is the same as for RNA FISH. DNA FISH images were 

collected and analysed as previously described.418  

2.12 IHC: 
Fresh CBL7/BL6 mouse liver was cut with a scalpel and placed into a plastic cassette. 

Liver tissue was fixed by submerging in formalin.  Slides were cut into 4µm sections and 

stained for the presence of GFP protein.  

2.13 Alkaline gel: 
Virus samples were run on 0.8% alkaline gels. Alkaline running buffer (50X) was a 

solution of 2.5M NaOH and 0.5M EDTA. Gels were prepared by adding 1.2g Agarose 

(Invitrogen Cat# 16500100) to 147ml ddH20. Solution was heated to dissolve agarose. 

3ml of 50X Alkaline running buffer was added to dissolved solution and mixed. Solution 

was cooled to 50°C and poured into a gel tray with comb. Viral samples were prepared 

to required concentration by diluting in PBS to a volume of 62.5µL. 21.5µL of 4X Alkaline 

loading buffer was added to viral sample (20% glycerol (Millipore Sigma Cat# G5516) 

1.2% SDS 4X Alkaline running buffer 1.75mM Alizarin Yellow (Millipore Sigma Cat# 

206709) in 4X Alkaline running buffer.) Viral samples were run on gel for 18 hours at 15V. 

Gels were neutralised in neutralisation buffer (0.1M Tris-HCL pH8.0) for 1 hour. 

Neutralisation buffer was discarded, and gels were stained in staining buffer (1X GelRed 

(Biotium Cat# 41003) 0.1M NaCl) and imaged on a Gel documentation system 

(Proteinsimple AlphaImager HP). 
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2.14 FLOW: 
2.14.1 Preparation of cells for GFP FLOW: 
 

Media was aspirated from cells in a 24 well tissue culture plate and rinsed with 1XPBS 

(Lonza Biowhittaker – Cat# 17-516F). 150µL of 0.5% Trypsin (Corning Cat# 25-052-CI) 

was added to each required well. Plates were incubated at 37°C 10% CO2 for 5 minutes. 

Trypsin was neutralised with 1ml D10 media. Neutralised cells were transferred to FACS 

tubes (Corning Cat# 352054). 2ml PBS was added to each tube and tubes were 

centrifugated at 400g for 5 minutes. Supernatant was aspirates and 3 ml of PBS added 

to each tube. Tubes were again centrifugated at 400g for 5 minutes. Supernatant was 

removed and cells were resuspended in PBS. Tubes of cells were placed on ice until 

being run on a BD LSR Fortessa FACS machine. 

2.14.2 FLOW: 
 

Cell samples for FLOW were run on a BD Fortessa. 10,000 events were collected per 

sample. FCS files were analysed by FLOWJO v10.  

2.15 Next generation sequencing: 

2.15.1 AAV prep DNA seq analysis: 
 

1e11vg AAV genomes were diluted in PBS to a volume of 200uL and capsids were 

denatured at 95°C for 15 minutes. Samples were cooled on ice and 117µL of 100%ETOH 

was added to precipitate DNA. Viral DNA was extracted with a QIAamp MinElute Virus 

spin kit (QIAGEN Cat# 57704) and eluted in 25µL ddH20. Purified DNA fragments were 
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then subjected to NexteraXT DNA sequencing using 10 million paired end reads 100bp 

in length. Sequencing reads were then mapped back to the AAV production plasmids. 

2.15.2 Genomic DNAseq analysis: 
 

Purified gDNA was library prepped and submitted to NexteraXT sequencing HiSeq 100 

million reads. CBL57Bl/6 specific reads were removed, and remaining sequence reads 

were mapped back to producer plasmids and analysed by IGV and circos to form 

contamination plots. 

2.15.3 Genomic RNAseq analysis: 
 

Whole liver RNA from C57Bl/6 mice injected with AAV8scLP1_hFIXco or 

AAV8ssHLP_hFVIIIv3 were subjected to high throughput RNA sequencing. cDNA 

libraries were constructed from total liver RNA. Sequencing reads matching the C57Bl/6 

mouse genome were removed and the remaining sequences were mapped against the 

production plasmid sequence constructs.  

 

2.16 Schematics, Graphs and statistical analysis: 
Schematics, image and figure assembly were performed in Adobe illustrator creative 

cloud. Image brightening was performed on Adobe Photoshop Creative cloud. Graphs 

and statistics were generated in Graphpad prism 8.0. All error bars represent Standard 

error of the mean (S.E.M.) 
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3. Presence and post infection activity of adeno-
associated virus DNA contaminants  

3.1 Introduction:  
Adeno-associated virus is an invaluable tool for the clinical implementation of gene 

therapy. A contributing factor to the widespread use both of AAV in emerging clinical trials 

and in preclinical research worldwide is the ease of production using materials common 

to biological science laboratories. In a matter of weeks, a research team can produce, 

and purify recombinant virus to test the efficacy of gene delivery on a disease model of 

interest. For clinical grade production these same techniques are used, albeit with greater 

scale and stringency. This means that an exploration of the AAV production system at the 

research grade level can lead to insights that translate into the improvement of clinical 

production techniques. Factors influencing vector yield are always desirable to reducing 

production costs and are very important to the advancement to the field. Another facet of 

the AAV production system that is equally important is product characterisation. Gene 

therapy has had a storied history with unintended consequences, that at one point 

tempered wider enthusiasm for the modality altogether.473,474 As the clinical expansion of 

AAV continues to greater patient numbers and types of diseases, it is imperative for the 

field to research potential downstream effects or unintended consequences of AAV 

delivery in a proactive manner. One such area of research is the packaging of 

contaminant nucleic acids that are not part of the designed expression cassette. This 

chapter aims to examine contaminant DNA sequences in AAV in greater detail than prior 

studies, focusing on the influence of the AAV producer plasmids and to examine any 

activity that contaminant sequences exhibit post AAV infection.  
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3.2 Results: 
3.2.1 AAV vectors contain a distinct DNA contamination profile from producer 
plasmids. 
 

Previous research into DNA contaminants of AAV has shown that sequences from the 

plasmid backbone are detectable in purified preps.465–468 Despite this, relatively little 

research has been done to elucidate the causes and effects of this contamination. To 

assay whether contaminating sequences outside of the ITRs in the vector plasmid were 

present in purified AAV preps that utilised a large plasmid backbone, a PCR strategy was 

designed. Primers were designed to amplify regions in the vector plasmid backbone (Fig. 

3.1). Amplicons corresponding to a sequence in the kanamycin resistance gene and a 

region in the plasmid 9kb from either ITR were detected in purified AAV8scLP1hFIXco 

(Fig. 3.1). To examine if these DNA contaminants were within the capsid, a forward primer 

was designed to span the ITR-backbone junction and read out into the plasmid DNA 

backbone. A series of reverse primers at increasing distances from this junction were also 

designed (Fig. 3.2). PCR amplification of the target amplicons was performed on purified 

AAV8scLP1hFIXco in the presence or absence of DNaseI in AAV with intact or denatured 

capsids (Fig. 3.2). Amplicon sequences reading out to 721bp were detected with or 

without DNaseI treatment when capsids were intact. The 1kb amplicon was not detected 

in the intact capsid samples, which could be due to either lack of presence or lack of 

template amplification under the reaction conditions. When capsids were denatured 

however, contaminant amplicons were only detected in the untreated sample, suggesting 

that contaminant DNA species of large size from the AAV production plasmids are present 

within the AAV capsid, and therefore at risk of transfer to infected cells. 
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Now that the presence of contaminant sequences in AAV had been identified, the next 

step was to determine whether certain sequences would be packaged at a higher rate 

than others. There are 3 REP binding sites in the WT AAV genome.  In normal AAV 

replication these REP binding sites serve as initiation points for AAV genome replication, 

in each inverted terminal repeat sequence, and in the P5 promoter. We hypothesised that 

sequences near these REP binding sequences would be packaged into AAV at higher 

rates than sequences at greater distances. In the recombinant system used to produce 

this virus, these inverted terminal repeats remain flanking the expression cassette of 

interest, whereas the P5 promoter is used to drive REP78 and REP68 protein expression 

in trans. These elements were transfected along with the required adenoviral helper 

genes into the 293T producer cells to produce recombinant AAV (Fig. 3.3).  

To assay the abundance of contaminant sequences in purified AAV, primers to generate 

amplicons reading into the vector backbone of the ITR containing expression cassette 

plasmid were designed (Fig 3.4.a-b). Purified AAV8scLP1hFIXco was analysed for the 

presence of contaminant backbone sequences. Amplicons close to the examined ITR 

were present at greater levels than those further from the ITR sequence in a distance 

dependent manner (Fig 3.4.e). The P5 promoter contains a REP binding site with a GCTC 

binding motif. In the context of AAV replication this site allows transactivation of the P19 

promoter through positioning of the YY1-60 site in proximity to P19.175 To examine if 

contamination was also initiated upstream of the P5 promoter, a series of amplicons at 

increasing distance from the P5 promoter were designed (Fig 3.4.c-d). 
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Contaminant presence was analysed by qPCR in AAV8ssHLPhFVIII and 

AAV8scLP1hFIXco. In both cases sequences close and upstream to the P5 promoter 

were present at greater levels than sequences at greater distance from P5 (Fig 3.4.e). To 

verify the contamination phenotype upstream of P5 and outside of the ITRs across 

different production runs; 3 individual preps of AAV8ssHLPhFVIII were assayed for 3 

different contaminant amplicons, approximately equidistant from the hypothesised 

contamination initiation points. (Figure 3.5).  

A further analysis of contaminants upstream of P5 was conducted on purified 

AAV8scLP1FIXco. When qPCR amplicons at different distances from P5 were analysed, 

the relative amount of incorporation seen decreased with distance from P5. (Figure 3.6.a-

c). To ensure this was a phenotype related to the presence of the P5 promoter, a 

REPCAP configuration in which the P5 promoter was moved approximately 2kb 

upstream, so It was directly downstream of the CAP gene, was used to produce 

AAV8scLP1FIXco.  In this ‘P5 moved’ configuration, the percentage of CAP gene 

contamination detected by qPCR went up, whereas the sequences that were no longer 

upstream of P5 declined (Figure 3.6.d-g). These amplicons were designed in such a way 

that the closer and further amplicon in each setup was equidistant to the closer and further 

amplicon in the converse setup. In both preps there is a visible decrease between the 

close and far amplicon in each setup, and that the ‘P5 moved’ configuration appears to 

have a lower level of contamination at the closer amplicon than the original P5 

configuration. 
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To verify the DNA contamination profile identified by qPCR, AAV preps were DNA purified 

and submitted for next generation sequencing. Once sequencing was complete, reads 

were mapped back to the producer plasmid sequences (Fig. 3.7). As expected, most 

reads mapped to the ITR flanked expression cassette. A significant number of reads were 

also detected that mapped to non-expression cassette producer plasmid sequences. In 

the AAV8scLP1hFIXco prep 98.1% of the sequence reads mapped to the expression 

cassette and 1.9% of the reads were contaminants (Fig. 3.7.a). Of these contaminant 

sequences 1.56% mapped to the vector genome plasmid and 0.33% mapped to the 

REPCAP plasmid. From these 0.33% REPCAP plasmid reads 0.01% mapped to the REP 

gene of AAV2 and 0.32% mapped across the rest of the plasmid (REPCAP_Rest). In the 

AAV8ssHLPhFVIIIv3 prep 87.04% of the sequence reads mapped to the expression 

cassette and 12.96% of the reads mapped to contaminant sequences, with 8.70% of the 

reads mapping to the vector genome plasmid backbone and 4.26% of the contaminant 

reads mapping to the REPCAP plasmid, of which 0.03% of total sequences mapped to 

the REP gene. (Fig 3.7.b). Via circos plot mapping it was shown that sequences closely 

upstream of the P5 promoter were present at greater abundance than those further away 

(Fig 3.7.c-d). Interestingly sequences downstream of the P5 promoter did not appear to 

be actively incorporated into AAV, consistent with the described asymmetric nature of 

REP driven DNA replication.475  The detected proportion of REP gene contamination was 

0.01% and 0.03% in the FIX and FVIII preps respectively. As with the qPCR assay, to 

show that the contamination incorporation was linked to the P5 promoter and not another 

portion of the AAV genome the P5 promoter was moved approximately 2kb upstream, a 

configuration previously shown to still produce AAV titers effectively.316 When AAV 
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produced using this method was deep sequenced, the map reads show that the 

contamination profile from this plasmid moves to match the repositioning of the P5 

promoter (Fig. 3.7.e).  

Next, to assess whether this contamination initiation was limited to WT ITR configurations, 

the self-complementary ITR of AAV8 FIX preparations, which contains a deletion in the 

TRS sequence required for DNA nicking by REP, was examined.476,477 (Fig 3.8.a). qPCR 

analysis of amplicons at increasing distance from the self-complementary ITR showed 

that contamination still appeared to be present as a function of distance, but at a lower 

level than at a WT ITR (Fig 3.8.b). It is possible that differences in amplicon amplification 

efficiency could confound this result, and so a universal sequence was cloned upstream 

of the P5 promoter on the REPCAP plasmid, and an isolated single stranded or self-

complementary ITR (Fig 3.8.c).  In each instance adenoviral helper genes and REPCAP 

genes were provided to assist AAV production and then a single amplicon, universal and 

equidistant from each REP binding element was analysed by qPCR (Fig 3.8.d). When the 

amplicon was upstream of the P5 sequence it was most abundantly produced (2.31e9 

copies), whereas the WT ITR produced over a log higher contaminant copies than the 

self-complementary ITR (WT ITR - 6.32e8; scITR – 2.65e7). To validate this difference; 

deep sequencing was conducted on 2 self-complementary AAV preps and the 

contamination profile directly outside of the ITRs was examined. Contamination read 

coverage outside of the self-complementary ITR was far lower than at the WT ITR (Fig 

3.8.e).  In the first prep, the read coverage at the 750bp outside the scITR was 43 times 

lower than the WT ITR in the first prep and 287 times lower in the second (Fig 3.8.f).  

When a FVIII prep with two WT ITRs was compared for read coverage a difference of 
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3.7x was seen between the two ITRs in read coverage (Fig 3.8.g).  Combined, these 

results suggest there is a far lower contribution to overall contamination originating from 

self-complementary ITRs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

115



116



117



118



3.2.2 AAV contaminant sequences are persistently transferred and 
transcriptionally active post infection: 
 

To examine whether these sequences were transferred and persistent post infection, 

CB57BL/6 mice were injected with 4.11e11vg of AAV8scLP1hFIXco or 

AAV8ssHLPhFVIIIv3. Four months post infection livers were harvested, DNA purified and 

deep sequenced. Reads that mapped to the CB57BL/6 genome were discarded and the 

remaining reads were mapped to the AAV production plasmids. The proportion of the 

reads that mapped to contaminant vector backbone sequences closely matched the 

contamination levels in the preps for both the FIX and FVIII constructs. In 

AAV8scLP1hFIXco infected mice 98.37% ± 1.01 of reads mapped to the FIX expression 

cassette. Producer plasmid contaminant reads made up 1.63% of the total with an 

average of 1.05% of reads mapping to the vector genome plasmid and 0.58% of reads 

mapping to the REPCAP plasmid (n=5). In the AAV8ssHLPhFVIII infected mice 90.06% 

± 0.61 of sequence reads mapped to the FVIII expression cassette. Producer plasmid 

contaminant reads made up on average 9.94% of the total with 8.62% of the reads 

mapping to the vector genome plasmid backbone and 1.32% of the reads mapping to the 

REPCAP plasmid (n=5) (Fig. 3.9).  

In AAV8ssHLPhFVIIIv3 infected mice in which liver DNA was assayed at 1-week post 

infection, 87.64% of reads mapped to the FVIII expression cassette and 12.36% of reads 

mapped to producer plasmid contaminant sequence (n=2) (Fig 3.10.a). Reads that 

mapped back to the REPCAP plasmids in these samples were combined and averaged 

across groups and showed an overrepresentation in the region upstream of the P5 

promoter (Fig 3.10.b-d). Interestingly reads corresponding with the REP and CAP genes  
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i.e. downstream of the P5 promoter were detected abundantly in one of the 

AAV8scLP1hFIXco infected mouse gDNA samples (Fig. 3.9 AAV8scLP1hFIXco mouse 

1), which then appear in the plot of the average read counts (Fig 3.10.d).  

To further verify the transfer of these contaminant sequences post AAV infection, Huh7 

cells were infected with AAV8ssHLPhFVIIIv3. 48 hours post infection, cells were fixed on 

slides and probed by DNA FISH (Fig 3.11). DNA matching both the expression cassette 

and contaminants were detected in infected Huh7 cells (Fig 3.11.b). AAV8ssHLPhFVIIIv3 

infected mouse hepatocytes were probed by DNA FISH and showed the presence of both 

expression cassette and contaminants at both 1 week and 4 months post infection, 

demonstrating both the transfer and persistence of contaminant sequences present in 

AAV preps (Fig 3.11.c). 

A previous study had suggested that any contaminant sequences detectable post 

infection were transcriptionally inactive.466 This study however, assayed preps that were 

1. Of high purity 2. Using qPCR amplicons that were at distance from the regions of 

contaminant initiation that we have identified. We hypothesised that due to the sequence 

elements AAV contaminants were likely attached to, the ITRs and P5 sequence, that 

transferred DNA contaminants would exhibit transcriptional activity post infection. To 

assess the potential for contaminant sequences to be transcribed we first performed RT-

PCR on two mice that had been infected with a high dose of AAV8ssHLPhFVIIIv3 (Fig 

3.12).  Whole transcript contaminant amplicons for the kanamycin and ampicillin 

resistance genes were successfully amplified by RT-PCR from these mice, suggesting 

the possibility that unintended protein products could be produced (Fig 3.12.a-b). To  
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assay for the presence of unintended protein products within AAV infected cells, mouse 

livers from 1 week and 4 months post infection with AAV8ssHLPhFVIII were probed by 

western blot for the presence of Kanamycin and ampicillin resistance protein and was not 

detected in any of the tested mice (Fig 3.12.c-d). 

Purified RNA from infected mouse hepatocytes of both AAV8scLP1hFIXco and 

AAV8ssHLPhFVIIIv3 treated mice was assayed by RNA sequencing. RNA sequence 

reads that mapped to mouse sequences were discarded. At 4 months post infection RNA 

reads from the FIX expression cassette made up 99.66% ±0.11 of detected RNA reads. 

0.34% of the detected RNA reads mapped to the producer plasmids, of which 0.28% 

mapped the vector genome plasmid backbone and 0.06% mapped to the REPCAP 

plasmid (n=5). For AAV8ssHLPhFVIII infected mice, an average of 96.63% ±0.50 of RNA 

reads mapped to the FVIII expression cassette. On average 3.37% of the reads mapped 

to the producer plasmids of which 2.95% of the RNA reads mapped to the vector genome 

backbone and 0.48% of the reads mapped to the REPCAP plasmid (n=5) (Fig 3.13).  

RNAseq validation of contaminant transcription was also assessed at the 1-week 

timepoint for a separately produced prep of AAV8ssHLPhFVIIIv3 (n=2) showing similar a 

proportion of contaminant reads and transcript profile (Fig 3.14.a).  Circos plot mapping 

of these RNA reads show transcripts localising to regions upstream of the P5 promoter 

region closely matching the DNA contaminant profile (Fig 3.14.b-d).   

To further examine the potential for AAV contaminants to be transcribed, RNA FISH was 

performed on fixed, AAV8ssHLPhFVIIIv3 infected Huh7 cells and mouse hepatocytes 
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(Fig. 3.15).  In the Huh7 cells at 48 hours post infection and in the mouse hepatocytes at 

both 1 week and 4 months post infection, RNA transcripts that matched the contaminant 

sequence was detected by fluorescent probes specific to sequences in the REPCAP 

plasmid. It is apparent from these studies that transcription of contaminant producer 

plasmid sequences is observed post infection in hepatic cells both in vitro and in vivo.  

 

3.2.3 Contaminant sequences upstream of P5 can be translated post 
infection in vitro and in vivo: 
 

Given the detectable transcription of AAV contaminant DNA sequences transferred to the 

cell post infection, the possibility for contaminant protein products from sequences 

present in the producer plasmids exists. Promoter activity from the ITRs has been 

observed.257,478 Indeed, this promoter activity was utilised in early AAV constructs for the 

treatment of cystic fibrosis via the delivery of the CFTR gene.257,258 The transcript results 

so far suggest the possibility for promoter activity driven by the reverse ITR sequence 

and the reverse direction of the P5 promoter, for the contaminants incorporated outside 

the ITRs and upstream of the P5 promoter respectively. We examined the inherent 

promoter activity of these sequences in 293T cells by transfecting plasmids containing 

either ITR sequence or the P5 promoter with a GFP cassette upstream, using the P5 

promoter with a downstream cassette as a positive control (Fig. 3.16). Forty-eight hours 

post plasmid transfection, cells were assayed by FACS. Brightly GFP positive cells were 

detected when the gene encoding GFP was upstream of the P5 promoter but not in a 

control where GFP was placed in a reverse orientation (Fig. 3.16b). GFP positive cells 

were also detected when the gene was placed upstream of ITR sequences, at a lower 
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abundance than either forward or reverse direction of P5, in the absence of the REP 

protein. Self-complementary ITR appeared to have a significantly lower upstream 

transcriptional activity than the WT ITR (GFP MFI: WT-ITR - 17535±1063; scITR - P 

<0.0001), suggesting that the TRS sequence plays some role in transcription from this 

site (Fig. 2.16b). Surprisingly the MFI of GFP positive cells was around 75% of the level 

detected in the forward direction showing considerable activity (P5_GFP - 80519 ± 2124; 

GFP_P5 60165 ± 266) (Fig. 3.16b), suggesting that in the absence of REP both directions 

of the P5 promoter exhibit strong transcriptional activity. Furthermore, in a configuration 

where the REP proteins were present, the MFI of GFP positive cells dropped by over 

75%, suggesting that transcriptional activity of P5 in the reverse direction is repressed by 

the presence of REP, a factor already known to repress P5 activity in the forward 

direction.174  

Given the necessity to retain the inverted terminal repeats in AAV vector genomes in their 

location around the expression cassette, we focused on assaying the contaminants from 

upstream of the P5 promoter sequence. To do this we developed a reporter assay in 

which a GFP cassette was placed upstream of the P5 promoter in the AAV2_8 REPCAP 

plasmid in either the forward (GFP_P5) or reverse (revGFP_P5) orientation relative to the 

putative anti-P5 promoter, with the standard plasmid backbone as a negative control 

(emptyP5) (Fig. 3.17.a). As expected after transfection into 293T cells only the GFP_P5 

plasmid produced GFP positive cells as observable by fluorescent microscope (Fig. 

3.17.b). 

AAV8ssHLPhFVIII was produced with the GFP_P5, revGFP_P5 and emptyP5 REPCAP 

plasmids. Post purification AAV was evaluated by deep sequencing and showed  
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abundant presence of producer plasmid contaminants including the GFP cassette 

upstream of P5 (Fig 3.17.c+d). Adherent 293T cells were infected at a range of MOIs of 

AAV8ssHLPhFVIII genomes produced with either GFP_P5, revGFP_P5 and emptyP5 

AAV2_8 REPCAP plasmids (Fig. 3.18). 72 hours post infection, samples were gathered 

and analysed by FACS. AAV8 revGFP_P5 treated cells showed no shift in detected GFP 

intensity compared to emptyP5 cells. However, 293T cells treated with AAV8 GFP_P5 

exhibited a shift, with 3.12% ±0.34 of cells exhibiting detectable GFP positivity at the 

5e6MOI. (Fig 3.18.b+c). As expected, contaminant transduction rates were dose 

dependent. Certain initial studies of AAV infection have shown that in impure AAV 

preparations, protein can be transferred with the AAV capsid, leading to artefactual 

detection of a successful infection event referred to as pseudotransduction.479 To ensure 

that the observed GFP positivity was not a result of transferred protein contaminants, 

293T cells were assayed by FACS at subsequent timepoints; 48 and 72 hours post 

infection. GFP positivity increased significantly from 48 to 72 hours in both the number of 

detectable positive cells and the MFI of positive cells. (Fig 3.18.d+e). This is the converse 

of what would be expected from a pseudotransduction event. Together this shows that 

contaminant DNA incorporated upstream of the P5 promoter in AAV can be translated 

post infection in 293T cells. 

To examine if protein expression from AAV contaminants could occur in vivo in the context 

of liver directed gene therapy, CB57BL/6 were administered 4.11e11vg (approximately 

2e13vg/kg) of AAV8ssHLPhFVIII produced with either GFP_P5, revGFP_P5 or emptyP5 

REPCAP plasmid. A low dose (2e10vg (1e12vg/kg)) of AAV8ssCMV_GFP was used as 

a positive control. Mouse livers were harvested at 1-week post infection and IHC was  
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performed. GFP positive hepatocytes were seen in every mouse of both the ssCMV_GFP 

positive control and GFP_P5 injected mice but were not detected in the hepatocytes 

treated with the revGFP_P5 or emptyP5 vector (n=5) (Fig. 3.19). This is further evidence that 

not only does the anti-P5 sequence exhibit promoter activity, but that it can drive 

transcriptional and translational activity of incorporated contaminants in AAV post 

infection. 

To understand whether these contaminants derived from the P5 sequence could be 

incorporated into AAV and act independently of the presence of an ITR flanked 

expression cassette, AAV8 was produced in the absence of an expression cassette using 

the GFP_P5 REPCAP plasmid hereby referred to as GFP_P5noTG (Fig. 3.20). After 

column purification, abundant GFP DNA was detected in the AAV8 GFP_P5noTG prep by 

qPCR (Fig. 3.20.b). When the DNA from these AAV was run on an alkaline gel, a smeared 

pattern was seen in both the GFP_P5noTG and GFP_P5  produced samples. This result 

was expected with GFP_P5 due to the presence of the oversized FVIII cassette, known 

to produce this pattern.480 In the GFP_P5noTG sample however, there is no transgene and 

thus no outside of the ITR contaminants. As the contribution of host cell DNA is orders of 

magnitude lower than producer plasmid contaminants, it was deduced that this detected 

contaminant DNA was P5 derived and that these contaminants exhibit a range of sizes 

up to the packaging capacity of circa 5kb (Fig. 3.20.c). This demonstrates that the 

contaminants incorporated upstream of P5 are fragmented and are packaged into AAV 

in an ITR independent manner. 

To examine the infection kinetics of P5 linked AAV contaminants, and whether these 

contaminants had the ability to remain stably present, 293T cells were infected at an MOI  
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of 5e6 with AAV8ssHLPhFVIII GFP_P5, revGFP_P5, emptyP5, and an equivalent capsid 

load of AAV8 GFP_P5noTG. A lower MOI (1e4) of AAV8ssCMV_GFP was used as a 

positive control. GFP positive cells were assayed by FACS at 1,2,3,7,10,14, and 21 days 

post infection (Fig. 3.21). Both GFP_P5 and GFP_P5noTG showed detectable GFP positive 

cells at multiple timepoints post infection, increasing from 24 to 72 hours and then 

decreasing to a low stable level of around 0.1% (GFP_P5 0.097% ± 0044; GFP_P5noTG 

0.117% ± 0.051) as cells divided and were continually passaged. As in previous 

experiments, neither revGFP_P5 or emptyP5 infected cells showed expression of GFP 

protein. When compared with the ITR flanked ssCMV_GFP cassette the inefficiency of 

the contaminant cassette is apparent; a FVIII dose 500-fold higher than ssCMV_GFP was 

required to reach comparable levels of GFP positivity from the contaminant sequences 

(Fig 3.21.c). The detected expression from the GFP_P5noTG infected cells shows that at 

least for DNA contaminants in AAV originating from the P5 promoter, transcriptional 

activity of the contaminant DNA species is independent of productive infection from 

recombinant AAV genomes. Interestingly, the percentage of GFP expressing cells at the 

peak (72 hours) that were still expressing at the stable timepoints (10-21 days) timepoints 

was significantly greater (P=0.0058) in the GFP_P5noTG treated cells  compared to the 

ssCMV_GFP treated cells (GFP_P5 4.75% ±0.66; GFP_P5noTG 9.89% ±2.18; 

ssCMV_GFP 0.63% ± 0.04). GFP_P5 did not reach significance above ssCMV_GFP in 

this regard (P=0.13), and the GFP_P5 and GFP_P5noTG were also not found to be 

significantly different to each other (P=0.07) (Fig. 2.21.d). This would suggest that P5 

derived DNA contaminants in AAV could have a greater level of persistence than ITR 

flanked expression cassettes. However, this initial experiment did not use equivalent  
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MOIs of expression cassette to the other samples. To investigate this further, 293T cells 

were infected with either AAV8 GFP_P5noTG or AAV8ssCMV_GFP a range of MOIs; 2e6, 

1e6, 5e5, 1e5. FACS was conducted at 2,3,5,7,10,14, and 21 days post infection. (Fig 

3.22.a). At equivalent MOIs, the number of GFP expressing cells was consistently higher 

in the ssCMV_GFP infected cells across timepoints, (Fig 3.22b) however the proportion 

of GFP positive cells at 72 hours that stably produced GFP was far greater in the 

GFP_P5noTG group (10.17% ± 1.983) than the ssCMV_GFP group (0.87% ± 0.012) (Fig. 

3.22c).  However, when gDNA of 293T cells was analysed for GFP copy number, both 

P5GFP/TG- and ssCMV_GFP infected cells had similar levels of stably present GFP copies 

relative to the detected copies 72 hours post infection (GFP_P5noTG 1.20% ± 0.28; 

ssCMV_GFP 0.88% ± 0.22) (P = 0.379). This suggests that these non ITR containing 

contaminants from P5 are stably present post infection, implying integration into the 293T 

cell genome at an equivalent rate to the ITR flanked expression cassette. Further 

qualitative evidence of this was found through sorting GFP_P5 contaminant infected 293T 

cells for GFP positive cells, and plating at low density in 96 well plates. Cells were cultured 

and imaged after 5 and 7 days of growth, yielding identifiable colonies that retained GFP 

positivity as well as colonies that were GFP negative after extended culture (Fig. 3.23). 
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3.3 Discussion: 
This chapter set out to understand the nature of DNA contamination in AAV and its activity 

post AAV infection of the liver. Given the mapped profile of the DNA contaminants of 

multiple AAV vectors, it is now clear that most DNA contaminants derived from the 

producer plasmids are actively incorporated into the AAV capsid. If DNA contamination 

was a passive and random process, one would expect an equal contribution of 

contaminants across the length of the plasmid. It is likely that these incorporation events 

are REP dependent, as all initiation points of contamination have been found adjacent to 

REP binding sites in the AAV genome. The identified contaminants are not only present 

in the AAV prep, they are transferred to cells post AAV infection and can persist within 

the cells for an extended period. A previous study had indicated that any transferred 

contaminant DNA by AAV was transcriptionally inactive.466 That study looked at a prep of 

relatively high purity for this and at amplicons a far distance from the points of contaminant 

initiation identified in this chapter. The experiments in this chapter have identified that 

contaminant sequences from AAV can be transcriptionally active post infection and, 

furthermore, under the appropriate conditions have the potential to be translated into 

protein. The evidence suggests that the anti-P5 promoter sequence is driving the 

expression of these contaminant sequences. In the wildtype AAV2 context, anti P5 

promoter activity has been observed by RNA sequencing analysis, identifying both minus 

strand activity of the P5 promoter, and short RNA sequences derived therefrom.272,284 In 

recombinant AAV the P5 promoter is retained to drive controlled expression of the large 

form REP proteins REP78 and REP68, coordinating the timed activation of the P19 

promoter contained within the REP coding sequence.175 What is likely occurring is that 
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the REP binding site on P5 is causing an incomplete replication event that drives a 

directional incorporation of DNA upstream of P5 in the producer plasmid. This results in 

contaminants of different sizes being inserted into AAV, as can be seen from the alkaline 

gel depicting virions that contain only P5 derived contaminant. Once AAV infection 

occurs, this DNA is then able, much like an ITR containing transgene, to undergo a 

productive infection process, perhaps through strand synthesis in an episomal context, or 

some degree of sequence integration into the genome. Having done this, the anti-P5 

promoter is then able to drive transcriptional activity of the adjacent, upstream sequences, 

an effect that can persist up to 4 months in vivo, as shown by RNAseq analysis of infected 

livers.  

One particularly interesting result is that the level of persistence of AAV contaminant DNA 

in rapidly overturning cells appears to be equivalent to that of the ITR containing 

transgene. Many previous studies have touted the ability of the AAV ITRs to facilitate 

integration into the genome at a high efficiency in a genome editing context, where AAV 

DNA is used to deliver a donor DNA template.481–483 Our results from 293T cells at 

multiple infection doses appear to show no difference in the persistence of AAV DNA in 

rapidly dividing cells between an ITR flanked cassette and the P5 derived contaminants. 

In this case, persistence of AAV DNA is a surrogate assay for the general integration rate 

of these sequences. This would either suggest that the P5 sequence has a greater 

integrative potential than a standard DNA sequence, or that ITR flanked DNA contains no 

additional integrative advantage over any other ssDNA present in the cells. It would be 

interesting to see whether in the presence of the REP protein post AAV infection, this 
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profile of persistence would be increased for just the ITR flanked vector genome, or for 

the P5 derived contaminants as well.  

The studies of the activity of these contaminants focused primarily on the liver. 293T cells 

are human embryonic kidney derived and, therefore, it is possible that this would also be 

seen in kidney transduced with AAV, a tissue that can now be efficiently targeted in vivo 

with the Anc80 AAV serotype.484 Presumably, the potential for these contaminants to be 

transcribed relies on the activity of the anti-P5 sequence in the tissue. It would be 

interesting to understand whether the contaminant transcription/translation profile is 

limited just to the liver, or whether this will pose a problem in other key delivery tissues 

for gene therapy, such as muscle and the retina. There also remains the question of 

whether these contaminant sequences could contribute to any immune response against 

the AAV vector. It is already known that during AAV infection the DNA sensor TLR9 can 

trigger an immune response against the transgene DNA, and that the degree of such a 

response can be exacerbated by the presence of CpG motifs within the cassette.133,428 It 

is therefore likely that since these backbone contaminant DNA fragments are contained 

within the AAV capsid, the same mechanism of DNA sensing and immune activation by 

TLR9 would occur, although this needs to be investigated further.  

This study used an artificial cassette to study the potential for contaminant translation 

upstream of the P5 promoter. Whilst such an idealised setting would not occur in most 

AAV production plasmid setups, the backbone DNA is a little thought about feature of the 

AAV production system. As such, it is likely that these sequences will vary from plasmid 

to plasmid and system to system. There are antibiotic resistance genes and other coding 

sequences present in the backbone of many standard plasmids. If a resistance gene was 
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in a reverse orientation, perhaps it would be incorporated but no expression of that protein 

would be seen. If a setup had this in a forward orientation relative to P5, there could be 

the added immunogenic burden of producing a full-length protein additional to that of the 

intended therapeutic (Fig. 3.24). Furthermore, certain plasmid configurations used for 

clinical production may have a greater proportion of CpG sequences than others. The 

original system used in our study had 154 CpG sites in the 2kb upstream of P5. A strategy 

that could easily be implemented into reducing this potential risk could be to reduce the 

numbers of CpG motifs outside of the ITRs and upstream of P5, and also introduce a 

telomeric repeat sequence TTAGGG,485 that has been shown when included inside the 

AAV expression cassette to bind to but not activate TLR9.486 

This chapter has revealed an important feature and potential safety issue of recombinant 

AAV preps. It should be noted that there is no required or implemented uniformity to 

plasmid configuration or backbone sequences used in the production of AAV, and by the 

very nature of vector construction, different groups across the field will have used different 

plasmid setups. However, no matter the plasmid setup, in the 293 based production 

system, the P5 promoter and the inverted terminal repeats are retained. As such, this 

contamination phenotype and profile is likely to be widespread throughout preparations 

across the field and the issue of stringent characterisation of vector backbone sequences 

present in clinical AAV preps and the potential for transcriptional/ translational activity 

exhibited in on target or off target infected cells for a given gene therapy application 

should, in the future, be routinely assessed.  
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4. Development of a P5 replacement promoter system 
for production of higher purity recombinant AAV: 

4.1 Introduction: 
 

Having identified the presence and activity of DNA contaminants in AAV, there is an 

imperative to minimise the presence of these contaminants. Some clinical trials for 

extremely serious disorders require an AAV dose of up to 2e14vg/kg.69 Even if a 

preparation for this purpose contained a low proportion of contaminants, for instance 

0.5%, the vector administration would still yield the delivery of 1e12vg/kg of DNA 

contaminant containing particles to the subject. The contaminants identified have been 

observed from both outside of the ITRs and upstream of the P5 promoter. Due to the 

essential nature of the ITRs in packaging the viral genome, it was posited that these 

sequences could not be altered or disposed of without significant impact on viral titer. The 

focus of this chapter is, therefore, how contaminants in AAV from the P5 promoter origin 

on the REPCAP producer can be eliminated and a higher purity vector produced. We 

investigate the precise sequence motifs that result in incorporation of contaminant DNA 

from P5 and develop two systems to eliminate the contamination initiation; one based 

around the papilloma virus early promoter sequences, and one designed to retain all the 

sequence motifs of the P5 promoter.  
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4.2 Results: 
4.2.1: Use of papilloma early promoter sequences to drive REP78/68 
expression: 
 

One variable in AAV production is the timepoint at which AAV is harvested. Certain 

protocols incubate production cells for 2 to 3 days post plasmid transfection.350,487 Others 

suggest using a longer timepoint of up to 7 days to boost viral yields and ease purification 

procedures.349 Some of these protocols suggest harvesting AAV from cell lysate, whereas 

others suggest from the supernatant. To determine whether these variables had an effect 

on the packaging of DNA contaminants into AAV, AAV8scLP1hFIXcoPadua was 

produced and then harvested at either 2, 3 or 6-days post plasmid transfection (Fig. 4.1). 

Supernatants and pellets were harvested separately at each timepoint and analysed. 

qPCR of two separate amplicons present in the production plasmid backbones showed 

no significant difference in contaminant DNA presence among any of the conditions 

tested (Fig 4.1. b+c). This suggests that the contaminating DNA phenotype is not altered 

by changing the incubation timepoint of AAV production.  

Given that harvest timepoint appeared not to influence the incorporation of contaminant 

DNA, investigation was focused on the P5 containing REPCAP plasmid itself. Whilst the 

ITRs are required for genome packaging in the recombinant AAV system, the P5 

promoter merely controls the expression of the large form REP proteins REP78 and 

REP68. As the REP and CAP proteins are delivered in trans, the ideal scenario to 

eliminate this anti-P5 contamination and subsequent activity would be to substitute the 

promoter sequence. However, due to the tight regulation of AAV replication, a simple 

promoter substitution is not likely to be successful. The P5 promoter efficacy in the context 
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of AAV replication relies on a negative feedback loop to inhibit its own activity during the 

AAV replication process (Fig. 4.2). 174,282 More specifically, the timing of P5 self-

repression in concert with the later expression of the shorter forms of REP from the P19 

promoter is essential to yield this effect.175  As such, previous attempts to swap out this 

promoter for constitutively active and more classically ‘active’ promoters have failed to 

produce high titer recombinant virus.275 Therefore, if a promoter substitution was to be 

effectively implemented in the recombinant AAV production system, it would have to fulfil 

the requirements of both eliminating the DNA contaminant incorporation phenotype 

upstream of this promoter region, and facilitating efficient replication of the virus to yield 

titers that could be implemented for successful gene transfer and thus treatment. To 

achieve this, we hypothesised that any REP78/68 promoter would 1. need to retain a 

negative feedback loop, and 2. Not contain a canonical GCTC REP binding site. Early 

work in AAV biology identified that the REP protein can have an inhibitory effect on non 

AAV genome associated promoters. This included the Long terminal repeat of the HIV-1 

and MSV virus, and proto-oncogenes such as c-myc, c-fos, and H-ras.183,488,489 However, 

these promoters all contain GCTC motifs (Fig. 4.3).488,490–493 Another group of promoters 

that REP78 has been shown to inhibit are the human papilloma virus early promoter 

sequences,191,267,494–496 and in the long control region of the bovine papilloma virus 

genome.497 Intriguingly, these promoter sequences from the papilloma virus family are 

directly inhibited by the REP78 protein despite not containing the GCTC REP DNA 

binding sequence (Fig. 4.4). Furthermore, in a study of REP inhibition of the HPV18-URR 

when, in these studies, the c-terminal region of REP78 was mutated, inhibition of P5 was 

abrogated but inhibition of the HPV-18 P105 promoter was retained, suggesting that the 
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mechanism of inhibition may differ from that of P5 and the ITR REP binding sites.267 In 

order to produce virus, any chosen promoter would need to have activity in the primary 

production cell line 293 based systems. There is evidence that the P97 promoter is active 

in these cells, as HPV16 shows low level replication in 293 cells.498 

Designs were initially constructed using either the P97 promoter from the HPV16 virus, 

the P105 promoter from the HPV18 virus, and the upstream regulatory region from the 

bovine papilloma virus (BPV-URR) (Fig. 4.5). Some of these designs retained elements 

from the P5 promoter to keep some of the natural regulation intact; i.e. retention of YY1 

box sequences, but all promoter sequences were devoid of GCTC motifs (P5+P97 combo 

and P5/P97 hybrid). Promoter sequences were cloned into an AAV8 capsid plasmid 

upstream of the REP protein of AAV2, the AAV REP protein most commonly used in AAV 

production.499 Backbone plasmid sequences were kept identical to allow effective 

comparison of contaminant incorporation. REPCAP plasmids were transfected into 293T 

cells to make AAV8ssCMV_GFP. AAV was produced, purified and titered by qPCR for 

presence of the GFP transgene (Fig. 4.6). As expected, the P5 promoter positive control 

produced abundant AAV8. Designs that utilised either the P97 promoter from HPV16 or 

the URR of BPV were also able to produce AAV effectively, with three designs producing 

a titer almost half as much as the original P5 based setup (Fig. 4.6.b).  These were the 

P5+P97 combo, HPV16-P97_ATG and P5/P97 hybrid configurations that produced 

44.2%, 44.5% and 49.8% of the standard P5 production levels respectively. The HPV18 

P105 configuration did not appear to package AAV with any useful efficiency, and 

detected transgene was approximately 3 logs lower than that of P5. 
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The setup using the BPV-URR and HPV16-P97 without and ATG start codon produced 

AAV successfully but also inefficiently yielding 5.4% and 21.4% of the P5 production titer 

respectively. To test whether these non GCTC motif containing promoters had eliminated 

the contamination incorporation upstream, amplicons in the kanamycin resistance genes, 

located closely upstream of the promoter in these REPCAP plasmids were assayed. As 

expected, the P5 promoter-produced AAV had detectable contamination upstream of P5. 

All the P5 replacement setups showed a dramatic decrease in the raw values of 

contaminant copies present (Fig. 4.6.c+d). With the level of P5 contamination normalised 

to 1, the mean levels of contamination in the P5 replacement AAV were as follows: 

Contaminant amplicon 1; HPV16-P97 - 0.06, HPV18-P105 - 0.04, BPV_URR 0.04, 

P5+P97 combo – 0.05, HPV16-P97_ATG – 0.03, P5/P97 hybrid – 0.07. Contaminant 

amplicon 2; HPV16-P97 - 0.06, HPV18-P105 - 0.05, BPV_URR 0.04, P5+P97 combo – 

0.06, HPV16-P97_ATG – 0.04, P5/P97 hybrid – 0.13 (n=2 per promoter setup). Given the 

differences in production capability, these raw numbers were compared against the titer 

of each individual configuration to yield the overall percent contamination of contaminant 

amplicons for each P5 replacement construct (Fig. 4.6.e+f). For contaminant amplicon 1 

the P5 promoter design yielded 1.2% contaminating sequence. The HPV-108 promoter, 

which produced a 3 log lower titer, yielded a higher ratio of contaminants (37.3% of the 

GFP transgene). All other promoter setups yielded lower levels. HPV16-P97 - 0.3%, 

BPV_URR 0.9%, P5+P97 combo – 0.1%, HPV16-P97_ATG – 0.1%, P5/P97 hybrid – 

0.2%. For amplicon 2 the pattern was similar; the P5 promoter led to contamination of 

1.1% of the transgene titer. Aside from HPV-108 (42.1%), all other promoter setups led 

to contaminants that amounted to a lower percentage of transgene titer. HPV16-P97 - 
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0.3%, BPV_URR 0.7%, P5+P97 combo – 0.1%, HPV16-P97_ATG – 0.1%, P5/P97 hybrid 

– 0.3%. 

To ensure that infectivity was not compromised in this production setup, 293T cells were 

infected with a range of MOIs (5e5, 2e5, and 1e5) of AAV8ssCMV_GFP from the P5 

replacement systems that produced a sufficient quantity of AAV (Fig. 4.7) All systems 

resulted in infectious AAV as detected by fluorescent microscopy (Fig. 4.7.b) and FACS 

analysis that appeared to transduce 293T cells as efficiently as the P5-produced system 

across the 3 MOIs (n=1) (Fig. 4.7.c). Following this preliminary experiment, the P5 

replacement systems with the highest production yields were then used to produce 

AAV8ssHLPhFVIII to verify the contamination phenotype (Fig. 4.8) Again, AAV8 was 

produced to 28 -  50% of the P5 based system with the replacement REP promoters (Fig. 

4.8.b). The observed titers with the P5 replacement constructs were still lower relative to 

that of P5; P97+P5 combo – 0.50 ± 0.02, HPV16-P97_ATG - 0.38 ± 0.06, P5/P97 hybrid 

– 0.28 ± 0.03 (n=4). When contaminant amplicons were measured in this context, a 

decrease was again observed both when this was expressed as a raw value of detected 

sequence copies (P<0.0001 for all constructs) and percentage of the transgene titer 

(<0.0005 for all constructs) (Fig. 4.8.c+d). To ensure these observed results for 

production capabilities were not influenced by purification procedures post-harvest we 

developed an assay to analyse the titer and contaminants in virus at the point of harvest 

from crude supernatants (Appendix 1). 293T cells were transfected in 6 well plates to 

increase throughput of construct testing and analysis. (Fig. 4.9) AAV8ssHLPhFVIII was 

produced using the 6 designed P5 replacement constructs. All promoter constructs 

produced significantly lower titers than P5 (P<0.0001). 
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The crude supernatant samples showed the same pattern as the purified AAV samples 

with respect to titer relative to that achieved by the P5 promoter (Fig. 4.9.b), with the 

P5+P97combo (0.23 ± 0.04), HPV16-P97_ATG (0.44 ± 0.06) and P5/P97 hybrid (0.18 ± 

0.01) producing the highest amounts of virus relative to P5, and HPV18-P105 producing 

AAV 3 logs lower than P5 (0.001 ± 0.0003). When the samples were assayed for the 

contaminant amplicon upstream of P5, again all P5 replacement promoters produced 

AAV that had significantly lower levels of contamination than P5 (Fig. 4.9.c+d) (P<0.001). 

When this was expressed as a percentage of the observed titer, HPV18-P105 produced 

a contamination level that was higher than the transgene (177.3% ± 22.47). It can 

therefore be assumed that active viral packaging is not occurring when this promoter is 

used to drive REP78. In those samples that produced virus a relationship between the 

efficiency of the packaging and the percent contamination seen was again observed. With 

the tested contaminant amplicon, the P5 promoter production system resulted in 

contamination of 3.89% ± 0.29 of the expression cassette titer. Three constructs resulted 

in significantly lower levels of percent contamination (HPV16-P97_ATG – 0.48%; 

P=0.0051) (P5/P97hybrid – 1.09% ± 0.14; P=0.0190) (P97+P5combo – 0.88% ± 0.08; 

P=0.0121), whereas, two of the configurations did not produce significantly lower 

contaminant levels; the HPV16-P97 (1.77% ±0.07; P=0.08), and BPV-URR which yielded 

contamination significantly higher than P5 when expressed as a percentage of titer. 

(11.44% ± 1.36; P<0.0001).  

To determine whether this phenotype held true across serotypes, an AAV2 capsid version 

of the P5+P97 combo promoter was constructed (Fig. 4.10). AAV2 produced with the 

P5+P97 combo promoter produced virus to the same log as the P5 promoter, although  
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as seen in the AAV8 setup the relative amount was significantly decreased as compared 

to P5. (0.30 ± 0.01; P = 0.016) (Fig. 4.10.b). A contaminant amplicon upstream of the P5 

sequence was again seen in abundance in the P5 promoter version of AAV2ssHLPhFVIII 

and significantly reduced in the P5+P97combo promoter replacement (Fig. 4.10c). When 

this was analysed as a percentage of the transgene contaminants, the total contamination 

of P5_AAV2ssHLPhFVIII was 5.42 ± 0.83. In the P5+P97combo configuration, the 

contamination was decreased (2.84 ±0.84), but did not reach significance (P=0.06) (Fig. 

4.10d). 

4.2.2 P5 replacement configurations with lower AAV yields results in 
increased DNA contamination from outside of the ITRs: 
 

To assess if the initiation of contamination at the REP78/68 promoter had been eliminated 

in these P5 replacement constructs, deep sequencing of AAV8ssHLPhFVIII viral particles 

was performed for vector produced with either a P5 driven or P5+P97combo setup (Fig. 

4.11).  When sequence reads were mapped back to producer plasmids, the P5-produced 

virus showed incorporation upstream of P5 as expected. For the P5+P97combo produced 

virus however, no contamination was detected from this site. (Fig. 4.11.b) As expected, 

both setups retained a contamination phenotype outside of the ITRs (Fig. 4.11.c). When 

the identity of all the reads was quantified, the reads that mapped to the REPCAP plasmid 

dropped from 6.7% of the total reads with P5 to 0.29% in the P5+P97 combo promoter. 

Surprisingly, when reads from the vector backbone plasmid, i.e. outside of the ITRs were 

quantified in this way, there was a dramatic increase; from 18.72% in P5 to 26.47% with 

P5+P97 combo. This could possibly be due to the lower expression cassette yield from  
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AAV produced with the P5+P97 combo promoter, which if contaminant incorporation 

remained relatively steady would result in a higher contribution of contaminants as a 

percentage of the expression cassette titer. Overall, the preps yielded a comparatively 

similar total level of contamination; 25.42% for P5 and 26.76% for P5+P97 combo (Fig. 

4.11.d). To verify that this contamination outside of the ITR sequences was indeed raised 

in the P5 replacement setting, an amplicon 100bp outside of the ITR was assayed by 

qPCR (Fig. 4.12). Results showed in AAV8ssHLPhFVIII that whilst the raw values of 

contaminant sequences were lower in P5+P97combo (5.7e8 ± 1.52e8) than in P5 (1.26e9 

±7.97e7) (P=0.03), the P5+P97combo produced AAV had significantly higher 

contamination outside of the ITR when this value was expressed as a percentage of titer 

(P5 – 3.12% ± 0.13; P5+P97combo – 7.20% ± 0.17) (Fig. 4.12.b). This process was 

repeated in AAV2 and there was no significant difference in the raw values between P5 

(1.01e8 ±2.37e7) and P5+P97combo (1.07e8 ± 2.26e7) (P=0.76) (Fig. 4.12.c). In 

concordance with the AAV8 data, the P5+P97combo had a significantly higher 

contamination percentage than the original P5 configuration (P5 – 3.12% ± 0.13; 

P5+P97combo – 7.20% ± 0.17) (P=0.006). These results show that whilst DNA 

contaminants upstream of the P5 promoter have been reduced with a P5 replacement 

strategy, the increase in representation of sequences from outside of the ITRs has 

negated this beneficial effect.. When analysing for vector purity it is important to consider 

the entirety of the prep, and with this current stock of promoters the overall purity is not 

improved as compared to when the original promoter, P5, is used to drive the large form 

REP78 and REP68 genes. It is unlikely that this strategy could be implemented into 

commercial or clinical production systems in its current form without improvements in  
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either titer or total vector purity.  Interestingly, whilst contamination outside of the ITRs 

when expressed as a percentage of the transgene was higher for the P5 replacement, 

the raw numbers were not, either yielding lower values as in the AAV8 samples or equal 

values as in the AAV2. This would suggest that if a means to improve the AAV titer to that 

of the P5 promoter could be achieved with a strategy that retains the contamination 

reduction of the P5 replacement promoter configurations, that the overall purity of the 

vector would be improved, and would thus be a more suitable product for clinical 

translation. In chapter 3 we identified the P5 promoter as the source of contamination 

incorporation via an experiment that moved this promoter upstream and observed a 

matching shift in the incorporating contaminant sequences. It is possible that through 

understanding the components of the P5 promoter that are yielding this incorporation 

phenotype, the principle of eliminating contamination initiation from the REPCAP plasmid 

could be retained without sacrificing AAV titer or total purity of the AAV vector. The 

previously tested variant designated P5/P97 hybrid utilised the REP binding site of the 

P97 promoter (nt14-56)495 substituted into P5 in place of the P5 REP binding site yielding 

a result that showed a reduction in upstream contamination but a titer that did not exceed 

50% of P5 (Figures 4.6 + 4.8). This suggested that the P5 REP binding site was a 

necessary element in the initiation of the P5 contamination phenotype. There are many 

GCTC containing sequences with high homology to the P5RBS in the human genome.182 

If mere REP binding was enough to cause DNA incorporation it is possible that certain 

genome sequences from the producer cell line genome would be overrepresented in the 

final AAV product. To ascertain if this binding element would be sufficient to initiate  
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contamination in the recombinant AAV system, the reverse experiment was performed, 

in which the REP binding site from the P5 promoter was substituted into the HPV16-P97 

promoter (P97P5RBS) (Fig. 4.13). AAV8ssHLPhFVIII was produced with this configuration 

and compared to P5. P97P5RBS produced AAV effectively, although again significantly 

lower than the normalised P5 titer (0.38 ± 0.01) (P=0.0005). (Fig. 4.13.b). Surprisingly, 

when contaminant amplicons upstream of this promoter were assayed by qPCR and were 

significantly reduced in the P5P97RBS configuration relative to P5 (0.037 ± 0.003) (P=0.03), 

resulting in a lower contamination percentage (P5 – 2.02% ± 0.26; P97P5RBS 0.21% ± 

0.02), despite the presence of the full P5 REP binding site (Fig. 4.13.c). When assayed 

for contaminants outside of the ITR however, the same pattern that emerged in the 

P5+P97combo setup emerged, with the raw values of contamination relative to P5 not 

differing in P97P5RBS (1.02 ± 0.04), however when expressed as a function of titer yielding 

a significantly more contaminated product (P5 – 3.12% ± 0.13; P97P5RBS 8.40% ± 0.09) 

(P<0.0001) (Fig.4.13.d). This shows that the P5RBS is necessary but not sufficient for 

REPCAP DNA contaminant incorporation into AAV to occur upstream of P5.  
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4.2.3. Development of P5-HS: A REP78/68 promoter modification to 
remove contamination and retain AAV production titer: 
 

The function of REP in the AAV replication process is more than DNA binding. The REP 

proteins also have helicase activity and the large forms of REP exhibit site specific 

endonuclease activity.172,197,200,500 In the ITRs during AAV replication, REP nicks the DNA 

at a site known as the TRS site (Fig. 4.14.a), facilitating AAV genome excision from 

surrounding DNA. Within the P5 promoter there is an AT dinucleotide that serves as a 

TRS mimic at the crest of a loop that forms adjacent to the P5 REP binding site between 

nucleotides 287 and 288 of the AAV2 genome (Fig. 4.14.b).164 We hypothesised that 

removing this dinucleotide from the P5 promoter would also abrogate the upstream 

contamination derived from P5. A promoter that retained the REP binding site but was 

deleted for the AT dinucleotide (P5ΔAT) was designed (Fig. 4.14.c). AAV8ssHLPhFVIII 

was produced and examined for contaminant incorporation. P5ΔAT produced virus 

efficiently, although again with a lower viral titer relative to that of intact P5 (0.38± 0.04. 

P=0.01) (Fig. 4.14.d). Contamination upstream of P5ΔAT were significantly reduced in both 

relative terms (P5ΔAT – 0.14 ± 0.01. P=0.008) and as a percentage of transgene (P5 

2.027% ± 0.03; P5ΔAT - 0.75% ± 0.02. P<0.0001) (Fig. 4.14.e+f). Amplicons found outside 

of the ITRs were then compared. As expected, the relative values from a given production 

run did not exceed that of P5 for either amplicon (Amplicon 1 0.66 ± 0.04 P=0.003; 

Amplicon 2 0.73 ± 0.01 P=0.08) (Fig. 4.14.g). However, when calculated as a percentage 

of the expression cassette titer the contamination outside of the ITRs was significantly 

increased (Amplicon 1: P5 - 2.4% ± 0.1; P5ΔAT - 3.99% ± 0.05. P=0.0001) (Amplicon 2: 

P5 – 1.90% ± 0.1; P5ΔAT - 3.66% ± 0.21. P=0.001) (Fig. 4.14.h). This again suggests that 
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the proportion of contaminants from outside the ITRs are related to the expression 

cassette packaging efficiency of the system.  

To ascertain whether the loop portion of the TRS mimic site was essential for 

incorporation, a sequence was designed that kept the TRS dinucleotide intact, and the 

whole YY1box sequence, but removed its ability to form a loop with its surrounding 

sequence. This was positioned along with the P5 RBS in the context of the HPV-16 P97 

promoter (P97P5RBSΔloop) (Fig. 4.15.a). AAV was produced successfully, again lower 

relative to P5 driven production (0.59 ± 0.03) (Fig. 4.15.b), but relative DNA incorporation 

upstream of the promoter remained significantly lower than P5 incorporation levels with 

P97P5RBSΔloop when assayed by qPCR (0.14 ± 0.02. P=0.006) (Fig. 4.15.c). As in previous 

cases, the percentage contamination upstream of the promoter was also found to be 

significantly reduced (P5 - 2.03% ± 0.03; P97P5RBSΔloop - 0.50% ±0.07. P=0.0007) (Fig. 

4.15.d). This suggests contaminant incorporation requires the same components for 

contaminant incorporation as it does for an AAV replication event - both an intact REP 

binding site and adjacent loop to position an available AT nicking site, and a GCTC 

containing binding site is not sufficient to mediate aberrant active contaminant packaging. 

P97P5RBSΔloop also showed that relative contamination outside of the ITR did not differ 

significantly (Amplicon 1 – 0.81 ± 0.02. P=0.12; Amplicon 2 – 0.91 ± 0.02. P=0.54) (Fig. 

4.15.e). As expected, when titer was taken into consideration the P97P5RBSΔloop resulted 

in a higher percent contamination for both amplicons (Amplicon 1: P5 – 2.3% ± 0.10; 

P97P5RBSΔloop – 3.26% ± 0.19. P=0.002) (Amplicon 2: P5 – 1.90% ± 0.07; P97P5RBSΔloop – 
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2.99% ± 0.14. P=0.0007) (Fig. 4.15.f). This indicates that this vector configuration would 

not result in an overall purer AAV product although further analysis of this promoter design 

was not undertaken to confirm this.  

In order to achieve high titer AAV production whilst removing the contaminant phenotype, 

it was hypothesised that all characterised elements of the P5 promoter could be retained. 

This included the TATA box, REP binding site, YY1 boxes and the TRS dinucleotide with 

loop (Fig. 4.16.a). It was also hypothesised that these elements require tight positional 

requirements to achieve replication and thus contamination of the AAV prep. Considering 

this, a REP78/68 promoter design was constructed and cloned that contained the P5 

promoter in its entirety, with a series of spacers of differing length inserted between the 

R5RBS and the YY1 box containing TRS loop (P5-HS) (Fig. 4.16.b). The rationale behind 

this placement of the spacer was to retain the integrity of the TATA box in P5, but create 

a physical separation between the two parts of the promoter that would interact with the 

REP protein; the P5 RBS and the TRS mimic sequence in YY1 box. Ideally this 

modification would prevent the incorporation of DNA without disrupting any of the natural 

promoter function of P5. Spacer sequences of 5bp and 100bp were chosen. A 5bp change 

would result in an approximate half helical turn in the DNA,501 with the hypothesis both 

the lateral and rotational distance from the TRS mimic site in the YY1 box would be 

enough to prevent nicking and thus active incorporation. The 100bp spacer sequence 

was generated to provide an increased physical separation of the REP binding site from 

that of the YY1 box containing TRS loop mimic. The spacer sequences were generated 

with a random sequence generator and verified to not include GCTC to ensure no 

inadvertent dysregulation of REP. Spacer sequences were also verified to not contain an 
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AT dinucleotide in proximity to the REP binding site that could serve as a nicking site by 

the REP endonuclease domain. AAV8 ssHLPhFVIII was produced and titers were 

measured. P5-HS AAV titers did not differ significantly from the intact P5 production 

system (P5-HS5 – 0.87 ± 0.03. P=0.40; P5-HS100 0.96 ± 0.01. P=0.85) (Fig. 4.16.c). 

Furthermore, when assayed by qPCR for the presence of upstream contaminant 

amplicons, the presence of contaminant DNA was significantly reduced compared to P5 

in both relative amounts (P5-HS5 – 0.28 ± 0.02. P=0.0004; P5-HS100 0.35 ± 0.07. 

P=0.0007), and percent contamination (P5 – 2.36% ± 0.22; P5-HS5 – 0.40% ± 0.02. 

P<0.0001; P5-HS100 0.60% ± 0.06. P=0.0002) (Fig. 4.16.d+e). With previous constructs, 

the proportion of contaminants from outside of the ITRs was greater than that of P5. With 

the P5HS vectors however, the proportion of these contaminants were similar to P5 when 

analysed as relative amounts for all but one amplicon: P5-HS5 amplicon 1 was 

significantly lower in relative terms (0.64 ± 0.04. P=0.01) (Fig. 4.16.f). When analysed as 

a percentage of the transgene, neither of the P5-HS produced AAV differed significantly 

from P5 with outside of ITR contaminants (Fig. 4.16.g). This means that in contrast to the 

previous promoter iterations that were examined, utilising the P5-HS system has reduced 

the overall contamination of AAV as tested by qPCR, whilst simultaneously retaining the 

production yield. 
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To assess whether the contamination in AAV originating from outside of the ITRs was 

indeed related to the production efficiency of REP78/68 promoter, a regression analysis 

was performed comparing the titers observed relative to P5 and the relative contamination 

observed outside of the ITRs. Relative contamination from outside of the ITRs was 

negatively correlated with production titer (Amplicon 1 – R2 = 0.75. P<0.0001; Amplicon 

2 – R2 = 0.89. P<0.0001) (Fig. 4.17.a+b). This result shows that the utilisation of a 

REP78/68 promoter that yields efficient AAV replication is essential for maximising the 

purity of the vector product. Higher vector purity should always be a desired goal of clinical 

viral production for gene therapy, as it is likely to improve vector safety and tolerance. 

However, there is also the possibility that vector purity could have an influence on the 

functioning of the prep itself. The numerous promoter variations created in order to 

produce a functioning construct give an opportunity to study this in a well-controlled 

manner. Large scale preps (1X cell factory) of AAV8ssHLPhFVIII were produced with 

either the P5 promoter, P5HS promoter, or a P5+P97 combo promoter to produce virus 

with quantifiably different levels of DNA contamination (Fig. 4.18). Virus was titered and 

contaminant amplicons were measured by qPCR to ensure the expected differences were 

present. (Fig. 4.18.b). Mice were injected with 2e10vg AAV8ssHLPhFVIII. Circulating 

FVIII levels were measured at 1-week post infection (n=5 per group) (Fig 4.18.c).  

 

 

181



182



183



Interestingly, the P5-HS infected mice showed the highest level of circulating FVIII protein 

(286.7ng/ml ± 36.8), significantly higher than the AAV8hFVIII produced with the P5 

promoter (111.5ng/ml ± 13.3. P=0.0003). There was no significant difference between 

circulating FVIII levels of virus produced with the P5 promoter and the P5+P97combo 

(104.0ng/ml ± 6.0. P=0.96) (Fig. 4.18.c). It is possible that the improvement in purity 

associated with the P5-HS promoter configuration allows the infected AAV to proceed 

through the steps to productive infection with less interference from the non-functional 

contaminating DNA. However, for any conclusion to be made on whether the P5-HS 

system does indeed result in the production of more efficacious product, this result would 

have to be replicated in further contexts with additional preparations of virus. 

To test whether the P5-HS system could be applied to serotypes aside from AAV8, the 

5bp spacer configuration (P5-HS5) was cloned into AAV1 and AAV2 REPCAP plasmids. 

AAV ssHLPhFVIIIv3 was then produced in either with either P5-HS5 or P5 driving 

REP78/68 expression (Fig. 4.19.a). Titers did not significantly differ between P5 and P5-

HS across the tested serotypes (AAV1 P=0.99; AAV2 P=0.75) (Fig. 4.19.b). Given the 

differences in the plasmid backbones between REPCAP plasmids, a universal set of 

primers within the P5 promoter were used to assay contamination levels by qPCR. 

Analysis of the supernatants revealed that all serotypes showed a decrease in relative 

contamination levels of the tested amplicon when the P5-HS5 configuration was used for 

production (AAV1 P5-HS5 – 0.22 ± 0.03. P= 0001) (AAV2 P5-HS – 0.30 ± 0.11. P=0002), 

which when converted to a percentage of the transgene titer resulted in significantly lower 

contamination (AAV1_P5 – 15.10% ± 0.19; AAV1_P5-HS5 3.34% ± 0.54. P<0.0001) 

(AAV2_P5 – 16.37% ± 1.20; AAV2_P5-HS5 – 4.50% ± 1.04. P<0.0001) (Fig. 4.19.c +d). 
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Finally, to ensure that the reductions in contaminant presence detected by qPCR 

amplicons translated into a product with overall improved purity, FVIII and FIX preps 

produced side by side in 293T cells at the cell factory scale with either the original P5 

promoter or the P5-HS5 were next generation sequenced, alongside GMP grade purified 

preps as a batch effect controls (Fig 4.20). In both FVIII and FIX contexts overall purity of 

the resultant AAV was improved by around 2%, (AAV8ssHLPhFVIII: P5 – 89.5% 

expression cassette DNA; P5-HS5 91.5% expression cassette DNA) 

(AAV8scLP1hFIXco: P5 – 95.7% expression cassette DNA; P5-HS5 97.7% expression 

cassette DNA) (Fig. 4.20.b). In both instances the P5-HS prep was a higher overall purity 

than previously produced GMP grade preps (FVIII – 76.1% expression cassette DNA; FIX 

– 97.0% expression cassette DNA). There was still a significant amount of contaminant 

DNA detectable from the vector genome plasmid backbone in both cases; however, 

unlike with the P5 replacement configurations that produced a lower yield, the contribution 

of vector genome plasmid contaminants did not differ between the P5 and P5-HS 

configurations in either FVIII or FIX. Interestingly unlike the papilloma-based designs, a 

slight representation of sequences upstream of the P5-HS promoter were detected, as 

can be seen on circos plots (Fig. 4.20.c+d). However, this is still considerably lower than 

in the unmodified P5 preps and in combination with the titer retention achieved the overall 

purity of the prep is improved with the P5-HS REPCAP plasmid configuration. 
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4.3 Discussion: 
AAV clinical production purity and efficiency is an important issue for the gene therapy 

field. In recent years the FDA and European regulators have listed AAV product purity 

and safety requirements that relate to the production process, including contaminating 

nucleic acids.502 In order to meet these requirements, strategies to actively reduce DNA 

contamination of purified AAV will be required.  

The rationale for using papilloma early promoters was built off extensive basic research 

into the relationship between HPV and AAV conducted in the 1990s. There are numerous 

interactions between the HPV-16 genome and AAV replication proteins, and the HPV-16 

proteins E1, E2 and E6 can assist in helper function for recombinant and WT AAV 

replication and production.310 The aim of the initial studies was in part to establish a 

mechanism behind AAV mediated inhibition of HPV-16 driven oncogenic 

transformation.494 These early studies of the inhibitory effects of the AAV replication 

proteins on the papilloma life cycle provided insight into how an alternative production 

system could be built and implemented.  

Harvest timepoint had no observable effect on the relative levels of contamination in a 

prep. This is somewhat surprising and suggests that this incorporation is occurring 

throughout the production incubation at a constant rate relative to the expression 

cassette. This finding shows that merely optimising the virus collection timepoint is not a 

viable strategy to improve vector purity. 

The slight reduction seen in raw values of contamination outside of the ITRs could be in 

part due to a lower promoter activity and thus production of REP78/68 from these 
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promoters. The promoter activity of the promoters other than for P5-HS was not directly 

compared against P5. It is quite likely that the constructs that performed lower than the 

50% production threshold that seems to be reached with the papilloma-based promoters 

could be due to lower transcriptional activity in 293T cells. This is suggested by the fact 

that converting the start codon from the low efficiency ACG to a standard ATG in the 

HPV16-P97 promoter configuration improved production from 21.5% of P5 levels to 

44.5%. 

The HPV-18 driven REPCAP construct included just the first 105bp of the HPV18 

genome. In all likelihood this promoter, whilst mapping from the start point of the HPV-18 

genome, missed elements from the upstream regulatory region, which helps regulate 

expression of the E6/E7 gene products of this promoter.503 It is possible that including 

those elements would facilitate AAV production, as the BPV based construct, which did 

include the upstream regulatory region found at the end of its genome was able to do so, 

albeit at a lower level than the HPV16 based constructs. 

It is possible that the level of P19 activation achieved is not sufficient with the papilloma-

based promoters. As the REP binding site of P5 aids in the transactivation of P19, 

something that may not occur with these alternatives which are lacking GCTC containing 

REP binding sites. 

The successful design for improving the purity of AAV production (P5-HS5) retained all 

the elements of the P5 promoter with a spacer sequence (GCAAC) inserted in between 

the P5 TATA box and the YY1+1 box. The spacer sequence was generated at random 

and the only parameters that were required were a lack of a GCTC REP binding motif or 

an AT dinucleotide. The use of a DNA secondary structure predictor (Probknot, University 
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of Rochester) indicates that this spacer sequence has the potential to contribute to an 

exposed loop. This GCAAC sequence was the only spacer employed for this length of 

sequence. Whilst contamination upstream of P5-HS5 promoter was distinctly reduced, a 

small number of reads upstream of P5 were still detected when P5-HS produced AAV 

was analysed by next generation sequencing. It would be therefore be interesting in future 

to test the effect of varying the sequence identity of the spacer as well as the length that 

is used. 

Despite the 5bp and 100bp spacers appearing functionally equivalent, the 5bp spacer 

was used for the scale up studies. The rationale behind this was that because both 

insertion lengths appeared functionally equivalent, introducing a smaller change to the 

plasmid, in this case 5bp instead of 100bp, reduces the probability of introducing 

additional sequence elements to the production system that could alter its properties in 

an unintended manner. As this insertion is occurring within a promoter, perhaps certain 

sequence insertions may alter the promoter activity and regulation, which if inadvertently 

introduced could impact ratio of REP proteins and thus the final product. This was not 

directly tested with respect to P5 and P5-HS constructs but would be an interesting follow 

up experiment.  

With regards to the in vivo infection data: Whilst the P5-HS-produced AAV produced the 

highest levels of circulating protein in the experiments conducted, the results did not 

appear to show a clear correlation between contamination levels and therapeutic protein 

expression. Previous research with minicircles to produce AAV has suggested that lower 

contamination of product yields superior cellular transduction in the self-complementary 

context, although not in the single stranded context.467 No mechanism for how this would 
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occur has been proven, and there may be other explanations for this such as differences 

in full capsid ratios, or immune reactivity that is only seen at certain doses. It should be 

stated that we have only tested a relationship between contamination and expression in 

the context of the REP78/68 promoter. Indeed, improving the efficiency of other elements 

of the recombinant AAV genome may also have a beneficial effect on vector purity and 

may exhibit an improved therapeutic expression phenotype, but that is yet to be shown 

and will require further investigation.   
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5. Serotype independent conversion of AAV producer 
plasmids in to P5-HS system: 
 

5.1 Introduction: 
Given the proven utility of the P5-HS system in different AAV serotypes for retaining AAV 

production capacity and reducing P5 derived contamination, it would be ideal to ensure 

widespread implementation of such a system. The following chapter details a universal 

method that takes advantage of this to generate plasmids from any serotype and 

production configuration that contain the P5-HS5 spacer promoter, and a means to 

directly test the production titer and DNA contamination levels as compared to the plasmid 

it was generated from.  
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5.2 Universal protocol to generate and test efficacy 
P5-HS5 REP78/68 promoter plasmid: 
5.2.1 Materials for generating and testing P5-HS5 REPCAP plasmid: 
 

P5 containing REPCAP plasmid 

SDM Forward primer: gcaacCTCCATTTTGAAGCGGGAGG - Inserted spacer sequence is 
shown in red 

SDM Reverse primer: ACCCTGCGTGCTCACTCG 

NEB SDM kit (New England biolabs Cat# E0554S) 

PCR tubes 

Thermocycler 

HEK293T cells (ATCC Cat# CRL-3216) 

D10 media 

Applied biosystems PowerSYBR reagent (ThermoFisher Cat#4367659) 

Contamination Forward primer for qPCR: TAGAGGTCCTGTATTAGAGGTCACGT 

Contamination reverse primer for qPCR: GCGTGCTCACTCGGG 

Sanger sequence primer: TAGAGGTCCTGTATTAGAGGTCACGT 

Annealing temperature: 67 degrees Celsius.  

0.5M EDTA pH8.0. 

NEBuffer 3 (NEB Cat#B7003S) 

DNASE1 (NEB Cat# M0303) 
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Proteinase K. (Cat. # AM2546, Ambion) 

5.2.2 Protocol for generating and producing AAVwith P5-HS5 REPCAP 
plasmid: 
 

Day 1: 

Dilute purified P5 containing plasmid to 10ng/µL in ddH20 

Make up PCR mix as follows: (NEB SDM protocol E0554) 

Reagent Amount to add 
(µL) 

2X Q5 Hot start master mix 12.5 

10µM Forward primer: 
gcaacCTCCATTTTGAAGCGGGAGG 

1 

10µM Reverse primer: ACCCTGCGTGCTCACTCG 1 

10ng/µL P5 containing plasmid 1 

ddH20 9.25 

Total 25 

 

Run reaction in thermocycler using the following protocol: 

Phase Temperature Time (seconds) 

Denaturation 1 98°C 120 

Denaturation cycle 98°C 10 

Annealing 67°C 30 

Extension 72°C 255* 

Final extension 72°C 120 

Hold 12°C  

 

* Based on a maximum P5 containing plasmid size of 8.5kb. For larger plasmids use 
30 seconds extra per kb. 
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Once PCR reaction is complete thaw competent cells on ice. 

Important: Do not transform into the NEB SDM kit provided competent cell type. For 
accurate comparison between the starting plasmid and the mutagenized product for 
AAV production efficiency and relative contamination levels the SDM product should be 
transformed into the same competent cell type the starting plasmid was stored within.  

 

Make the DPN1 digestion mix using the NEB KLD reagents: 

Reagent Amount to add (µL) 

2X KLD reaction mix 5 

SDM PCR product 1 

10X KLD enzyme mix 1 

ddH20 3 

Total 10 

 

Mix sample and incubate at room temperature for 5 minutes. 

Transform 4µL of DPN1 treated PCR product mix into competent cell type as per 
manufacturer’s instructions. Resuspend competent cells post heat shock in 250µL of 
S.O.C. media. 

Incubate S.O.C./ transformed bacteria mix in a shaking incubator at 37°C for 1 hour. 

Streak 100µL of S.O.C./ transformed bacteria mix onto Agar plate harbouring the 
appropriate antibiotic. 

Incubate bacteria containing Agar plates at 37°C for 16 hours. 

 

Day 2: 

Check bacterial plate for colonies:  

Pick colonies X6 per construct and seed into 5ml NZY or LB media + antibiotic.  

Incubate for 16 hours at 37°C 

 

Day 3: 

Remove picked colony cultures from incubator. 
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Take 0.5ml of media and add it to a corning tube containing 0.5ml of 50% glycerol. 
Transfer stock to -80°C freezer. 

Purify DNA from remaining 4.5ml culture by QIAGEN miniprep kit. 

Elute plasmid DNA in 35µL ddH20 

Sanger sequence verify transformed plasmid product reaction using the universal 
primer sequence:  

Reagent Amount to add (µL) 

3µM universal P5-HS primer: 1 

100ng/µL P5-HS plasmid 1 

ddH20 10 

 

Day 4: 

Plate 293 based production cells into a 6-well plate at 800k cells per well. (3 wells are 
required per plasmid condition) 

 

Day 5: 

Make up transfection mix as below: 

 

Add DNA solution to PEI solution and mix by inversion 5 times. 

Incubate solution at room temperature for 15 minutes. 

Add transfection solution dropwise to 293 cells. 

Incubate 293 cells at 37°C 10% C02 for 7 days.* - Change media on day 2 to remove 
leftover plasmid DNA 

*After 7 days over 90% of produced AAV will be in the supernatant.349 However, the 
duration of this step can be altered to match preferred production conditions. 

 

Day 12: 

Collect 100µL of supernatant from each of the AAV production wells. 

Either freeze the supernatant directly at -20°C or proceed to the next step. 

Remove non AAV packaged DNA from cell supernatant: 
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Reagent Amount to add 
(µL) 

AAV production supernatant 2 

NEBuffer 3 10 

DNASE1 (200U/µL) 3 

ddH20 85 

  

Incubate DNASE1 treatment reaction at 37°C for 1 hour. 

Inactivate DNASE1 with addition of 2µL of 0.5M EDTA (pH8.0) 

Incubate at 98°C for 10 minutes 

Cool solution on ice. 

Add 2µL of 10% SDS, 2µL of 20mg/ml Proteinase K and incubate at 55°C for 1 hour. 

Incubate sample at 98°C for 10 minutes to inactivate Proteinase K. 

Add 98µL of 0.01% Pfu68 to bring total volume to 200µL 

Store sample at -20°C or proceed to quantification. 

 

5.23 qPCR of AAV titer and contamination from 293 supernatants : 
 

Materials: 

10% Fluronic F-68 (cat# 24040-032, Gibco by Life Technologies) 

Sample or standards diluent: 0.01%(v/v) F68 in nuclease free water 

Dilute 10% Fluronic F-68 (stock) with nuclease free water to 0.01% 
(v/v) F68, use this as all virus diluent diluent  

(2X) PCR mix 

MicroAmp Optical 96-Well Reaction Plate with Barcode (Cat#4306737, Applied 
Biosystems) 

MicroAmp Optical 8-Cap Strip (Cat# 4323032, Applied Biosystems) 

Applied Biosystems 7500 Real Time PCR System 
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REPCAP plasmid standard:  

Transgene primers: Varies upon construct 

P5 contamination forward primer: TAGAGGTCCTGTATTAGAGGTCACGT 

P5 contamination reverse primer: GCGTGCTCACTCGGG 

 

 

 

 

Prepare 1:10 serial dilutions of standards: from stock standard linear 5E8 ssDNA to 5E2 
ssDNA in diluent 0.01% F68. 

Prepare a master mix for qPCR reactions: 

Reagent Per PCR reaction 
(µL) 

SYBR Master MIX 
(2X) 

12.5 

primer F (100µM) 0.125 

primer R (100µM) 0.125 

Nuclease free water 7.25 

Total 20 

 

Total reaction volume is 25µL i.e. 5µL of template DNA (viral or standard) 

20µL of master mix to each required well in a 96-well plate. 

5µL of template sample is added to each well. (Each sample is measured in triplicate.) 

qPCR plate is sealed with 8 Cap strips. 

Spin down qPCR plate at 200g for 5 minutes in a benchtop centrifuge. 

Place qPCR plate in Applied Biosystems 7500 machine (or equivalent) 

Run qPCR program as follows: (40 cycles) 
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Phase Temperature Time (seconds) 

Initial hold 60°C 120 

Denaturation 1  95°C 600 

Denaturation cycle 95°C 15 

Annealing cycle 60°C 60 

X40 cycles   

 

Export and analyse AAV titer and relative contamination originating at P5 promoter. 

The above methodology was used to produce the AAV1 and AAV2 P5-HS variants that 
were tested and has been used to produce other serotype plasmids currently under 
investigation.  
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5.3 Discussion: 
The majority of produced AAV utilises the P5 promoter in some form. In chapter 4 the P5-

HS promoter was tested in serotypes other than AAV8; AAV1 and AAV2. The 

methodology presented in this chapter will allow a 5 base pair spacer to be introduced 

into any AAV producer plasmid that utilises the P5 promoter sequence and provides a 

means to test this in direct comparison to the original P5 containing plasmid without the 

introduction of confounding factors. The sequence upstream of P5 will vary depending on 

the plasmid design, any differences in amplicon amplification kinetics, and finding 

amplicon sets equidistant upstream of P5 in different plasmids could be a challenge when 

attempting to compare contamination levels between heterologous designs. Here a 

universal primer set contained within the P5 promoter that can successfully amplify 

contaminant sequences is presented. (Fwd: TAGAGGTCCTGTATTAGAGGTCACGT; 

Rev: GCGTGCTCACTCGGG). These primers should be used in addition to further 

upstream amplicons to characterise AAV preps for REPCAP contamination. Further 

testing of the P5-HS spacer system in multiple production contexts; suspension vs 

adherent, 293 vs 293T, split REPCAP vs standard design. This will be an important to 

ascertain if the benefit to using the P5-HS system is truly universal to AAV production or 

has certain constraints, be it capsid, REP gene or configuration based. 

 

 

 

 

 

202



 

 

 

 

 

 

 

 

 

 

Chapter 6 
 
 
 
 
 

Discussion 
 

 

 

203



6. Discussion: 
 

6.1 General Discussion: 
 

AAV gene therapy stands at the forefront of novel therapies for genetic diseases. The 

number of clinical trials using AAV as a modality continues to increase. As such an 

expansion occurs, the onus lies with researchers in the field to ensure that AAV based 

treatments are highly reliable, safe and efficacious. A question lies within this however, 

on where to set benchmarks on what constitutes reliable, safe and efficacious. For 

instance there are monogenic diseases that are of such severity and with poor alternative 

treatment options, such as spinal muscular atrophy or Batten’s disease, that to apply a 

rigid standard on certain product related impurities may deny patients the chance to 

survive that an AAV gene therapy approach may offer. On the other hand, there are other 

less mortal diseases that may require a different risk-benefit analysis for the use of AAV. 

Nevertheless, it is essential to understand the nature of the product that is administered 

in any given trial. In the research conducted for this PhD the aim was to characterise in 

detail the profile of non-expression cassette DNA present within AAV preparations, the 

potential activity of that contaminant DNA post infection, and to subsequently develop a 

means to minimise this. This has been achieved, with several questions answered and a 

new component of the AAV vector toolkit developed. 

In chapter 3 the profile of DNA contamination from producer plasmids was described. The 

contamination profile was identified first by qPCR, and verified by deep sequencing of 

purified AAV preps. By mapping deep sequencing reads to producer plasmids, three 
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origins of contamination could be identified. DNA sequences adjacent to these sites were 

overrepresented in the preps; the 5’ ITR, the 3’ ITR and upstream of the P5 promoter. 

This profile was retained across different vector genomes, although their contribution to 

the total DNA within AAV varied considerably. Interestingly, self-complementary ITRs did 

not appear to initiate contamination efficiently, as minimal reads mapped to the regions 

just outside of scITRs, suggesting that this could be an additional advantage to using the 

self-complementary vector genome configuration where the expression cassette size is 

below 2.35kb. The contamination profile from the P5 promoter raises an interesting 

question. REP is known to be a directionally active protein, so it stands to reason that any 

replication activity would occur in a single direction. This is indeed seen in the P5 

containing REPCAP plasmid, with contaminant incorporation being seen upstream but 

not downstream. In the ITR containing plasmids, unidirectional replication should be 

occurring in the direction that excises the vector genome from the plasmid at either ITR. 

Whilst this is the predominant mechanism in the expression cassette plasmid, the 

presence of contaminants outside of the ITRs suggest some level of initiation in the 

opposite direction. It is possible that this is due to the manner in which ITR containing 

plasmids are set up. In the P5 promoter, there is 1 REP binding site (Fig. 6.1.a). In the 

recombinant AAV genome there is 1 REP binding site per ITR. Yet, for the ssAAV genome 

to form the ITRs from a dsDNA plasmid construct, 2 REP binding sites per ITR must be 

present in inverted form. (Fig. 6.1.b) It is possible that some degree of directional REP 

binding and excision into the plasmid backbone is occurring as a result of this. A good 

way to test this would be via the creation of single stranded ITR flanked DNA cassettes  
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to transfect in AAV production, perhaps generating these by asymmetric PCR from the 

expression cassette plasmid.504  

Chapter 3 also described the presence and activity of AAV producer plasmid derived 

contaminants post infection. The DNA profile of contaminant reads in post infection 

mouse hepatocytes matched that of the preps. Furthermore, the RNA profile of 

contaminants showed reads that mapped back to regions both upstream of the P5 

promoter and outside of the ITRs. Focusing specifically on the anti-P5 sequence, it was 

identified that both transcription and translation could be driven from contaminants 

originating upstream of the P5 promoter both in vitro and in vivo. Anti-P5 promoter activity 

had previously been identified to drive small RNAs in the WT AAV context in HeLa cells.272 

In fact, in the recombinant AAV setting, and the cell lines tested in this work the implication 

of anti-P5 promoter activity appears to be amplified. Transfection experiments showed in 

vitro that the anti-P5 sequence had an activity equal to that of the P5 promoter, and that 

akin to the P5 forward sequence, its activity appeared to be repressed in the presence of 

REP. In recombinant AAV there is no REP gene present in the final product, and therefore 

no REP present to repress the activity of the contaminant sequences attached to the 

incorporated P5 sequence that are transferred to the cell post infection. A caveat to this 

would be that the 293T cells used for the transfection of the P5 fluorescent constructs 

contain the E1a sequence from adenovirus type 5, which in the forward direction of P5 

activity removes the transcriptional repression mediated by YY1 on the P5 promoter.297 If 

YY1 were to provide this same repression in the negative direction it is possible that the 

observed activity in 293 cells may be artificially higher than what would be seen in an 

infected cell. However, the regulation of anti-P5 activity by YY1 was not investigated 
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during this study, and the RNA sequencing data and protein studies suggest that 

transcription is readily occurring upstream of P5 in cells post infection in mouse 

hepatocytes.  

In addition to the activity of sequences upstream of P5, the RNA seq profiles showed 

reads mapping to sequences outside of the ITRs. The AAV ITRs have previously been 

shown to mediate transcription and hence transgene expression.257,478 However, 

transcriptional activity has not previously been investigated with the reverse of these 

sequences. This makes sense as in a typical setup you would not expect to observe 

reverse ITR sequences, and only in the presence of these ITR derived contaminants does 

this become an issue. It also stands to reason that the ITR would show transcriptional 

activity in its reverse direction due to most of the sequence being an ‘inverted repeat’. We 

can hypothesise that the vector genome plasmid derived contaminants that exhibited 

transcriptional activity in the mouse RNA studies were being driven by reverse ITR 

sequences, however we only tested the reverse ITR promoter activity in the plasmid 

context. Whilst these experiments did lead to detectable transcriptional activity, this would 

not necessarily mimic the secondary structure of the contaminant fragment in its infected 

form, and therefore further work should be done to assay whether it is indeed the reverse 

ITR sequence that is driving contaminant transcription and whether these contaminants 

can be reduced or removed by modifications to the plasmid design or other strategies. 

Chapter 3 also used a reporter expression cassette placed upstream of the P5 sequence 

to demonstrate the potential of sequences upstream of P5 in purified AAV to be 

translated. This was observed both in vitro and in vivo. The significance of this is not to 

say that every plasmid construct with P5 derived contaminants will result in protein 
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product, but that the potential for this exists. Different research and clinical groups will 

use different plasmid setups in their AAV production strategies and may not take 

consideration of the location of the P5 promoter when placing other required genes. For 

instance, if antibiotic resistance genes or adenoviral helper genes are present on the P5 

containing plasmid, it is possible that they could become incorporated and expressed if 

proximally upstream and correctly oriented in relation to P5. This could have a negative 

downstream impact on the target tissue, be it via an increased immunogenic load or 

unintended interactions of the aberrantly produced protein product. So far, this 

phenomenon has only been tested in vivo with regards to liver directed gene therapy, and 

it is possible the risk will be lower with other target tissues for gene therapy, although this 

will have to be investigated further. 

An interesting observation from the in vitro translation studies was the potential for 

persistence in dividing cells. After infection with either an ITR flanked GFP cassette or a 

P5-GFP contaminant cassette with no provided ITR flanked expression cassette, the 

amount of DNA detected in 293T cells 3 weeks post infection as compared to 72 hours 

post infection was not significantly different between the standard cassette and the 

contaminant cassette. AAV is known to integrate in the genome at a low rate.505 It is likely 

that the persistent GFP expression seen in the 293T cells at 3 weeks post infection is the 

result of integration events. Indeed, when GFP positive contaminant cells were sorted out 

from the negative population at 72 hours post infection and left to grow, some wells 

produced GFP positive colonies. The rate by which this integration by contaminants 

occurs however is unclear, and no attempt was made in this study to look at potential 

integration sites. The results do however support the argument that these contaminants 
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need to be minimised, as any increase to the potential integrative load of DNA increases 

the probability of a disruptive insertion into the host genome. The integration profile of 

these identified contaminants is an important question that should be addressed in future 

studies. The hypothesis would be that the contaminants would integrate in a random 

process, but that in the presence of REP these sequences would be directed towards the 

characterised AAV integration sites AAVS1, S2, and S3.  

The consistent observation made in this study of the transcriptional activity of AAV 

contaminants conflicts with the conclusions of a well cited previous report.466 However, it 

does not appear that the results are incongruous. In the Hauck et al study the primary 

focus of assessing potential for contaminant transcription was the capsid gene and was 

centred around the observation of an immune response against capsid epitopes in the 

unsuccessful AAV2 based haemophilia B gene therapy trial.425 It was hypothesised in 

that study that based upon the timing of this immune response, the capsid epitopes may 

be sourced not from residual AAV capsid protein after infection, but from transferred and 

transcribed capsid contaminant DNA. Whilst residual DNA impurities were detected post 

infection, transcription of capsid gene sequence was undetectable. The conclusion was 

therefore made that the CD8+ T cell immune response against the capsid epitopes was 

the result of the delivered virus and not from de novo synthesis mediated by 

contaminating sequences. Following what has been elucidated in the presented thesis, it 

is unsurprising that this 2009 paper did not identify transcription of contaminants. Firstly, 

presuming that a standard configuration with regards to P5 promoter position was used 

in these production plasmids, the amplicons in that study would have been many kb 

upstream of P5 and thus unlikely to be ideal for detecting contaminant transcription. 
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Indeed, the level of cap gene contamination was quantified at 0.00018% of the transgene, 

suggesting the purity of the prep used for the analysis of contaminant transcription was 

such that the sequences assayed by qRT-PCR were likely under the limit of detection. 

Similarly, the adenoviral and ampicillin resistance amplicons tested in CBL57/Bl6 mice 

did not yield detection of transcript in the Hauck study. Exact quantification of these 

amplicons is not listed in this paper but referred to as “trace amounts”. In contrast, the 

analysis of AAV preps in this thesis has elucidated that the sequence identities 

themselves are not relevant, as the P5 promoter serves as the initiation point for both 

contaminant incorporation and contaminant transcription. In the standard configuration 

this leads to the transcription of antibiotic resistance genes contained within the plasmid 

backbone, but not necessarily in a manner that would lead to their translation. If the P5 

promoter is positioned downstream of CAP, as is common to many publicly available 

REPCAP plasmids of varying serotypes (Table 6.1), it is those upstream capsid 

sequences that will be incorporated and then potentially subject to transcription (although 

this would still not yield AAV capsid protein fragments being produced due to the 

directionality of this transcriptional activity).  

Another issue with respect to AAV contamination raised in the Hauck study is the question 

of backbone size to reduce contamination. The study identified sequences from the ITR 

containing plasmid backbone to be present with abundance in the preps.466 When the 

backbone size was increased from 2.5kb to over 6kb the contaminant sequences 

detected were reduced over 7 fold. The amplicon used to measure this mapped to the 

ampicillin gene, present in all backbone constructs, but did not factor in the distance of 

the ampicillin from an ITR in each vector setup. The conclusion was made that by  
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increasing the backbone size to over 5kb i.e. the packaging capacity of AAV, the 

incorporation of contaminants by “reverse packaging” could be considerably reduced. The 

work in this thesis builds upon this by showing that even with an oversized backbone 

(19kb in this thesis work) initiation of packaging in the reverse direction occurs at ITRs, 

meaning that though an oversized backbone may help in reducing the level of DNA 

contaminants, it is not sufficient to eliminate these sequences from AAV preparations. 

 

Chapter 4 focused on developing a system that would remove the contamination 

phenotype upstream of P5, to yield a purer overall AAV product. It was known that a 

simple promoter substitution would not yield high quantities of AAV from previous work,506 

and that an effort to replace or modify P5 would ideally retain the autoregulation of AAV 

REP protein expression in the AAV replication process. High titer production that removed 

the upstream contaminant phenotype in the REP78/68 driving promoter was achieved in 

several constructs, that used the REP binding site present in the early promoter of HPV16 

viral genome ‘P97’. However, in these constructs it was not possible to generate a viral 

yield that equalled P5 and on further investigation this caused an increase in DNA 

contamination from the other plasmid source, the vector genome plasmid. Fascinatingly, 

the raw numbers of contaminating sequences as determined by qPCR did not vary 

considerably between REPCAP constructs, and it appeared that the increase of 

contamination was as a function of the titer in each production context. This may have 

implications for transgene design and selection. Certain gene construct configurations 

may be packaged less efficiently than others. For instance, constructs encoding short 

hairpins close to the WT ITR in self-complementary AAV designs have lower yields than 
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those that do not.463 Other constructs that incorporate an expression cassette which 

interferes with cellular processes yield lower viral quantities.507 Notably, cassettes that 

are oversized result in lower yields than those that fit within the packaging capacity of 

AAV.508–510 Oversized cassettes are often used in AAV production, as groups try to push 

the envelope on what genetic information can be delivered through AAV. Indeed, much 

of the work in this thesis was done by packaging a minimally oversized FVIII cassette. If 

contamination yield at a given scale were to remain constant as seen in our studies, then 

contamination as a percentage of the transgene would be greatly increased in cassettes 

that produce with low efficiency. Further study of this precise question will be useful in 

aiding future therapeutic cassette designs.  

Implications also exist for gene constructs where the GOI exceeds the packaging capacity 

of a single AAV virion and a dual vector approach is used. Dual AAV approaches have 

been designed and implemented for several preclinical gene delivery strategies for 

disorders like congenital hearing loss, retinal disorders, and dysferlin deficiency.511–513 

Dual AAV approaches have also been applied to gene editing approaches for disorders 

such as Tay Sachs and Sandhoff disease.514  One recent gene editing strategy for 

haemophilia B in mice used dual AAV delivery to provide saCas9 and a full FIX copy for 

insertion at the albumin locus.515 The efficacy of this approach relies on the successful 

transduction of both sides of the dual cassette in a single cell. By its very nature the 

production efficiency is halved, as 2 genome containing particles are required for 1 

transducing unit. As such the ratio of contaminant DNA vs full expression cassette copies 

would be doubled. The same principle would apply to situations in which 3 AAV particles 

are required, as has been developed preclinically for Alström syndrome and certain 
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disorders of the inner ear.516,517 A triple AAV delivery has also been applied in the clinical 

setting for Zinc finger mediated gene editing to treat Mucopolysaccharidosis I (Clinical 

trial# NCT02702115) and Mucopolysaccharidosis II (Clinical trial: NCT03041324). In 

these cases, contamination from production would be tripled for each functional copy of 

the cassette administered.  

The imperfect findings in chapter 4 relating to the substitution of the P5 promoter with 

sequences from the papillomavirus early promoter sequences led to the investigation of 

more subtle modifications to the P5 promoter. The direct substitution of the P5 RBS into 

the HPV16-P97 promoter did not lead to the direct upstream incorporation of contaminant 

sequences, suggesting that an RBS alone was not sufficient to drive contaminant 

incorporation. This makes sense as previous studies have shown that an RBS and a TRS 

nicking site are required for AAV replication and indeed integration at preferred REP 

dependent sites.518 The deletion of 2 nucleotides at the TRS mimic site in the YY1+1 box 

of the P5 promoter saw yields drop to 50% of the intact P5 promoter. It is possible the 

disruption of YY1+1 binding could impair P19 activation, in which the other YY1 binding 

site YY1-60 aids in the P5 dependent REP mediated transactivation of P19.175 This 

hypothesis was not directly tested. Alternatively, the disruption of the YY1+1 box could 

have directly decreased transcription from the P5 promoter. The subtle modification that 

retained AAV titer at normal levels retained all elements of the P5 promoter, i.e. the MLTF 

binding site, the YY1 boxes, the P5 TATA (includes the RBS). This design merely added 

a spacer between the end of the TATA box and the start of the YY1 box. Retaining the 

vector titer led to a product that was of higher overall purity. The implications of this are 

far reaching within the AAV gene therapy field. Because the modification to improve 
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vector purity was made to the REPCAP plasmid, any ITR flanked expression cassette 

construct may be used. Furthermore, as demonstrated within chapter 4, this system is 

applicable across AAV serotypes, as all AAV capsid genes can utilise the P5 driven AAV2 

REP gene in 293 based production. The relationship observed between the higher viral 

titers and lower contamination brings up an interesting question with regards to serotype: 

A previous study demonstrated vast differences between AAV capsid identity and 

production titers.519 The results in our serotype test of the P5-HS system support this and 

indicate that low producing serotypes such as AAV2 result in vastly increased 

contamination phenotype. A whole subfield exists in both the academic and commercial 

realm to alter the AAV capsid for desired properties, most commonly transduction 

efficiency of the target cell. However, if the best transducing variant produces 

considerably lower viral yields, then the purity of the resulting product may be far lower 

than an alternative serotype with a slightly lower transduction potential. Finding this 

balance should be a consideration for clinical decision makers and indeed regulators to 

ensure the best and safest product is developed. The system developed in this work 

should aid in achieving that goal. 

The results from this study did not aid in the active removal of contaminant sequences 

outside of the ITRs. One crucial observation was that high efficacy AAV production 

reduces the proportion of contaminants in the final prep. For an individual expression 

cassette this means that the best way to reduce contamination is to have efficient 

production. The packaging of oversized genomes is known to be less efficient than 

genomes ≤ 4.7kb.509,510,520 For expression cassettes that are minimally oversized, DNA 

contamination may be a greater concern than cassettes that package efficiently. Based 
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on the evidence amassed, I would hypothesise that a dual AAV approach would result in 

a purer overall treatment strategy than a low production efficiency single virion method 

that used an oversized expression cassette (Figure 6.2), although this will likely depend 

on how oversized the construct is. The precise effect on cassette size on DNA 

contamination and production efficiency should be investigated in detail in future studies. 

In chapter 5 a universal method for the conversion of AAV production plasmids into the 

P5-HS system is described. The purpose of this is in part detailed in the previous 

paragraph. When making comparisons between two variables the best experiment only 

changes that specific variable. Plasmids used in the research setting are often transferred 

lab to lab depending on user need and not necessarily constructed from a previous 

design. In the context of AAV production this could mean REPCAP plasmids of different 

serotypes differing in not just the capsid sequence, but other features like P5 promoter 

positioning, antibiotic resistance genes, and other backbone sequence identities. By 

providing a stepwise means of direct conversion (5bp SDM insertion), and a robust assay 

for small scale (6 well) assessment of yield and purity, this P5 promoter manipulation can 

be easily implemented into the production plasmid system of an individual research group 

and compared in different settings to origin plasmids previously in use. Such truly direct 

comparisons may help tease out serotypes or configurations in which the benefits of the 

system are either heightened or minimised. Furthermore, as the field begins to look to the 

REP genes of AAV in the manner that it has viewed the CAP genes for many years, as 

sequences to modify and alter for beneficial properties, it will be worth studying whether 

this P5-HS configuration provides any benefit to production in scenarios in which the REP 

protein is not derived from WT AAV2. 
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The production system used in this work used a consistent methodology: All production 

was done in 293T cells, and all with adenovirus type 5 helper genes. Helper functions 

have been identified in viruses other than adenovirus, in viruses such as HSV-1, HPV16, 

and others,306,310,521 and research groups often seek to take advantage of the beneficial 

functions of these other viruses in the production process. For instance genes from the 

Human Bocavirus 1 genome have recently been used to boost AAV production 

levels.313,522 It is likely that further genes helpful to the production of AAV will be elucidated 

and implemented in production schemes. The broad strata of viruses that have already 

been identified to provide helper function to AAV replication indicate that more efficient 

helper proteins could be discovered or artificially synthesised. It will be important as the 

field evolves to produce virus for clinical applications in new and improved ways that 

vector purity is considered alongside of titer as a high priority consideration. Side by side 

comparative studies of the contamination profile of different AAV production systems are 

lacking and given the already known interaction between the AAV REP proteins and these 

other viruses.202,495,523 It will be important to assess that where these elements are used 

in an AAV production setting, they are not inadvertently driving an active DNA 

contamination process that could compromise the purity of the prep. It should be noted 

that even plasmid DNA sequences at great distance from the identified incorporation sites 

are still represented at a detectable rate. It may be beneficial to build out stable cell lines 

that incorporate the adenoviral helper gene functions to create a system that will reduce 

to incorporation of any sequences from viral origin be it adenoviral or AAV based. 

With regards to how this work can be implemented into improving gene therapy for 

haemophilia: A recent estimate put the total prevalence of haemophilia patients worldwide 
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at over 1.1 million.524 Currently approved gene therapy products are debuting on the 

market for costs upwards of 1,000,000 USD.525 Using this proposed economic model for 

haemophilia, a 1-million-dollar treatment would cost over 400 trillion to reach the 418,000 

estimated haemophilia patients worldwide with severe disease.524 Given the vast cost of 

the current standard of care; recombinant factor prophylaxis, this high price tag should 

still result in cost savings for health services over an extended period. However, the setup 

of the economic model is such that patients in developed nations will likely not be the 

majority recipients of gene therapy treatments for haemophilia in the coming years. 

Arguably the greatest clinical benefit of a onetime treatment would be to translate gene 

therapy approaches to developing nations, where far less access to recombinant factor 

exists, especially for prophylactic regimens. To achieve such a goal, further 

improvements to streamline cost of production are going to be essential if this form of 

therapeutic is to be implemented on a truly global scale. One aspect of the process that 

will help in this role is improving viral titers. Strategies exist to do such a thing, such as 

alteration of the P40 splice site in the REP gene.526 or knocking down certain proteins in 

the production cell line such as YB1.527 Whilst this thesis work did not yield an 

improvement in viral titers with the final production design, it achieved a higher level of 

purity whilst retaining the yield, and thus something that could be implemented without 

increasing overall production cost. 

The recent strides made in the field of genet have opened opportunities to treat genetic 

disorders with a precision, durability and efficacy previously unattainable to biomedicine. 

This is objectively beneficial to patients. However, the rapid pace at which treatments are 

being developed with these tools can lend itself to a parochial deference regarding the 
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tools themselves. It is essential to further our understanding of the best treatment for a 

given disease to asses with equal intensity the merits and drawbacks of the tools. To take 

a parallel example; shRNA technology has revolutionised our ability to silence gene 

expression and has been applied to the clinic in a variety of contexts.528 However, it was 

only recently that a mechanism behind potential liver and cardiotoxicity after delivery of 

shRNA constructs was characterized and understood. 529,530 This knowledge allows 

adaptation of the design; in this specific case the use of 19 nucleotide shRNAs instead of 

21 for delivery to the heart to avoid toxicity.530 Similarly, the characterisation and 

understanding of all the component parts of AAV production and purification is key to the 

future of gene therapy. Unaccounted for differences between AAV preparations could 

confound the results of comparisons made between different vector designs and lead to 

incorrect conclusions being drawn. Final purity of vectors should be a part of this 

consideration when performing these types of experiments. To give an example: 

conflicting data was referenced in the introduction about the ideal serotype for liver gene 

therapy delivery.418–422 Greater characterisation of AAV construct purity in the research 

setting may help to settle any differences in outcome and reproducibility related to product 

efficiencies and should be strived for in studies that utilise AAV as a research modality 

regardless of experimental aims.  
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6.2 Future Directions: 
 

The research conducted in this thesis has provided avenues of future research that 

should be followed up on: 

With regards to AAV vector purity it should be highlighted that there have been other 

tested hypotheses to reduce DNA contamination from AAV vectors. DNA Minicircles have 

been previously been used for AAV production plasmids to reduce AAV 

contamination.467,531 However, this modality would not be successful in preventing 

contamination from the REPCAP plasmid, as a constrained circle to eliminate the vector 

backbone would bring the P5 promoter into closer upstream proximity to the capsid genes 

and merely result in an increase in the incorporation of AAV capsid and potential 

replication gene DNA. There is also a strategy that utilises telomerase sequences to 

replicate DNA in bacterial cell free manner known as “doggybone” DNA. This is an 

interesting idea if it can be implemented into more widespread use. There would in this 

context be less sequence length of DNA to be incorporated upstream of P5 in a 

doggybone configuration, although still would not fully address the issue of the 

contamination initiation upstream of P5, as P5 would still be present and there would still 

be upstream sequences that led to the terminal “doggybone” end of DNA. It will be useful, 

in the future, to test this improved P5-HS setup in conjunction with other strategies that 

can potentially improve vector purity, such as minicircles, doggybone DNA or other future 

developments. 

Another question that could be asked given the results of this thesis relates to plasmid 

purity as a factor in AAV contamination. Plasmid DNA can exist in either a covalently 
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closed circular (ccc) or open circle (oc) form depending on the level of DNA nicking 

present. Ideally for AAV production, plasmid with a high level of ccc DNA should be used. 

It is possible that nicked plasmid DNA could result in a higher contamination prep due to 

REP only having consensus binding and nicking sites at the P5 and ITR loci, thus pre-

present nicks elsewhere along the plasmid would serve to complete any excision event. 

This DNA is likely either being excised without replicating or undergoing an incomplete 

replication event. Regardless of the mechanism, high consideration should be given 

towards eliminating variance between the production, storage and starting quality of 

plasmids used for AAV production in any setting 

The discovery of equal activity of the reverse direction of the P5 promoter is an interesting 

facet of AAV biology. Firstly, it suggests that anti-P5 could have a time-sensitive role in 

the WT AAV replication cycle that is yet undescribed which could be further explored. 

Assessing the activity of the anti-P5 promoter in different cell types will also help to 

elucidate which gene therapy strategies have the most to be concerned about regarding 

off target transcriptional activity from P5 derived contaminants. Of interest would be 

assessing this activity in the retina. 

The robust activity of anti-P5 detected in this study opens the possibility for the use of the 

P5 promoter in research. The P5 promoter is exceedingly short (145bp). Short promoters 

are exceedingly useful for incorporation into recombinant viral constructs where space is 

limited. There are many instances by which the expression of two genes is required. The 

typical way this is done from a single promoter is via the incorporation of IRES or 2A 

sequences.532,533 These systems are incredibly useful but have downsides. With the IRES 

sequences the expression of the second gene is often far weaker than that of the first.534 
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The 2A system is much shorter (18-22 amino acids)535 and therefore more suited to use 

in sequence length constrained settings. A problem with this system is the furin cleavage 

site from 2A sequences leaves a hanging sequence of 20-23 amino acids at the c-

terminus of the first gene used in the construct, and an N-terminal proline on the second 

gene.536 This could cause a problem to experiments involving proteins with highly 

conserved c or n-terminal regions. These issues could be avoided if a short bidirectional 

promoter with equivalent + and – activity could be characterised. The P5 sequence would 

be a candidate for this. However, the functionality of this promoter across cell types is 

poorly described and it may be that strong bidirectional activity of P5 is only observed in 

a limited manner. The strong bidirectionality activity was quantified with P5 in 293T cells, 

which contain Adenoviral helper genes E1a and E1b. E1a is known to play a role in the 

transcriptional activity of P5 and so it is possible that strong bidirectional promoter activity 

is diminished outside of this context. It is also possible that this activity from P5 is limited 

to tissue types permissive to AAV replication. Further work should focus on the 

comparative utility of P5/antiP5 to other bidirectional promoters of different strengths and 

sizes in different target cell contexts.537,538 

Interestingly, the extent of P5 activity and characterisation in different human cell types 

has not been extensive, the same goes for the other AAV promoters. AAV has been 

shown to be widely distributed across tissues in humans.227 It could be largely assumed 

that P19 and P40 activity would be retained in any cell types capable of replicating AAV. 

A systematic study of the cell type specificity of AAV promoters could reveal interesting 

insights into both AAV replication biology and provide useful information about which 
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tissue types are of greater concern with regards to the risk posed by any residual 

replication competent AAV particles transferred.  

Whilst the P5-AAV2 REP system is used throughout AAV production, it has also been co-

opted to aid in the production of another useful parvoviral gene therapy vector; Bocavirus. 

Bocavirus production also uses a transient transfection system similar to that of AAV and 

the P5 driven AAV2 REP is used in production of recombinant bocavirus.539 The AAV2 

ITRs are also often used in this system and therefore in future work it would be useful to 

assay whether bocaviral production is hampered by the same contamination profiles and 

indeed whether the P5-HS system could be implemented into the recombinant bocaviral 

production system to improve vector purity. The characterisation of contaminant DNA 

from other DNA based gene therapy vectors is also currently lacking. An important follow 

up to this study would be to look at adenoviral gene therapy preparations through a similar 

lens as AAV has been, especially considering recent advances that have expanded the 

utility of the adenoviral vector toolkit.540,541 

Whilst in the deep sequencing analysis, contaminant reads in the producer plasmids 

against the reads that map to the expression cassette are quantified, the percentage of 

expression cassette reads may not represent a count of functional genomes. As is shown 

more markedly in the FVIII deep sequencing, there is a disparity between genome 

position and read counts. The read counts suggest there is more abundant representation 

of DNA towards the 3’ end of the recombinant genome. This bias has also been detected 

in other deep seq analysed preps and appears to be consistent. In FVIII, which is an 

oversized expression cassette this would make sense, the full genome cannot be 

packaged successfully and perhaps a shearing event occurs during the packaging 
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process, leading to a smearing of genomes when run on a gel.480 Productive infection 

likely relies on recombination of these sequences post infection. Future studies focusing 

on expression cassette truncations should ask the question, what constitutes a functional 

AAV genome. Certainly, it does not appear that question is answered merely by the 

presence of the full cassette sequence. Future work with oversized cassettes could look 

at whether partial strands of single polarity (just + or just -) in an oversized cassette can 

provide any functionality in a combined setting, the hypothesis would be that they would 

not, and to look to strategies for either expanding the packaging capacity of AAV or to 

reduce the presence of smaller identity fragmented genomes and VP1 deficient particles 

from final AAV preps. Looking into differences in charge densities, or molecular weight 

differences between VP1 containing and deficient full particles could be one avenue to 

increasing not just apparent vector purity, but ‘functional purity’ of AAV preparations, and 

similar methods could be employed to reduce the so called ‘empty’ particle fractions that 

may contain small transgene fragments that increase the antigenic load without 

functionally contributing to the preparation. 

 

The FDA states that the residual DNA from cell line fragments should have a median 

length less than 200bp.1 The alkaline gel results in Chapter 4 from a contaminant only 

prep clearly show that product related impurities from the P5 promoter contain a 

substantial proportion of sequences that range in size up to the packaging capacity of 

around 5kb. In this case the identified DNA is more likely to originate from the P5 

containing REPCAP plasmid than the producer cell line, however in any future study of 

the contribution of host cell DNA to AAV contamination, sequence length should also be 
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assessed. Whilst production cell line DNA is a lesser factor in terms of contamination 

contribution to AAV, identifying whether specific sequences within the production cell line 

genome were overrepresented in the final AAV prep is a pertinent point of future study. 

There are over 15,000 positions within the human genome that contain at least two 

adjacent GCTC tetranucleotide sequences.447 Indeed some of these can be found near 

or within proto-oncogenes such as c-sis and the carcinoma associated marker TROP-

2.184 If the mere presence of the REP recognition sequences could facilitate incorporation 

into AAV then these sequences from the human genome could be incorporated into AAV 

from the human derived producer cell line. Our results suggest that more than just a REP 

recognition sequence is required and that a loop structure with an eligible REP cleavage 

site would be required for incorporation. It is likely that of these identified sequences within 

the human genome, some would meet these requirements. 

Likewise, the Baculoviral infection of SF9 insect cells is another primary means of 

generating AAV for the clinic. A full genome search of spodoptera frugiperda SF9 isolate 

(WGS accession: NJHR01000000) reveals that there are 99 sites that contain a GCTC 

triplet and 8 sites that contain a GCTC quadruplet. It is likely that AAV REP will bind to 

these identified sequences. Interestingly, within these 107 sites there are 11 sequences 

that identically match the 14bp Rep binding site present in the AAV2 ITRs. The quadruplet 

sequences would be of particular interest to follow up on for REP binding strength and 

potential replication initiation because a study that identified an AAV integration site within 

the African Green Monkey genome showed that a GCTC quintuplet motif has a six fold 

higher REP68 binding affinity than the human AAVS1 site, although this was identified 

with the AAV4 REP and not AAV2.542 In addition to this, early studies of the virus showed 
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that of a GCTC trimer binding site, the first and third repeats are the most important in 

retaining replicative potential.543 GCTC/NNNN/GCTC sequences of the cell line genome 

should also be scanned in future studies of AAV production for potential incorporation into 

the virion. A tangible future direction towards improving the purity of the AAV vectors 

produced with both human derived cell lines and the baculoviral infection system would 

be to use a higher fidelity form of deep sequencing to quantify host cell genome packaging 

at these regions, and to develop producer cell lines that have those regions knocked out, 

examining whether equivalent production efficiency and higher AAV product purity could 

be achieved. An additional interesting facet of the contaminant deep sequencing data 

from AAV preps is that we did not observe even read coverage across the expression 

cassette. A consistent bias towards the terminal ends of the genome was observed, most 

markedly in the oversized FVIII cassette but also within some well packaged cassettes. 

A recent paper from the University of Massachusetts that was using deep sequencing to 

characterise truncated genomes resultant from sgRNA containing constructs also 

observed genome truncation at self-complementary ITRs,464 and this has also been 

described by the same group in the context of single stranded shRNA containing 

constructs. Further study of the factors influencing the presence of truncated vector 

genome reads will be incredibly valuable to the field. 

 

The information gained from this PhD could also help to further the investigation into the 

improvement and diversification of AAV helper sequences for production. As sequences 

from across DNA viral families have been shown to exhibit helper function for AAV 

replication, it is likely that this repertoire could be expanded as research in the area 
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develops, be that through discovery of novel helper sequences from other viruses, or the 

improvement of known helper sequences through artificial engineering strategies. By 

subjecting AAV preps produced with novel helper sequences to a deep sequencing 

protocol it can be ensured that any newly developed method does not lead to active 

incorporation of sequences other than the expression cassette. 

 

 

 

 

6.3 Concluding statement: 
 

This PhD study has achieved a far greater characterisation of the causes and effects of 

AAV DNA contamination than prior studies, overturning a well cited prior observation that 

contaminant AAV sequences were transcriptionally silent,466 and the development of a 

universally implementable system that can produce AAV to a higher level of purity than 

would otherwise be achieved. The P5 spacer promoter system developed in the course 

of this study can be used to improve the purity of AAV genomes produced with any AAV 

serotype regardless of expression cassette and will be useful for both the improvement 

of research grade AAV for nonclinical applications and most importantly for the 

improvement of purity in AAV produced in a clinical grade setting.  
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Appendices: 

Appendix 1 - Detailed protocol: Caesium Chloride plasmid 
purification: 
Caesium Chloride plasmid purification: 

Materials: 

1. Kanamycin Disulfate salt: cat# K1876-25G, Sigma 
2. Ampicillin Sodium salt: cat# A0166-25G, Sigma 
3. Isopropanol: 1L. Cat# A416-4, Fisher Scientific 
4. Isopropanol: 500ml. Cat# I9516-500ml, Sigma 
5. CsCl: cat# BP210-500, Fisher Scientific 
6. Ethidium Bromide (10mg/ml): cat# E1510-10ml, Sigma 
7. OptiSeal centrifuge tubes: 36.2ml, cat# 362183; 11.2ml, cat# 362181, Beckman 

Coulter 
8. Needles: 18G, cat# 305195, BD.   20G, cat# 305176, BD  
9. Slide-A-Lyzer Dialysis cassette (10K MWCO): 0.1-0.5ml capacity: cat# 66383; 

0.5-3ml capacity: cat# 66380; 3-12ml capacity, cat# 66810, Thermo Scientific 

Method: 

1. Seed 1 litre of NZY media + antibiotic in flask with plasmid from glycerol stock. 
2. Incubate at 37°C overnight with shaking 
3. Spin down at 6000g at 4°C for 20 min. 
4. Discard supernatant.  
5. Freeze the cell pellet at -20°C or continue to next step. 
6. Add 30ml Cell Resuspension Solution, resuspend the cells. 

• 50mM TRIS-HCL pH 7.5 
• 10mM EDTA 
• In ddH20 

7. Add 30ml Cell Lysis Solution, invert 6 times, then stand @RT for 5 min. 
• 0.2M NaOH 
• 1% SDS 
• In ddH20 

8. Add 30ml Neutralization Solution, invert 6 times.  
• 1.32M Potassium Acetate 
• Made to pH4.8 with glacial acetic acid 
• In ddH20 

9. Spin at 12,000 rpm for 15 min at 4°C. 
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10. Filter supernatant through 70um cell strainer. 
11. Add 0.7 volume of Isopropanol + mix 
12. After 10 min, spin at 20,000g for 30 min at 4°C. 
13. Add 26ml of TE to resuspend DNA pellet by gentle shaking. 
14. Add 27g of Caesium Chloride and mix. 
15. Add 1ml of Ethidium Bromide (EtBr stock 10mg/ml) into a 36.2ml OptiSeal 

centrifuge tube  
•  add the CsCl-DNA-TE mixed solution into the same OptiSeal tube 

16. Balance tubes with CsCl/TE 1:1 solution, cap and mix. 
17. Spin in ultracentrifuge at 47K rpm for >16 hrs @20°C. (Beckman VTI 50 rotor) 

• After spin, avoid mixing of gradient during handling of tubes. 
18. Harvest the lower DNA band (plasmid) with an 18G needle and syringe, transfer 

DNA solution into an 11.2ml OptiSeal tube, fill with CsCl/TE 1:1 solution, and 
balance tubes. 

19.  Spin at 65K rpm for 6 hrs @20°C (Beckman NVT 65 rotor). 
20. Harvest DNA band with 18G needle and syringe and transfer solution into a 50ml 

conical tube. 
21. Remove EtBr by adding same amount of Isopropanol from an Isopropanol-CsCl-

TE solution. 
22. Repeat 3-5 times until liquid appears clear. 
23. Transfer solution to dialysis cassette with a 20G needle and syringe 
24. Dialyse with 4L of TE Buffer O/N.  
25. Change out TE buffer, dialyse for 4 hours. 
26. Change out TE buffer, dialyse for 4 hours. 
27. Collect DNA solution from dialysis cassette in conical tube. 
28. Quantitate DNA and label 

 

 

 

 

 

 

Appendix 2 – List of active AAV clinical trials: 
Sourced from clinicaltrials.gov search term AAV gene therapy 
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